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Abstract 

Background  Fire significantly transforms ecology and landscapes worldwide, impacting carbon cycling, species 
interactions, and ecosystem functions. In the Brazilian Cerrado, a fire-dependent savanna, the interaction between fire, 
society, and the environment is evident. Given that wildfires significantly contribute to greenhouse gas emissions, our 
study aimed to analyze four decades of burned area data to understand changes in fire dynamics, using Collection 
2 of annual MapBiomas Fire maps (1985 to 2022). Our study examined spatiotemporal patterns, fire recurrence, fire 
distribution across land uses, temporal changes in fire scar size, burned area variations across ecoregions, and their 
correlation with farming areas.

Results  From 1985 to 2022, fire impacted 40% (792,204 km2) of the Cerrado biome, with 63% burning more 
than once. Natural vegetation was the most affected, primarily due to human-driven ignition during the dry sea-
son. A noticeable trend of later peaks in fire activity, concentrated towards the end of the dry season, along with an 
increase in patch size over time, characterized a clear shift in the Cerrado fire regime. Recently, the MATOPIBA region 
and the northern biome exhibited significant fire clusters, with burned areas rising alongside farming expansion. The 
ecoregion-based analysis identified fire hotspots, with the "Bananal" ecoregion, the largest wetland area in the biome, 
exhibiting increased fire recurrence and larger patch size over time.

Conclusions  Our four-decade analysis of fire dynamics in the Cerrado revealed human-induced changes in the fire 
regime, originally shifting from July to September to a new fire season from August to October. This shift poses several 
environmental threats given their overlap with the driest months of the year. This study improved our understand-
ing of changes in fire patterns and their impacts on each ecoregion and land use. Wetlands experienced the highest 
relative burned area, highlighting their ecological importance and increased vulnerability. In the southern Cerrado, 
where farming is established and natural vegetation more fragmented, fire events tend to decrease; while in the 
north, with recent farming expansion, fire susceptibility rises. Conservation-oriented strategies, like the Brazilian Inte-
grated Fire Management (MIF), are crucial for mitigating impacts while enhancing the Cerrado’s resilience to climate 
change.
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Resumen 

Antecedentes  Los fuegos de vegetación transforman significativamente la ecología y los paisajes en todo el mundo, 
impactando en el ciclo del carbono, en las interacciones entre especies, y en el funcionamiento de los ecosistemas. 
En el Cerrado Brasileño, una sabana dependiente del fuego, las interacciones entre el fuego, la sociedad y el amiente 
es evidente. Dado que los incendios contribuyen significativamente a las emisiones de gases de efecto invernadero, 
nuestro estudio se enfocó a analizar cuatro décadas de datos de áreas quemadas para entender los cambios en la 
dinámica del fuego, usando la Colección 2 de los mapas anuales de fuego (MapBiomass) (1985–2022). Nuestro estu-
dio examinó los patrones espacio-temporales, la recurrencia del fuego, la distribución de los incendios a través de los 
diferentes usos de la tierra, los cambios temporales en el tamaño e las cicatrices de fuego, y su correlación con áreas 
agrícolas.

Resultados  Desde 1985 y hasta 2022, los incendios impactaron el 40% (792.204 km2) del bioma del Cerrado, con el 
63% de su área quemándose más de una vez. La vegetación natural fue la más afectada, debido primariamente a las 
igniciones humanas durante la estación seca. Una tendencia destacable en los últimos picos de actividad del fuego, 
concentrada hacia el final de la estación seca, junto con un incremento con el tiempo en el tamaño de los parches de 
vegetación afectada, caracterizó un claro cambio en el régimen de fuego del Cerrado. Recientemente, la región de 
MATOPIBA y el bioma norte exhibieron clústeres de fuego significativos, con un aumento de las áreas quemadas en 
los alrededores de las zonas en las que se estaban expandiendo los campos agrícolas. El análisis basado en la ecor-
región identificó también puntos calientes, con la ecorregión llamada “Bananal”, el área de humedales más grande 
de la región, exhibiendo con el tiempo incrementos en la recurrencia del fuego y parches quemados cada vez más 
grandes.

Conclusiones  Nuestro análisis de cuatro décadas sobre la dinámica del fuego en el Cerrado reveló cambios induci-
dos por la actividad humana sobre el régimen de los incendios modificándose desde julio a septiembre a una nueva 
estación de fuegos desde agosto y hasta octubre. Esta modificación implica algunas amenazas ambientales dado 
que se superpone con los meses más secos del año. Este estudio mejora nuestro entendimiento sobre los cambios 
en los patrones de incendios y sus impactos en cada ecorregión y en el uso de la tierra. Los humedales fueron los 
que experimentaron una mayor área quemada relativa, subrayando su importancia ecológica y el incremento en su 
vulnerabilidad. En el Cerrado del sur, donde las actividades agrícolas se han establecido y la vegetación natural está 
más fragmentada, los eventos de fuego tienden a disminuir; mientras que en el norte, con una expansión agrícola 
reciente, la susceptibilidad a los incendios aumenta. Las estrategias orientadas a la conservación, como el Manejo 
Integrado del Fuego en el Brasil (MIF), son cruciales para mitigar los impactos mientras se aumenta la resiliencia del 
Cerrado al Cambio Climático.

Background
Fire is a fundamental component of ecosystem dynam-
ics and plays a key role in maintaining their patterns and 
processes worldwide (Bond and Keeley 2005; He et  al. 
2019). Savannas in particular are considered fire-adapted 
and fire-dependent ecosystems; they benefit from a fire 
regime that is naturally established during the rainy sea-
son through the ignition of lightning (Simon et al. 2009; 
Pivello et  al. 2021). However, human activities have 
altered the natural fire regime for over 100,000  years 
(Bowman et  al. 2009), leading to more frequent and 
severe wildfires under drier conditions (Bowman et  al. 
2011).

The Cerrado biome, a neotropical savanna in cen-
tral Brazil, is a fine example of how fire dynamics have 
changed due to human activities. This biome is currently 
experiencing high wildfire rates during the dry season, 
caused by the use of fire for land clearing in agricultural 
activities (Arroyo-Kalin 2012). This practice, commonly 

employed in the Cerrado region, involves the deliberate 
burning of vegetation to prepare the soil for the cultiva-
tion of agricultural crops such as soybeans, corn, and cot-
ton (Gomes et  al. 2019). Additionally, fire is often used 
as a management tool for pastures, in order to control 
invasive species, promote grass regrowth, and improve 
forage quality for livestock (Durigan and Ratter 2016). 
Due to accumulated fuel (i.e., dry biomass) in the dry sea-
son, wildfires often get out of control and spread to adja-
cent areas, resulting in environmental damage, negative 
impacts on human health, and economic losses (Pivello 
et al. 2021).

Land conversion in the Cerrado is mainly driven by 
recurrent slash-and-burn practices that lead to habitat 
fragmentation, ecosystem degradation, and increased 
wildfire susceptibility (Menezes et  al. 2022). This pro-
cess is often associated with socioeconomic factors such 
as population growth and economic development and 
might involve several phases. It can either begin with a 
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transition from natural vegetation to pasture, followed 
by the cultivation of crops, or start with a direct conver-
sion of natural vegetation to agriculture (Garcia and Bal-
lester 2016). Understanding the dynamics between fire 
and agricultural expansion is critical for effective fire 
management and maintaining ecosystem dynamics. This 
is especially the case for agricultural regions facing fast 
land conversion for commodity crops, such as the region 
formed by the states of Maranhão, Tocantins, Piauí, and 
Bahia (MATOPIBA) (Spera et al. 2016; Pires 2020).

The Cerrado is the most floristically diverse savanna 
in the world, where fire is essential to maintaining eco-
logical, social, and environmental processes (Lewinsohn 
and Prado 2005; Munhoz and Felfili 2005; Bowman et al. 
2011). As in all tropical savannas, the Cerrado has high 
interannual rainfall variability and a clearly defined dry 
season in winter, when rainfall can be close to zero (Alva-
res et  al. 2013). However, drier conditions are increas-
ing due to climate change (Hofmann et al. 2021), which, 
combined with human activities such as deforestation, 
agricultural expansion, and unsustainable land manage-
ment practices, increases the frequency and extent of 
fires in the Cerrado. Consequently, these conditions have 
significant impacts on the fire regime, defined as the pat-
tern, frequency, intensity, and seasonality of fires within 
a particular ecosystem (He et al. 2019; McLauchlan et al. 
2020). In the Cerrado, the fire regime is essential for 
maintaining ecological balance by preventing woody veg-
etation encroachment, maintaining the savanna’s open 
structure, and supporting biodiversity through nutri-
ent cycling and the germination of fire-adapted species 
(Durigan and Ratter 2016). Changes in this fire regime 
can lead to land degradation, increased risk of biological 
invasions, and significant biodiversity loss (Pivello et  al. 
2021; Miranda et al. 2009).

Anthropogenic fires refer to fires ignited or influenced 
by human activities, often used as a tool for land clearing, 
deforestation, and land use management (e.g., maintain-
ing crops and renewing pasture) (Pivello 2011; Libonati 
et al. 2021). In the Cerrado, most wildfires are of anthro-
pogenic origin. These fires can escape control and pose 
a significant threat to fire-sensitive ecosystems rich in 
biological resources, such as forest areas and wetlands 
(Kumar et  al. 2022). As a result, significant amounts 
of greenhouse gasses and aerosols are released into the 
atmosphere (Bustamante et al. 2012; Gomes et al. 2020), 
altering the water and carbon cycles and leading to cli-
mate shifts at regional and global scales (Li et al., 2017). 
Prescribed fires, on the other hand, refer to fires that 
are intentionally ignited under controlled conditions 
to achieve specific management objectives. In the Cer-
rado, prescribed fires are often used as an active fire 
suppression strategy to prevent uncontrolled wildfires 

in protected areas, especially in fire-sensitive vegetation 
(Schmidt et al. 2018). This practice helps to maintain eco-
logical balance by reducing fuel loads and minimizing the 
risk of severe wildfires.

The spatial heterogeneity of the climate and fire pat-
terns in the Cerrado leads to considerable regional differ-
ences in the spatial distribution of the size and frequency 
of burned areas and to regional differences in the inten-
sity of forest fires (Arruda et  al. 2018; Silva et  al. 2021). 
Remote sensing plays a crucial role in monitoring burned 
areas at regional to global scales, often based on high 
temporal resolution data covering large areas (Liu et  al. 
2018). Mapping burned areas in the Cerrado has tradi-
tionally influenced decision makers in promoting and 
creating public policies for wildfire management while 
improving the effectiveness and efficiency of control 
measures (Arruda et  al. 2021). Therefore, the availabil-
ity of spatially-explicit data on annual burned area and 
fire dynamics in the Cerrado is crucial to assess human-
driven impacts and thus, contributes to fire management 
and prevention actions while mitigating impacts on bio-
diversity (He et al. 2019; Alencar et al. 2022).

Regional studies on fire ecology in the Cerrado are 
mostly related to quantifying carbon budgets (Dion-
izio et  al. 2020), understanding vegetation and climate 
dynamics (Silva et  al. 2019; Li et  al. 2022), estimating 
fire impacts (Nagel et  al. 2023), evaluating patterns of 
fire occurrence (Santos et  al. 2021), and characterizing 
fire regimes (Silva et al. 2021). Most of these studies rely 
on burned area products derived from sensors of short-
revisit time covering large spatial extents, such as the 
Moderate Resolution Imaging Spectrometer (MODIS: 
Giglio et  al. 2016) and the Geostationary Operational 
Environmental Satellite (GOES: Schmidt et  al. 2012). 
Despite the advantage of a high temporal frequency, these 
sensors have a coarse spatial resolution (> 250  m) that 
does not allow the detection of small fire scars, which are 
necessary for estimating fire impacts on various land cov-
ers and land use types, as well as for a better understand-
ing of recent shifts in fire regimes (Rodrigues et al. 2019). 
Sensors with higher spatial resolution (< 30  m), such as 
the Landsat series, have spatial and temporal characteris-
tics that are suitable for delineating smaller fire scars over 
long time-series (Daldegan et al. 2019; Aslam et al. 2023). 
Moreover, most studies on fire dynamics and burned area 
mapping in the Cerrado are conducted at the local scale 
(Daldegan et  al. 2014, 2019; Alvarado 2018; Rodrigues 
et al. 2021), leaving a significant knowledge gap in assess-
ing fire dynamics at the regional scale.

In this context, we present a pioneering analysis of 
the spatiotemporal changes in fire dynamics across 
the ecoregions of the Cerrado biome. Our study uses a 
38-year time-series of annual burned area data at a fine 
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spatial resolution of 30 m, derived from Landsat sensors. 
This detailed and extensive dataset enables a novel exam-
ination of fire patterns and trends over an unprecedented 
temporal span and spatial detail. By analyzing these spa-
tiotemporal changes in fire dynamics, we provide com-
prehensive insights into the fire ecology of the Cerrado 
that were not previously possible with coarser resolution 
data or shorter time spans. This approach addresses a 
knowledge gap by providing a comprehensive assessment 
of fire dynamics at both broad temporal and fine spatial 
scales, which is essential for understanding regional fire 
patterns and their impacts. Ultimately, our results aim to 
contribute to fire management strategies and policies at 

national and regional levels, thereby improving conserva-
tion and sustainability efforts in the Cerrado biome.

Materials and methods
Study area
The Cerrado biome covers an area of approximately 
two million square kilometers (km2), spatially located 
between the latitudes 2° S and 24.7° S and between the 
meridians 41.7° W and 60° W (Fig. 1). This biome is an 
important biodiversity hotspot, threatened by human 
pressure for commodity crops and pasture, which has led 
to the loss of almost half of its native vegetation (Myers 
et  al. 2000; Alencar et  al. 2020). The distribution of 

Fig. 1  Geographical representation of the Cerrado biome in Brazil, with the classes of land use and land cover according to the MapBiomas 
Collection 8 (MapBiomas Project 2023), with percentage assignment to each class in the legend. Including Ecoregions numbered as 1-Alto Parnaíba, 
2-Alto São Francisco, 3-Araguaia Tocantins, 4-Bananal, 5-Basaltos do Paraná, 6-Bico do Papagaio, 7-Centro-norte Piauiense, 8-Chapada dos Parecis, 
9-Chapadão do São Francisco, 10-Complexo Bodoquena, 11-Costeiro, 12-Depressão Cárstica do São Francisco, 13-Depressão Cuiabana, 14-Floresta 
de Cocais, 15-Jequitinhonha, 16-Paracatu, 17-Paraná Guimarães, 18-Parnaguá, 19-Planalto Central, 20-Vão do Paranã. And Brazilian states: AM 
Amazonas; AC, Acre; AL, Alagoas; AP, Amapá; BA, Bahia; CE, Ceará; DF, Distrito Federal; ES, Espírito Santo; GO, Goiás; MA, Maranhão; MT, Mato Grosso; 
MS, Mato Grosso do Sul; MG, Minas Gerais; PA, Pará; PB, Paraíba; PR, Paraná; PE, Pernambuco; PI, Piauí; RJ, Rio de Janeiro; RN, Rio Grande do Norte; RS, 
Rio Grande do Sul; RO, Rondônia; RR, Roraima; SC, Santa Catarina; SP, São Paulo; SE, Sergipe; TO, Tocantins
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Cerrado vegetation types is directly related to the availa-
bility of water, soil nutrients, and distinct geomorpholog-
ical and topographic features (Silva and Bates 2002). The 
spatial differences in the availability of resources favor a 
great diversity of vegetation types, ranging from closed-
canopy forests to savannas and grasslands (Ribeiro and 
Walter 2002).

The Cerrado has a tropical climate (type Aw according 
to the Köppen climate classification) characterized by a 
rainy season from October to March and a dry season 
from April to September, which accounts for only 10% of 
the annual rainfall and is when most fire events are con-
centrated (Pereira Júnior et al. 2014). The average annual 
temperature is 22 °C, while annual precipitation ranges 
from 800 to 2000  mm (average 1500  mm) (Bustamante 
et al. 2012; Alvares et al. 2013). Some vegetation types in 
the Cerrado biome are adapted to the occurrence of fire 
and are partially dependent on it (Simon and Pennington 
2012). Fires occur naturally as a result of lightning strikes 
during the rainy season or in the transition from the 
dry to the rainy season, affecting small areas and being 
quickly extinguished by rain (Ramos-Neto and Pivello 
2000).

Data acquisition
To analyze the spatial distribution of fire events in the 
Cerrado, we used the fire scar database from MapBio-
mas Fire Collection 2 (Alencar et al. 2023), acquired from 
the MapBiomas project website (mapbiomas.org), as the 
main data used in this study. The fire scar database con-
tains spatially explicit monthly burned area data available 
at 30-m resolution (derived from the Landsat sensors) 
from 1985 to 2022, encompassing all fires, including 
human-ignited fires, wildfires, and natural fires. The 
MapBiomas Fire data covers the entire extent of Brazil, 
but was clipped to the Cerrado extent for this study. With 
an overall accuracy of 89.3%, the datasets were developed 
through a supervised classification of annual Landsat 
mosaics and spectral samples of burned/non-burned pix-
els, which were used as training data for the classification 
model. The mosaics and training samples were prepared 
in Google Earth Engine (GEE) and exported to a Google 
Cloud Storage Bucket to be used as input for Deep Neu-
ral Network (DNN) models resulting in annual burned 
area maps developed over 38 years (Alencar et al. 2023).

We also used annual maps with land cover and land use 
information from the MapBiomas Collection 8 (acquired 
from http://​mapbi​omas.​org), available for the same time-
series and spatial resolution as the burned area database 
(Alencar et al. 2023). With an overall accuracy of 85.8%, 
the MapBiomas project is a multi-institutional initiative 
that develops annual maps (from 1985 to present) of land 
cover and land use from semi-automatic classification 

processes (Random Forest) applied to Landsat satel-
lite imagery (30-m resolution) in Google Earth Engine 
(Souza et  al. 2020). Finally, we used the Cerrado ecore-
gions data (Sano et al. 2019) to aggregate information on 
fire events in addition to the biome-level estimates (IBGE 
2023).

For the geospatial analysis and MapBiomas data acqui-
sition, we used the Google Earth Engine (GEE) platform, 
which has ample capacity for processing and analyzing 
large datasets (Gorelick et al. 2017). The main advantage 
of GEE is its accessibility and powerful computational 
resources, which allow for processing large amounts of 
geospatial data and statistical analyses over extensive 
geographic areas in the field of fire ecology (Jodhani et al. 
2024).

Statistical analysis of fire behavior in the Cerrado in four 
decades
Our analysis of fire distribution in the Cerrado biome 
(Fig.  2) included estimating the following: (a) monthly 
and annual burned area; (b) cumulative burned area; (c) 
fire recurrence; and (d) fire scar size, all estimated at dif-
ferent time intervals and spatial units (biome, land use/
land cover classes, and ecoregions).

The current study conducted annual and monthly area 
estimates of fire scars throughout the 1985–2022 time 
series and estimated the cumulative burned area based 
on annual increments. Estimating the cumulative area 
burned allows us to quantify how much of the Cerrado 
was affected by fire, resulting in total area and percent-
age estimates of the biome that experienced a fire event 
at least once. Fire recurrence was assessed by summing 
the annual burned area products, resulting in a consoli-
dated map with 38 recurrence classes for the entire study 
period. To analyze fire distribution patterns across differ-
ent land use and land cover classes, we used a temporal 
and spatial overlap approach that provides insights into 
the dominant patterns of fire dynamics. Annual burned 
area data were converted to vectors using the gdal_
polygonize function to determine the size and individual 
area of fire scars (Open Source Geospatial Foundation 
(OSGeo) 2020). The uncertainties in this conversion pro-
cess primarily arise from errors in digitization, including 
issues related to spatial resolution and boundary deline-
ation. To minimize these uncertainties, we retained the 
original 30-m resolution during the vectorization pro-
cess, preserving the spatial detail and accuracy of fire 
scars. The gdal_polygonize function was selected for its 
robustness and precision in handling raster-to-vector 
conversions, ensuring accurate delineation of burned 
area boundaries.

The fire scar size metric quantifies the area affected 
by a single fire event within a specific location, offering 

http://mapbiomas.org
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detailed insights for fine-scale analysis when assess-
ing long-term trends in fire activity (McLauchlan et al. 
2020). This metric is crucial for understanding whether 
individual fire events are increasing over time. In 

contrast, burned area provides a broader perspective by 
estimating the total area affected by fire, summing all 
fire scar sizes within a given period. This broader view 
is essential for landscape-level assessments, evaluating 
regional fire regimes, understanding broader ecological 

Fig. 2  Data-flow diagram with all fire data processed (in gray) and combined with Land Use and Land Cover Maps (in beige) at different temporal 
and spatial units in the Cerrado (in green). All data processing and analysis were performed in Google Earth Engine (GEE) platform
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impacts, and informing resource management and fire 
mitigation strategies.

Our analysis, segmented into four distinct time 
intervals (1985–1994, 1995–2004, 2005–2014, and 
2015–2022), aimed to better understand changes in fire 
dynamics over time. We analyzed the total burned area 
and the size of fire scars across these different time peri-
ods to assess variations in fire activity throughout the 
Cerrado biome.

To enhance our understanding of fire patterns over 
time and across ecoregions, we conducted comprehen-
sive analyses, including the computation of the standard-
ized annual anomaly of burned areas within the Cerrado 
ecoregions. This was achieved by comparing annual 
burned area with the average of the entire time frame 
and dividing it by its standard deviation (X − µ)/σ. This 
approach results in a standard score with a mean of zero 
and a standard deviation of one, highlighting the relative 
importance of annual events in the time series.

In addition, we quantified the variation in fire scar size 
over the 9-year intervals for each ecoregion and deter-
mined the relative difference with the historical average. 
These analyses contribute to a comprehensive under-
standing of the dynamic patterns, considering both tem-
poral and geographical aspects.

To deepen our understanding of the relationship 
observed between fire activity and land cover/land use 
changes, we used Pearson’s correlation to analyze the 
annual correlation between burned area and farming 
area, and between average fire scar size and farming 
area, within each ecoregion. Farming areas encompass 
both pasture (non-indigenous grassland) and agricultural 
classes from MapBiomas’s LULC Collection 8. A positive 
correlation between burned area and farming area sug-
gests that regions with larger farming areas tend to expe-
rience more fire activity or larger fire events. This could 
indicate that agricultural practices and land management 
in these areas might contribute to increased fire inci-
dence, either through intentional burning for land clear-
ing and maintenance or through accidental ignitions. 
Conversely, a negative correlation indicates that regions 
with larger farming areas are associated with lower fire 
activity or smaller fire events. This could occur in areas 
with more mechanized agriculture, where the use of 
machinery reduces the need for burning, or it might 
indicate a displacement effect where farming activities 
reduce the availability of combustible vegetation, thereby 
limiting the spread of fires.

Results
Annual variability of burned area
Our analysis using the 38-year Landsat-based burned 
area dataset showed that the Cerrado biome experienced 

larger fire events over this period, totaling 792,204 km2 
(or 40% of the Cerrado biome) of areas that burned at 
least once from 1985 to 2022 (Fig. 3A and C). In terms of 
temporal variability, we estimate that, on average, 79,144 
km2 (4% of Cerrado) are affected every year by fire activ-
ity (Fig. 3B). However, annual burned area estimates var-
ied over time, with the minimum annual area detected 
in 2009 (29,468 km2) and the maximum area mapped 
in 2010 (150,652 km2) (Fig. 3C). Other years of high fire 
occurrence were 1987, 1988, 1998, and 2007, while 2006, 
2013, and 2018 showed a lower incidence of burned 
areas.

When examining the statistical analysis of the total 
yearly burned area over time (Fig. 3D and Table S1), no 
significant difference is observed (p = 0.546), suggesting 
that there are no significant temporal trends in burned 
area from 1985 to 2022. However, the period from 1985 
to 1994 exhibits the greatest total area burned (883,240 
km2) and the period from 2005 to 2014 shows the high-
est standard deviation (± 42,459 km2). One explanation 
for this interannual variability is related to the association 
between accumulated fuel material and more extreme 
climate conditions (e.g., El Niño Southern Oscilla-
tion—ENSO), which favors the occurrence of large fires 
(Aragão et  al. 2018). Besides the accumulation of fuel 
materials and climate anomalies, there is also the pres-
ence of human-driven ignition sources, such as land use 
change, as a response to policy and economy (Schmidt 
and Eloy 2020).

Our  analysis of fire scar size at different time-inter-
vals (Fig. 3E) showed an increase of 18% in the size of fire 
scars, particularly in recent years (2015 to 2022)  com-
pared to the historical average (size of burned scars from 
1985 to 2022), and a difference of 33% between the last 
(2015 to 2022) and the first interval (1985 to 1994). This 
significant increase suggests a changing trend in the fire 
dynamics within the analyzed time frame, with individual 
fire events becoming larger. This shift can be attributed 
to various factors, including  changes  in land use, cli-
mate conditions, or fire management practices (Wu et al. 
2021).

Changes in Cerrado monthly burned area
Our monthly burned area estimates over the last 38 years 
helped establish the boundaries of the burning season 
in the Cerrado and understand how this is changing 
over time (Fig. 4A). Our results revealed that most fires 
occur during the dry season, with 89% happening from 
July to October; with September exhibiting the highest 
occurrence at 37%. Comparing the fire seasonality at dif-
ferent time intervals (every 9  years) revealed a shifting 
pattern in the peak of fire activity, consistently occur-
ring later throughout the time series. Remarkably, the 
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highest concentration of fire events has shifted towards 
the end of the dry season, particularly in the month of 
September, and there has been a notable increase in the 
occurrence of fire activity in October (Fig. 4B). Fires, par-
ticularly those initiated by human activity during the dry 
season, exhibit distinct characteristics from natural fires 
in the rainy season or transitional periods (Ramos-Neto 
and Pivello 2000).

The increasing occurrence of fire activity towards the 
end of the dry season in the Cerrado may be influenced 
by climate change, human activities, and unsustainable 
land management practices. Climate change can lead to 
prolonged dry periods and higher temperatures, creating 
more favorable conditions for fires to ignite and spread 
(Libonati et al. 2022). Human activities, particularly agri-
culture, often involve the use of fire for land clearing and 
crop management. As the dry season progresses, the 
accumulation of dry vegetation increases the fuel load, 
making it easier for fires to start and spread. Unsustain-
able land management practices, such as deforestation 
and overgrazing, can degrade the land and reduce its 

resilience to fire, further exacerbating the situation (Ren 
et  al. 2024). These combined factors contribute to the 
observed shift in fire occurrence towards the end of the 
dry season.

Our monthly analysis of burned areas across distinct 
land use and land cover classes showed a concentra-
tion of fire events predominantly from July to October 
(Fig.  4C). However, a more detailed analysis of the sea-
sonal distribution of burned areas for each land use and 
land cover type revealed nuanced differences (Fig.  S1): 
the largest burned area over grasslands, identified as the 
most flammable natural vegetation type in the Cerrado 
(Zanzarini et al. 2022) was identified in August, coincid-
ing with minimal precipitation levels (Fig.  4A). In addi-
tion to burning during the dry season, forests were also 
impacted by fire events at the beginning of the rainy sea-
son. As for savannas and wetlands, the occurrence of fire 
events was high during the late dry season, particularly in 
September and October. In human-dominated land cover 
types, all land uses showed a larger concentration of 
fire scars in the dry season, with the class of agriculture 

Fig. 3  A Spatial distribution of the total area burned between 1985 and 2022 in Brazil; B annual burned area from 1985 to 2022; C cumulative 
burned area between 1985 and 2022; D box plots illustrating the sum of burned area across distinct time intervals, representing the interquartile 
range (IQR) with the median highlighted in red; and E percentage difference of fire event size at different time intervals in the Cerrado biome, 
historical mean represents the average size of burned scars from 1985 and 2022, while the difference from T4 to T1 represents the variance 
between the means of fire scar size from 2015 to 2022 and from 1985 to 1994
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experiencing a peak in fire activities between July and 
September.

Fire recurrence
Our analysis of fire recurrence in the Cerrado biome 
revealed areas experiencing multiple fire events. The data 
range from 1 to 38, indicating the recurrence of annual 
fire events in specific locations throughout the study 
period (Fig. 5A). Most of the burned area in the Cerrado, 
approximately 503,832 km2 or 63%, experienced two or 
more fire events between 1985 and 2022 (Fig. 5B). Almost 
half (45%) of this area burned three times or more, with 
a fire return interval of up to 12  years; a small portion 
(3.5%) of the total burned area had a fire return interval 
shorter than 2  years when fire recurrence was higher 
than 15 times (Table S2). The spatial distribution of fire 
recurrence displayed significant heterogeneity, featuring 
high recurrence areas in the central and northern regions 
of the biome, especially in the MATOPIBA region. In 
contrast, the southern Cerrado region experienced less 
frequent and more discontinuous fire events.

Our subsequent analysis revealed a large variability 
in fire recurrence over land use and land cover classes 

(Fig.  5C; more details and percentages are in Fig. S2). 
Regarding native vegetation, forests exhibited the low-
est fire recurrence, with 55% of the area burned once. 
In proportion, grasslands exhibited a higher recurrence, 
with 76% burned more than twice, compared to savan-
nas where 64% experienced more than two burn occur-
rences in the same area. In contrast, wetlands showed the 
highest fire recurrence, with 35% of the area burned 10 
times or more at intervals of up to 3 years. As for anthro-
pogenic classes, pasture had the lowest recurrence, with 
51% burned once.

Burned area by land cover and land use
Figure 6 illustrates the intersection between the cumula-
tive burned area and the land use and land cover classes 
for 2022. The results revealed that, from 1985 to 2022, 
most burned areas (85%) in the Cerrado biome affected 
native vegetation classes (Fig.  6B), primarily savannas 
(54%), wetlands (16%), and grasslands (11%), with forests 
(3%) being affected to a lesser extent (Fig. 6A and B). It 
is worth noting that many of these natural areas expe-
rienced multiple fire events over this time period. The 
remaining fires (15%) occurred over farming, primarily 

Fig. 4  A Monthly variations of burned area (hectares) and mean precipitation (measured in millimeters from the Tropical Rainfall Measuring 
Mission, TRMM) in the Cerrado, from 1985 to 2022; B mean burned area in the Cerrado for different time intervals and the percentage of burned 
area for each month within each time interval; C total monthly burned area categorized by land use and land cover from 1985 to 2022, with Jan—
January, Feb—February, Mar—March, Apr—April, May—May, Jun—June, Jul—July, Aug—August, Sep—September, Oct—October, Nov—
November, Dec—December
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pasture fields (6%), agriculture (2.4%), and mosaic of land 
uses (6%).

The analysis of annual burned area across land use and 
land cover classes revealed a persistent pattern in the 
Cerrado over time (Fig.  6D). In general, native vegeta-
tion classes experienced the highest increases in burned 
area during peak years (e.g., 1987, 1988, 1998, 2007, 2010, 
and 2012). However, when assessing land use in 2022 
and burned area extent for each category, a distinct pat-
tern is revealed: 72% of grasslands burned at some point 
in the last 38  years, along with 55% of savannas and 
19% of forests (Fig. 6C). Although natural areas account 
for the highest proportion of burned land (85%), it is 
not possible to attribute these fire events exclusively to 
natural causes. In Fig. 6E, wetlands represent the native 
vegetation type experiencing the highest annual propor-
tion of burning relative to its total area extent, followed 
by grassland and savanna. Among farming areas, the 
classes mosaic of uses and agriculture exhibit compara-
tively higher proportional burning rates, with agriculture 
showing a decreasing trend over the series.

Figure  7 illustrates the temporal variability of burned 
area patterns over time, proportionally to each land use 

and land cover class, providing insights into fire dynam-
ics. The burned area is normalized, allowing to assess 
changes in burn extent relative to each class over time, 
while facilitating the understanding of fire impacts on 
different land types. Our findings revealed a signifi-
cant increase in burned area within forests over time 
(p = 0.057). In relation to natural vegetation, wetlands 
experienced the highest proportion of burned area rela-
tive to their total extent. Despite a decrease in the area 
extent of savannas (i.e., 24 million hectares of the savanna 
ecosystem were lost over 38 years), burned areas did not 
show a reduction. A similar picture occurs in grassland 
ecosystems. Furthermore, our results revealed a decreas-
ing trend in burned areas within agriculture (p = 0.001) 
and mosaic of land uses (p = 0.025), with statistical differ-
ences in burned area over time. The proportion of burned 
area in pasture remained constant over time.

Burned area patterns by ecoregions
The levels of human impact and preserved natural land-
scapes in the Cerrado vary across ecoregions, suggest-
ing potential regional variations in fire dynamics and 
regimes. Among the Cerrado ecoregions, those with the 

Fig. 5  A Spatial representation of fire recurrence in the Cerrado from 1985 to 2022, with the location of the Bananal ecoregion lEcoregion 4) 
and the Cerrado states, as well as the location of the MATOPIBA region (encompassing the states of Maranhão, Tocantins, Piauí, and Bahia); B area 
and percentage distribution of burned area across recurrence classes in the Cerrado; C fire recurrence categorized by land use and land cover 
classes in the Cerrado biome
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largest farming areas are the following: Paraná Guima-
rães (74%), Alto São Francisco (71%), and Chapadão do 
São Francisco (36%). Conversely, the ecoregions with the 
highest proportions of natural areas are Costeiro (88%), 
Bananal (80%), and Planalto Central (34%). Table  S3 
provides a more detailed analysis of each ecoregion, 
including descriptive statistics (i.e., area estimates and 
percentages) of farming areas and natural vegetation for 
each ecoregion.

The analysis of spatiotemporal patterns of fire occur-
rences within each Cerrado ecoregion considered both 
the total burned area (Fig.  8A) and the normalized 
burned area, representing the percentage affected at 
some point between 1985 and 2022 (Fig. 8B). Four ecore-
gions (Araguaia Tocantins, Alto Parnaíba, Chapadão do 
São Francisco, and Paraná Guimarães) accounted for over 
half of the total burned area in the Cerrado biome, with 
an annual burned area average of 44,283 km2 (Fig.  8A 

and Table  S4). Ecoregions such as Bananal (72%), Cha-
padão do São Francisco (71%), Alto Parnaíba (70%), and 
Parnaguá (60%) experienced burning in more than half of 
their territory throughout the entire study period. Given 
that all these ecoregions have more than 60% of their 
area covered by native vegetation, there is a potentially 
higher presence of fuel material susceptible to burning 
(Table S3).

The ecoregions in the central and northern parts of the 
Cerrado biome, including the MATOPIBA region, which 
encompasses the Cerrado portion in the states of Mara-
nhão, Tocantins, Piauí, and Bahia, had approximately half 
of their territory burned. This region features the larg-
est remnants of Cerrado’s natural vegetation, as well as a 
well-established commodity-driven agricultural frontier. 
Meanwhile, the southern region contributes less to the 
total burned area.

The annual standardized anomaly of burned areas 
within each Cerrado ecoregion reveals both positive 
and negative trends over time and across space (Fig. 9). 
A positive anomaly is observed in the central and south-
ern regions of the biome during the first 4  years of the 
time-series (1985 to 1988). Additionally, most regions 
exhibited positive burned area anomalies in 1998, 2007, 
and 2010. The years 2012 and 2015 stand out with par-
ticularly high positive anomalies in the regions surround-
ing the MATOPIBA, where trends in climate and land 
use factors have generally been intensified over the last 
two decades (Silva et al. 2020). On the other hand, most 
ecoregions display negative anomalies in the years before 
or after periods of significant positive anomalies, mainly 
due to a decrease in available fuel material, as seen in 
2000, 2006, 2008, 2009, and 2013.

Figure 10 illustrates the temporal dynamics of fire scar 
patch size across Cerrado’s ecoregions during different 
9-year interval periods from 1985 to 2022. The findings 
revealed an increase in the extent of fire events, with 
the most significant rise occurring from 2015 to 2022 in 
most ecoregions. The ecoregion with the highest aver-
age burned area size is “Bananal” (47 hectares), and the 
ecoregion experiencing the most substantial increase in 
fire scar size is “Depressão Cárstica do São Francisco” 
(123.8%). This significant surge in wildfire size in recent 
years highlights the importance of having effective laws 
and fire management strategies to protect the biodiver-
sity and ecological integrity of the Cerrado biome.

The correlation analysis conducted to assess the rela-
tionship between burned area and farming reveals con-
trasting patterns between fire regime and land cover 
and land use changes across the Cerrado biome. As 
expected, we observed negative correlations between 
annual burned area and farming (Fig. 11A), with higher 
strength in the southern Cerrado, pointing out that as 

Fig. 6  A Burned area by land use and cover class in Cerrado 
from 1985 to 2022; B proportion (%) of the total area burned 
from 1985 to 2022 by land use and cover class in Cerrado; C 
categories of land use and land cover in 2022 and the proportion 
that burned at some point between 1985 and 2022 
and the proportion that never burned; D Annual distribution 
of burned area by land use and land cover from 1985 to 2022; and E 
percentage of land cover burned in relation to the total areal extent 
of each land use and cover between 1985 and 2022, with the y-axis 
representing a logarithmic scale
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Fig. 7  Boxplots of the normalized burned area at different time intervals for each type of land use and land cover. The boxes represent 
the interquartile range (IQR), with medians represented by the black line. Black text upper each graphic represents the ANOVA p-value

Fig. 8  A Total burned area for each Cerrado ecoregion. B Map illustrating the normalized total burned area for each ecoregion, with the darkest 
areas representing those that proportionally burned more. Both figures represent the period between 1985 and 2022
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the area used for farming activities increases, the burned 
area tends to decrease. Also, we found positive correla-
tions in the northern Cerrado, including regions like Ara-
guaia (ecoregion 4), Centro-norte Piauiense (7), Floresta 
de Cocais (14), and Parnaguá (18), indicating a regional 
pattern in which the expansion of farming activities leads 
to an increase in burned area.

Interestingly, correlations between fire scar size and 
farming (Fig.  11B) were positive in 16 of the 20 ecore-
gions, with higher values in central and northern Cer-
rado, emphasizing that the scar size tends to increase in 
ecoregions in which farming activities were expanded in 
the last four decades. On the other hand, neutral/weak, 
negative correlations were found in the southern portion 
of the biome, encompassing states like São Paulo (SP), 
Minas Gerais (MG) and Mato Grosso do Sul (MS).

Discussion
Our study analyzed the spatiotemporal patterns of fire 
dynamics in the Cerrado biome over the last four dec-
ades, revealing distinct patterns across ecoregions and 
improving our understanding of fire ecology in the Cer-
rado. By analyzing the past 38 years of monthly fire activ-
ity, our results demonstrate a clear shift in the burning 
season, with 89% of fire events occurring from July to 
October—with 37% concentrated in September. This 

concentration of fire activity during the dry season is 
primarily attributed to human activities, unlike natural 
fires caused by lightning in the wet season (Ramos-Neto 
and Pivello 2000), leading to more severe environmental 
and socioeconomic consequences (Pivello 2011). Analy-
sis of 9-year intervals showed a later peak in fire activ-
ity, particularly in September and October. Results from 
prescribed burning experiments in an International 
Long-Term Environmental Research (ILTER) site in 
the Cerrado (known as “Projeto Fogo,” conducted at the 
IBGE Ecological Reserve) indicate that a concentration 
of late-dry season fires results in higher tree mortality 
and more substantial impacts, driven by the vegetation’s 
phenological peak in canopy renewal and reproduction 
during spring (Miranda et al. 2010). This shift in the fire 
regime highlights a need for fire management strate-
gies that are adapted to both regional and local dynam-
ics in the Cerrado, critical for safeguarding biodiversity 
and promoting the sustainability of local communities in 
the face of potential environmental and socioeconomic 
impacts.

Our detailed analysis of the seasonal distribution of 
fire activity across Cerrado’s land cover and land use 
classes revealed nuanced differences, with the trend 
of peaks in fire activity occurring towards the end of 
the dry season, especially affecting native vegetation. 

Fig. 9  Annually standardized anomaly of burned area in each ecoregion of the Cerrado biome from 1985 to 2022



Page 14 of 20da Silva Arruda et al. Fire Ecology           (2024) 20:64 

Grassland, a highly flammable vegetation type, showed 
peaks in fire in August. Savannas and wetlands expe-
rienced more fires in the late dry season, particularly 
in September and October, which can lead to serious 
ecological consequences for these ecosystems. Dry 
vegetation conditions increase the risk of fires spread-
ing to adjacent areas, leading to a higher risk of uncon-
trolled fires. In this scenario, wetlands are of special 
concern given the specific aspects of their spatial dis-
tribution at the landscape scale and flammability due 
to their high rates of fuel build-up (Garcia et al. 2021). 
For instance, wetlands in the Cerrado are surrounded 
by riparian vegetation often dominated by forest spe-
cies, which not only have a higher risk of severe wild-
fires but are also a fire-sensitive ecosystem that takes 
longer to recover from fire events (Nóbrega et al. 2019; 
Marques et  al. 2022). Moreover, Cerrado wetlands are 
often surrounded by savanna-like vegetation, usually 
found under extremely dry conditions in the late dry 
season. This emphasizes the importance of Integrated 
Fire Management (MIF) strategies, especially early dry 
season management, to protect fire-sensitive ecosys-
tems in the Cerrado biome (Schmidt et al. 2017).

Despite the efforts for fire suppression (Brazil National 
Law 2661/1998), fast land conversion for intensive and 
mechanized agriculture has significantly altered the fire 
regime in the Cerrado, leading to more frequent fire 
events at shorter intervals (Rodrigues et al. 2021). A sig-
nificant portion of this biome, covering an area of 59,835 
km2, has experienced recurrent fires, burning more 
than 11 times. This trend indicates a clear shift towards 
shorter intervals between successive fire events, resulting 
in consequences for natural vegetation such as increased 
mortality rates of woody and shrub species, reduced 
seedling development, and a rise in herbaceous veg-
etation, thereby impacting ecosystem functioning, water 
dynamics, and carbon flow (Miranda et al. 2009).

Approximately 40% of the biome witnessed at least 
one fire event during the timeframe analyzed, resulting 
in an annual average burned area of 79,144 km2, corre-
sponding to 4% of the biome’s total extent. In addition 
to frequency, analyzing the spatial patterns of fire recur-
rence can inform better management decisions focused 
on particular regions that burn often and over larger 
extents. Our results exhibited a spatially diverse distri-
bution of burned areas, with regions such as the Bananal 

Fig. 10  Relative variation in mean fire scar size (y-axis) in the Cerrado across timeframes (x-axis) for each ecoregion. Each box represents 
an ecoregion, with colored bars indicating the variation in mean burn scar size per timeframe compared to the ecoregion’s historical mean 
(indicated in blue text). The black text within each timeframe provides information on the variation (%) and absolute variation (hectares) 
per timeframe. Additionally, violet text in each box informs the absolute and relative difference between the last timeframe (T4 = 2015 to 2022) 
and the first (T1 = 1985 to 1994)
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ecoregion (ecoregion 4) experiencing a higher frequency 
of fire events. A significant part of this region consists of 
wetlands, which are used as pastures by non-indigenous 
livestock farmers (Silva et al. 2021) and are thus subject 
to prescribed fires for management purposes, aiming 
to prevent large fires and reduce fuel material (Schmidt 
et al. 2017). Livestock farming, associated with high bio-
mass production in humid areas, leads to the highest fre-
quency of fire events (Pivello 2011). Thus, the increased 
fire recurrence in wetlands can have serious conse-
quences, affecting not only the flora and fauna adapted to 
these ecosystems but also disrupting the balance of these 
environments and their essential ecological functions 
(Rivaben et al. 2021).

While natural areas account for the majority of burned 
land (85%), attributing these fires solely to natural causes 
is not possible; anthropogenic ignitions from farming 
activities are the primary drivers of wildfires in the Cer-
rado, which may subsequently spread into natural vegeta-
tion areas (Alvarado 2018). The increase in burned forests 

and the high proportion of burned wetlands suggest 
potential ecological impacts, influenced by factors like 
forest degradation, fragmentation, and land use change 
(Balch et  al. 2015). Despite forests exhibiting smaller 
burned areas and fewer recurrent fire events due to their 
higher moisture content, their impact can be more dev-
astating due to their lower adaptation to fire compared 
to savannas and grasslands (Miranda et  al. 2010). This 
contributes to ecosystem impoverishment, exclusion of 
sensitive species, and reductions in nutrient and biomass 
stock in the tree and shrub layer (Gomes et al. 2020).

Despite savannas being the dominant ecosystem in the 
Cerrado, covering 28% of its landscape in 2022, they have 
undergone a substantial loss of approximately 24 million 
hectares over the 38-year period (Alencar et  al. 2023). 
Despite that, savannas still contribute to the largest abso-
lute burned area in the Cerrado biome. The prevalence 
of fires in grasslands and savannas can be attributed to 
the higher flammability of fine fuels found in herbaceous 
vegetation, abundant in these ecosystems, highlighting 

Fig. 11  A Map illustrating the correlation analysis between the total burned area and farming in each ecoregion. B Map illustrating the correlation 
analysis between mean fire scar size and farming. A negative correlation (shades of red) indicates an inverse relationship, pointing that as farming 
area increases, the total burned area and/or fire scar size decreases. Conversely, a positive correlation (shades of blue) indicates that as farming area 
increases, the total burned area and/or fire scar size also increases. Shades of red and blue represent the correlation strength, from light (weak) 
to dark (moderate/strong). For each ecoregion, small numbers in a circle inform the ecoregion ID (see Figs. 8 and 10), while the numbers in larger 
size represent the absolute correlation value
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the feedbacks between fuel build-up and fire dynamics 
(Aleman and Staver 2018).

Wetlands in the Cerrado play a crucial role in fire 
ecology due to their significant contributions to water 
cycling and biodiversity (Schmidt et al. 2017). Our find-
ings reveal that wetlands experience the highest relative 
burned area, with an annual mean burn rate of 22%. The 
Bananal ecoregion in particular, where most wetlands are 
located, exhibits the most substantial increase in fire scar 
size. Consequently, these wetlands are not only burning 
more frequently, but also experiencing larger fire events, 
possibly leading to ecosystem homogenization (Setter-
field et  al. 2010) and posing severe threats to biodiver-
sity, habitat integrity, and ecosystem services. Therefore, 
conservation efforts in the Cerrado should prioritize the 
particularities of each vegetation type, implementing 
suitable fire management practices to ensure their long-
term conservation (Durigan and Ratter 2016).

The MATOPIBA region is the last agricultural frontier 
in the biome and features the largest extent of remain-
ing Cerrado vegetation (Alencar et al. 2020). This region 
has experienced extensive burning activity, particularly 
in its central and northern parts. Ecoregions with high 
fire recurrence are mainly situated in this region, where 
the use of fire is mostly driven by human activities such 
as management of different land uses, including crops 
and pastures, and land clearing for agricultural expan-
sion (Silva et  al. 2020). These activities have disrupted 
landscape connectivity and altered fuel conditions, con-
sequently altering the microclimate while increasing 
the risk of degradation and intensity of fires due to the 
increase in edge areas (Aragão et  al. 2008; Kumar et  al. 
2022; Ren et al. 2024).

The MATOPIBA region’s agricultural practices, 
including slash-and-burn techniques and the use of fire 
for pasture renewal, have intensified fire recurrence. 
Additionally, deforestation and conversion of land for 
large-scale agriculture have reduced natural fire breaks, 
making the landscape more susceptible to uncontrolled 
fires. Policies and management strategies aimed at miti-
gating wildfire impacts could include strict enforcement 
of land use regulations, promotion of sustainable agri-
cultural practices, and implementation of comprehensive 
fire prevention and management measures. Furthermore, 
engaging local communities in conservation efforts and 
sustainable land management practices could help reduce 
the frequency and severity of fires (Resende et al. 2020).

The southern Cerrado region features a highly frag-
mented landscape mainly shaped by farming activities, 
including row (i.e., soybean, rice, sugar cane) and peren-
nial (i.e., coffee and citrus) crops (Souza et al. 2020), and 
anthropogenic fires (Conciani et  al. 2021). The negative 
correlation observed in this southern landscape suggests 

that farming lands may act as a barrier against fire occur-
rence. This can be attributed to regulations prohibiting 
the use of fire in these areas (Ribeiro and Ficarelli 2010) 
and ecological reasons. For instance, landscape fragmen-
tation can alter fire behavior and occurrence by creat-
ing barriers to fire spread or influencing local weather 
patterns (Barber et  al. 2014; Balch et  al. 2015). In con-
trast, the positive correlation observed in the north-
ern Cerrado, characterized by recent land use changes 
and predominant row crops like soybean and sugarcane 
(MapBiomas  Project  2023), highlights the susceptibility 
of these areas to fire. As land use expands, so does the 
extent of fire-affected areas and the magnitude of fire 
scars, likely influenced by ongoing land clearing and land 
conversion activities (Schneider et  al. 2021). These dis-
tinct patterns in fire dynamics between the southern and 
northern Cerrado regions emphasize the importance of 
considering the local context and land use history in fire 
management strategies.

The annual anomalies of burned areas in each Cerrado 
ecoregion are consistent with those reported in Silva et al. 
2021, which aimed to complement the ecoregional map 
of the Cerrado with information related to the fire com-
ponent from 2000 to 2018. A noticeable north–south fire 
activity gradient was also observed, with the MATOPIBA 
region making substantial contributions. Additionally, 
there is a consensus between our study and Silva et  al. 
2021 regarding the ecoregions exhibiting the highest fire 
incidence, including Araguaia Tocantins, Alto Parnaíba, 
Chapadão do São Francisco, and Paraná Guimarães. The 
yearly variation in wildfires is linked to factors like the 
accumulation of combustible materials, climatic anoma-
lies (such as El Niño), and changes in political and envi-
ronmental policies (Miranda et al. 2010, 2014; Marengo 
et  al. 2011; Aragão et  al. 2018). Significantly in recent 
years (e.g., 2019), political changes in Brazil have led to 
weakened environmental law enforcement and reduced 
investments in safeguarding natural ecosystems, result-
ing in increased deforestation and heightened ignition for 
wildfires (Schmidt and Eloy 2020).

Fires in the Cerrado induce adaptations in woody 
plants (Silvério et  al. 2015), with damage severity vary-
ing by fire frequency and seasonality (Miranda et  al. 
2010; Rodrigues et  al. 2021; Souza et  al. 2023). Despite 
its crucial ecosystem services, including water provi-
sion and carbon storage (Strassburg et al. 2017; Zimbres 
et  al. 2021), the Cerrado faces climate change threats, 
with increasing temperatures and droughts (Hofmann 
et al. 2021). The increased frequency and extent of fires 
release stored carbon, contributing to greenhouse gas 
emissions (Silva et al. 2020), and directly impacting plant 
and animal mortality while leading to habitat fragmen-
tation (Miranda et  al. 2014; Bustamante et  al. 2012). 
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Agricultural expansion exacerbates these challenges, dis-
rupting the natural fire regime and affecting vast areas of 
native vegetation. Region-specific fire management poli-
cies are crucial to address these complexities, considering 
cultural and agricultural practices, flammable material 
introduction, ignition sources, and fire management 
practices. Implementing suitable fire management strate-
gies is essential to mitigate the ecological consequences 
and ensure the long-term preservation of the Cerrado 
biome.

Conclusion
Our analysis of the annual burned area from 1985 to 2022 
reveals a prevalence of fire events in the Cerrado biome, 
providing a comprehensive regional perspective of fire 
distribution over the past four decades. By assessing fire 
dynamics across ecoregions, this study offers valuable 
insights into seasonal and spatial variations of fire occur-
rence, highlighting the potential of integrating remote 
sensing data to improve our understanding of wildfire 
patterns. Our study demonstrates the importance of 
implementing effective fire management and conserva-
tion policies at the ecoregion scale while also considering 
factors such as land cover patterns, landscape fragmenta-
tion, and climate change impacts.

The observed trends in fire dynamics are complex and 
multifaceted, influenced by variables like climate condi-
tions, land use changes, and fire management practices. 
While our analysis included the correlation of farming 
area with fire scar size and burned area, it is important to 
note that other drivers and parameters of the fire regime 
may play significant roles, which could be explored in 
future research. Additionally, while our focus was primar-
ily on the Cerrado biome, extending similar analyses to 
other Brazilian biomes could provide a more comprehen-
sive understanding of wildfires at a national scale. Future 
studies should also investigate the socio-economic and 
policy dimensions influencing fire occurrence, thereby 
improving the effectiveness of conservation strategies.

Our study characterized temporal shifts in the Cer-
rado fire regime, from natural fires in the wet season to 
anthropogenic fires in the dry season, while also assess-
ing differences in fire recurrence across regions and land 
cover types. Given the pressures of deforestation and 
climate variability, understanding the nuances of fire 
dynamics is essential for shaping policies that balance 
ecological resilience with sustainable land use practices. 
By exploring the complex interactions between fire and 
land use, our research provides valuable insights for deci-
sion-making and policy formulation. These efforts are 
crucial for preserving the ecological integrity and resil-
ience of the Cerrado biome in the face of escalating fire 
risks and anthropogenic pressures.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s42408-​024-​00298-4.

Additional file 1: Supplemental Fig. S1. Total monthly burned area for 
each land use and land cover type individually, spanning from 1985 
to 2022. Monthly abbreviations include Jan—January, Feb—February, 
Mar—March, Apr—April, May—May, Jun—June, Jul—July, Aug—August, 
Sep—September, Oct—October, Nov—November, Dec—December. 
Supplemental Fig. S2. Fire recurrence for each land use and land cover 
classes in the Cerrado biome, from 1985 to 2022. Supplemental Table S1. 
One-Way ANOVA evaluating significant differences in burned area (in 
km²) among different time intervals within the Cerrado Biome, with 
corresponding p-values signifying statistical significance. Supplemental 
Table S2.  Burned area (in square kilometers) and proportion of each recur-
rency class, for Cerrado biome. Supplemental Table S3.  Total ecoregion 
area (km²), Anthropogenic area (km²), Natural areas (km²), farming (%), 
and Natural area (%). Natural areas encompass MapBiomas Collection 8 
classes: Forest Formation, Savanna Formation, Mangrove, Floodable Forest, 
Wooded Sandbank Vegetation, Wetland, Grassland Formation, Salt Flat, 
Rocky Outcrop, Herbaceous Sandbank Vegetation, and Other non-Forest 
Formations. Anthropogenic areas include Pasture, Agriculture, Forest Plan-
tation, Mosaic of Uses, and Non-Vegetated Area.Supplemental Table S4. 
Area of each ecoregion (km²), cumulative burned area (km²), mean annual 
burned area (km²), proportion of the total Cerrado’s burned area for each 
ecoregion (km²), and normalized burned area (%) that represents the 
percentage of the ecoregion that was burned at some point in the period, 
between 1985 and 2020. 

Acknowledgements
The authors are grateful to the MapBiomas network and its funders (https://​
brasil.​mapbi​omas.​org/​en/​quem-​somos/), especially to Instituto Clima e 
Sociedade (ICS) and NICFI (Norway’s International Climate and Forest Initiative) 
though Instituto Arapyau and Instituto de Apoio ao MapBiomas (IAMap), 
for their support to assemble MapBiomas Fire Collection 2. The authors are 
also grateful for financial support from the CNPq fellowship (Osmar Abílio de 
Carvalho Júnior). Finally, the authors acknowledge the contribution of anony-
mous reviewers, who made substantial contributions to the overall quality of 
our work.

Authors’ contributions
Contributions to this manuscript were made by all authors. All authors have 
read and approved the final manuscript.

Funding
This study was supported by Instituto Clima e Sociedade (ICS) and MapBiomas’ 
funders, especially by NICFI (Norway’s International Climate and Forest Initia-
tive) through Instituto Arapyaú and Instituto de Apoio ao MapBiomas (IAMap).

Availability of data and materials
The datasets analyzed in the current study are accessible through the MapBio-
mas Fire Collection 2 asset in Google Earth Engine. The specific path to access 
the data is as follows: projects/mapbiomas-workspace/public/collection7_1/
mapbiomas-fire-collection2-monthly-burned-coverage-1.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

https://doi.org/10.1186/s42408-024-00298-4
https://doi.org/10.1186/s42408-024-00298-4
https://brasil.mapbiomas.org/en/quem-somos/
https://brasil.mapbiomas.org/en/quem-somos/


Page 18 of 20da Silva Arruda et al. Fire Ecology           (2024) 20:64 

Author details
1 Instituto de Pesquisa Ambiental da Amazônia (IPAM), SCN 211, Bloco B, 
Sala 201, Brasília 70836‑520, Brazil. 2 Departamento de Geografia Campus, 
Universitário Darcy Ribeiro, Asa Norte, Universidade de Brasília (UnB), Bra-
sília 70910‑900, Brazil. 

Received: 2 January 2024   Accepted: 3 July 2024

References
Aleman, J.C., and A.C. Staver. 2018. Spatial patterns in the global distributions 

of savanna and forest. Global Ecology and Biogeography 27 (7): 792–803. 
https://​doi.​org/​10.​1111/​geb.​12739.

Alencar, A., and J.Z.F.C.B.M.V.I.J.P.V.I.V.V.M.C.M.E.M. ShimboLentiBalzani Mar-
quesZimbresRosaArrudaCastroFernandes Márcico RibeiroVarelaAlencar-
PiontekowskiRibeiroBustamanteEyji SanoBarroso. 2020. Mapping Three 
Decades of Changes in the Brazilian Savanna Native Vegetation Using 
Landsat Data Processed in the Google Earth Engine Platform. Remote Sens 
12 (6): 924. https://​doi.​org/​10.​3390/​rs120​60924.

Alencar AA, Conciani DE, Costa DP, Rosa ER, Martin EV, Hasenack H, Marten-
exen LFM, Ribeiro JPFM, Shimbo J, Monteiro MR, Dias M, Coelho NC, Silva 
N, Santos SMB dos, Duverger SG, Azevedo T, Piontekowski VJ, Arruda VLS, 
Silva WV da. 2023. Algorithm Theoretical Basis Document (ATBD) MapBio-
mas Fire Collection 2.0. In: MapBiomas. Accessed 1 Aug 2023

Alencar, A.A.C., V.L.S. Arruda, W.V. da Silva, D.E. Conciani, D.P. Costa, N. Crusco, 
S.G. Duverger, N.C. Ferreira, W. Franca-Rocha, H. Hasenack, L.F.M. Marten-
exen, V.J. Piontekowski, N.V. Ribeiro, E.R. Rosa, M.R. Rosa, S.M.B. dos Santos, 
J.Z. Shimbo, and E. Vélez-Martin. 2022. Long-Term Landsat-Based Monthly 
Burned Area Dataset for the Brazilian Biomes Using Deep Learning. 
Remote Sens 14 (11): 2510. https://​doi.​org/​10.​3390/​rs141​12510.

Alvarado, S.T. 2018. Variação espaço-temporal da ocorrência do fogo nos 
Biomas Brasileiros com base na análise de produtos de Sensoriamento 
Remoto. Geografia 44 (2): 321–345.

Alvares, C.A., J.L. Stape, P.C. Sentelhas, J.L. De Moraes Gonçalves, and G. 
Sparovek. 2013. Köppen’s climate classification map for Brazil. Meteor-
ologische Zeitschrift 22 (6): 711–728. https://​doi.​org/​10.​1127/​0941-​2948/​
2013/​0507.

Aragão, L.E.O.C., L.O. Anderson, M.G. Fonseca, T.M. Rosan, L.B. Vedovato, F.H. 
Wagner, C.V.J. Silva, C.H.L. Silva Junior, E. Arai, A.P. Aguiar, J. Barlow, E. 
Berenguer, M.N. Deeter, L.G. Domingues, L. Gatti, M. Gloor, Y. Malhi, 
J.A. Marengo, J.B. Miller, O.L. Phillips, and S. Saatchi. 2018. 21st Century 
drought-related fires counteract the decline of Amazon deforestation 
carbon emissions. Nature Communications 9 (1): 1–12. https://​doi.​org/​10.​
1038/​s41467-​017-​02771-y.

Aragão, L.E.O.C., Y. Malhi, N. Barbier, A. Lima, Y. Shimabukuro, L. Anderson, and 
S. Saatchi. 2008. Interactions between rainfall, deforestation and fires dur-
ing recent years in the Brazilian Amazonia. Philos Trans R Soc B Biol Sci 363 
(1498): 1779–1785. https://​doi.​org/​10.​1098/​rstb.​2007.​0026.

Arroyo-Kalin, M. 2012. Slash-burn-and-churn: Landscape history and crop cul-
tivation in pre-Columbian Amazonia. Quaternary International 249: 4–18. 
https://​doi.​org/​10.​1016/j.​quaint.​2011.​08.​004.

de Arruda, F.V., D.G. de Sousa, F.B. Teresa, V.H.M. Prado, and H.T. CunhaIzzo. 
2018. Trends and gaps of the scientific literature about the effects of fire 
on brazilian cerrado. Biota Neotropica 18 (1): 1–6. https://​doi.​org/​10.​1590/​
1676-​0611-​BN-​2017-​0426.

Arruda, V.L.S., V.J. Piontekowski, A. Alencar, R.S. Pereira, and E.A.T. Matricardi. 
2021. An alternative approach for mapping burn scars using Landsat 
imagery, Google Earth Engine, and Deep Learning in the Brazilian 
Savanna. Remote Sens Appl Soc Environ 22: 100472. https://​doi.​org/​10.​
1016/j.​rsase.​2021.​100472.

Aslam, R.W., H. Shu, A. Yaseen, A. Sajjad, and S.Z.U. Abidin. 2023. Identifica-
tion of Time-Varying Wetlands Neglected in Pakistan through Remote 
Sensing Techniques. Environmental Science and Pollution Research 30: 
74031–74044. https://​doi.​org/​10.​1007/​s11356-​023-​27554-5.

Balch, J.K., P.M. Brando, D.C. Nepstad, M.T. Coe, D. Silvério, T.J. Massad, E.A. 
Davidson, P. Lefebvre, C. Oliveira-Santos, W. Rocha, R.T.S. Cury, A. Parsons, 
and K.S. Carvalho. 2015. The Susceptibility of Southeastern Amazon 
Forests to Fire: Insights from a Large-Scale Burn Experiment. BioScience 65 
(9): 893–905. https://​doi.​org/​10.​1093/​biosci/​biv106.

Barber, C.P., M. Cochrane, and a., Souza CM, Laurance WF,. 2014. Roads, defor-
estation, and the mitigating effect of protected areas in the Amazon. 
Biological Conservation 177: 203–209. https://​doi.​org/​10.​1016/j.​biocon.​
2014.​07.​004.

Bond, W.J., and J.E. Keeley. 2005. Fire as a global “herbivore”: The ecology and 
evolution of flammable ecosystems. Trends in Ecology & Evolution 20 (7): 
387–394. https://​doi.​org/​10.​1016/j.​tree.​2005.​04.​025.

Bowman, D., J.K. Balch, P. Artaxo, W.J. Bond, J.M. Carlson, M.A. Cochrane, C.M. 
D’Antonio, R.S. Defries, J.C. Doyle, S.P. Harrison, F.H. Johnston, J.E. Keeley, 
M. Krawchuk, and a, Kull C a, Marston JB, Moritz M a., Prentice IC, Roos CI, 
Scott AC, Swetnam TW, van der Werf GR, Pyne SJ,. 2009. Fire in the Earth 
system. Science 324 (5926): 481–484. https://​doi.​org/​10.​1126/​scien​ce.​
11638​86.

Bowman, D.M.J.S., J. Balch, P. Artaxo, W.J. Bond, M.A. Cochrane, C.M. D’Antonio, 
R. Defries, F.H. Johnston, J.E. Keeley, M.A. Krawchuk, C.A. Kull, M. Mack, 
M.A. Moritz, S. Pyne, C.I. Roos, A.C. Scott, N.S. Sodhi, and T.W. Swetnam. 
2011. The human dimension of fire regimes on Earth. Journal of Bioge-
ography 38 (12): 2223–2236. https://​doi.​org/​10.​1111/j.​1365-​2699.​2011.​
02595.x.

Brazil National Law 2661/. 1998. National Law 2661/1998
Bustamante, M.M.C., D.Q.D. Brito, and A.R. Kozovits. 2012. Effects of nutrient 

additions on plant biomass and diversity of the herbaceous-subshrub 
layer of a Brazilian savanna ( Cerrado ). Plant Ecology 213: 795–808. 
https://​doi.​org/​10.​1007/​s11258-​012-​0042-4.

Conciani, D.E., L.P.D. Santos, T.S.F. Silva, G. Durigan, and S.T. Alvarado. 2021. 
Human-climate interactions shape fire regimes in the Cerrado of São 
Paulo state. Brazil. J Nat Conserv 61: 126006. https://​doi.​org/​10.​1016/j.​jnc.​
2021.​126006.

Daldegan, G.A., O.A. de Carvalho Júnior, R.F. Guimarães, R.A.T. Gomes, F. de 
Ribeiro, and F, McManus C,. 2014. Spatial patterns of fire recurrence using 
remote sensing and GIS in the Brazilian savanna: Serra do Tombador 
Nature Reserve. Brazil. Remote Sens 6 (10): 9873–9894. https://​doi.​org/​10.​
3390/​rs610​9873.

Daldegan, G.A., D.A. Roberts, F. de Ribeiro, and F,. 2019. Spectral mixture analy-
sis in Google Earth Engine to model and delineate fire scars over a large 
extent and a long time-series in a rainforest-savanna transition zone. 
Remote Sensing of Environment 232: 111340. https://​doi.​org/​10.​1016/j.​rse.​
2019.​111340.

Dionizio, E.A., F.M. Pimenta, L.B. Lima, and M.H. Costa. 2020. Carbon stocks and 
dynamics of different land uses on the Cerrado agricultural frontier. PLoS 
ONE 15 (11): e0241637. https://​doi.​org/​10.​1371/​journ​al.​pone.​02416​37.

Durigan, G., and J.A. Ratter. 2016. The need for a consistent fire policy for Cer-
rado conservation. Journal of Applied Ecology 53 (1): 11–15. https://​doi.​
org/​10.​1111/​1365-​2664.​12559.

Garcia, A.S., and M.V.R. Ballester. 2016. Land cover and land use changes in a 
Brazilian Cerrado landscape: Drivers, processes, and patterns. Journal of 
Land Use Science 11 (5): 538–559. https://​doi.​org/​10.​1080/​17474​23X.​2016.​
11822​21.

Garcia, L.C., J.K. Szabo, Roque F. De Oliveira, De Matos Martins. Pereira, and 
A, Nunes Da Cunha C, Damasceno-Júnior GA, Morato RG, Tomas WM, 
Libonati R, Ribeiro DB,. 2021. Record-breaking wildfires in the world’s larg-
est continuous tropical wetland: Integrative fire management is urgently 
needed for both biodiversity and humans. Journal of Environmental Man-
agement 293: 112870. https://​doi.​org/​10.​1016/j.​jenvm​an.​2021.​112870.

Giglio, L., W. Schroeder, and C.O. Justice. 2016. The collection 6 MODIS active 
fire detection algorithm and fire products. Remote Sensing of Environment 
178: 31–41. https://​doi.​org/​10.​1016/j.​rse.​2016.​02.​054.

Gomes, L., H.S. Miranda, B. Soares-Filho, L. Rodrigues, U. Oliveira, and M.M.C. 
Bustamante. 2020. Responses of Plant Biomass in the Brazilian Savanna to 
Frequent Fires. Front for Glob Change 3 (November): 1–11. https://​doi.​org/​
10.​3389/​ffgc.​2020.​507710.

Gomes, L., S.J.C. Simões, E.L. Dalla Nora, E.R. de Sousa-Neto, M.C. Forti, and 
J.P.H.B. Ometto. 2019. Agricultural Expansion in the Brazilian Cerrado: 
Increased Soil and Nutrient Losses and Decreased Agricultural Productiv-
ity. Land 8 (1): 12. https://​doi.​org/​10.​3390/​land8​010012.

Gorelick, N., M. Hancher, M. Dixon, S. Ilyushchenko, D. Thau, and R. Moore. 
2017. Google Earth Engine: Planetary-scale geospatial analysis for 
everyone. Remote Sensing of Environment. https://​doi.​org/​10.​1016/j.​rse.​
2017.​06.​031.

https://doi.org/10.1111/geb.12739
https://doi.org/10.3390/rs12060924
https://doi.org/10.3390/rs14112510
https://doi.org/10.1127/0941-2948/2013/0507
https://doi.org/10.1127/0941-2948/2013/0507
https://doi.org/10.1038/s41467-017-02771-y
https://doi.org/10.1038/s41467-017-02771-y
https://doi.org/10.1098/rstb.2007.0026
https://doi.org/10.1016/j.quaint.2011.08.004
https://doi.org/10.1590/1676-0611-BN-2017-0426
https://doi.org/10.1590/1676-0611-BN-2017-0426
https://doi.org/10.1016/j.rsase.2021.100472
https://doi.org/10.1016/j.rsase.2021.100472
https://doi.org/10.1007/s11356-023-27554-5
https://doi.org/10.1093/biosci/biv106
https://doi.org/10.1016/j.biocon.2014.07.004
https://doi.org/10.1016/j.biocon.2014.07.004
https://doi.org/10.1016/j.tree.2005.04.025
https://doi.org/10.1126/science.1163886
https://doi.org/10.1126/science.1163886
https://doi.org/10.1111/j.1365-2699.2011.02595.x
https://doi.org/10.1111/j.1365-2699.2011.02595.x
https://doi.org/10.1007/s11258-012-0042-4
https://doi.org/10.1016/j.jnc.2021.126006
https://doi.org/10.1016/j.jnc.2021.126006
https://doi.org/10.3390/rs6109873
https://doi.org/10.3390/rs6109873
https://doi.org/10.1016/j.rse.2019.111340
https://doi.org/10.1016/j.rse.2019.111340
https://doi.org/10.1371/journal.pone.0241637
https://doi.org/10.1111/1365-2664.12559
https://doi.org/10.1111/1365-2664.12559
https://doi.org/10.1080/1747423X.2016.1182221
https://doi.org/10.1080/1747423X.2016.1182221
https://doi.org/10.1016/j.jenvman.2021.112870
https://doi.org/10.1016/j.rse.2016.02.054
https://doi.org/10.3389/ffgc.2020.507710
https://doi.org/10.3389/ffgc.2020.507710
https://doi.org/10.3390/land8010012
https://doi.org/10.1016/j.rse.2017.06.031
https://doi.org/10.1016/j.rse.2017.06.031


Page 19 of 20da Silva Arruda et al. Fire Ecology           (2024) 20:64 	

He, T., B.B. Lamont, and J.G. Pausas. 2019. Fire as a key driver of Earth’s biodi-
versity. Biological Reviews 94 (6): 1983–2010. https://​doi.​org/​10.​1111/​brv.​
12544.

Hofmann, G.S., M.F. Cardoso, R.J.V. Alves, E.J. Weber, A.A. Barbosa, P.M. de 
Toledo, F.B. Pontual, L. de Salles, and O, Hasenack H, Cordeiro JLP, Aquino 
FE, de Oliveira LFB. 2021. The Brazilian Cerrado is becoming hotter and 
drier. Global Change Biology 27 (17): 4060–4073. https://​doi.​org/​10.​1111/​
gcb.​15712.

IBGE. 2023. Bases cartográficas - Brasil. https://​www.​ibge.​gov.​br/​geoci​encias/​
cartas-​e-​mapas/​bases-​carto​grafi​cas-​conti​nuas/​15759-​brasil.​html

Jodhani, K.H., H. Patel, U. Soni, R. Patel, B. Valodara, N. Gupta, A. Patel, and P.J. 
Omar. 2024. Assessment of forest fire severity and land surface tempera-
ture using Google Earth Engine: A case study of Gujarat State. India. Fire 
Ecol 20 (1): 23. https://​doi.​org/​10.​1186/​s42408-​024-​00254-2.

Kumar, S., A. Getirana, R. Libonati, C. Hain, S. Mahanama, and N. Andela. 2022. 
Changes in land use enhance the sensitivity of tropical ecosystems to 
fire-climate extremes. Science and Reports 12 (1): 1–11. https://​doi.​org/​10.​
1038/​s41598-​022-​05130-0.

Lewinsohn, T.M., and P.I. Prado. 2005. How many species are there in Brazil? 
Conservation Biology 19 (3): 619–624. https://​doi.​org/​10.​1111/j.​1523-​1739.​
2005.​00680.x.

Li, F., D. M. Lawrence, and B. Bond-Lamberty. 2017. Impact of fire on global 
land surface air temperature and energy budget for the 20th century 
due to changes within ecosystems. Environmental Research Letters 12 (4). 
https://​doi.​org/​10.​1088/​1748-​9326/​aa6685.

Li, S., S. Rifai, L.O. Anderson, and S. Sparrow. 2022. Identifying local-scale mete-
orological conditions favorable to large fires in Brazil. Clim Resil Sustain 1 
(1): e11. https://​doi.​org/​10.​1002/​cli2.​11.

Libonati R, Geirinhas J o.L., Silva PS, Russo A, Rodrigues JA, Belém LBC, 
Nogueira J, Roque FO, Dacamara CC, Nunes AMB, Marengo JA, Trigo RM. 
2022. Assessing the role of compound drought and heatwave events 
on unprecedented 2020 wildfires in the Pantanal. Environ Res Lett 17(1). 
https://​doi.​org/​10.​1088/​1748-​9326/​ac462e

Libonati, R., J.M.C. Pereira, C.C. Da Camara, L.F. Peres, D. Oom, J.A. Rodrigues, 
F.L.M. Santos, R.M. Trigo, C.M.P. Gouveia, F. Machado-Silva, A. Enrich-Prast, 
and J.M.N. Silva. 2021. Twenty-first century droughts have not increas-
ingly exacerbated fire season severity in the Brazilian Amazon. Science 
and Reports 11 (1): 4400. https://​doi.​org/​10.​1038/​s41598-​021-​82158-8.

Liu, J., J. Heiskanen, E. Eiji, and P.K.E. Pellikka. 2018. Burned area detection based 
on Landsat time series in savannas of southern Burkina Faso. Int J Appl 
Earth Obs Geoinformation 64: 210–220. https://​doi.​org/​10.​1016/j.​jag.​2017.​
09.​011.

MapBiomas Project. 2023. Collection 8 of the Annual Land Cover and Land 
Use Maps of Brazil (1985-2022). MapBiomas Data, V1. https://​doi.​org/​10.​
58053/​MapBi​omas/​VJIJCL.

Marengo, J.A., J. Tomasella, L.M. Alves, W.R. Soares, and D.A. Rodriguez. 2011. 
The drought of 2010 in the context of historical droughts in the Amazon 
region. Geophysical Research Letters 38 (12): 1–5. https://​doi.​org/​10.​1029/​
2011G​L0474​36.

Marques, N., F. Miranda, L. Gomes, F. Lenti, L. Costa, and M. Bustamante. 2022. 
Fire effects on riparian vegetation recovery and nutrient fluxes in Brazilian 
Cerrado. Austral Ecology 47 (6): 1168–1183. https://​doi.​org/​10.​1111/​aec.​
13175.

McLauchlan, K.K., P.E. Higuera, J. Miesel, B.M. Rogers, J. Schweitzer, J.K. Shu-
man, A.J. Tepley, J.M. Varner, T.T. Veblen, S.A. Adalsteinsson, J.K. Balch, 
P. Baker, E. Batllori, E. Bigio, P. Brando, M. Cattau, M.L. Chipman, J. Coen, 
R. Crandall, L. Daniels, N. Enright, W.S. Gross, B.J. Harvey, J.A. Hatten, S. 
Hermann, R.E. Hewitt, L.N. Kobziar, J.B. Landesmann, M.M. Loranty, S.Y. 
Maezumi, L. Mearns, M. Moritz, J.A. Myers, J.G. Pausas, A.F.A. Pellegrini, W.J. 
Platt, J. Roozeboom, H. Safford, F. Santos, R.M. Scheller, R.L. Sherriff, K.G. 
Smith, M.D. Smith, and A.C. Watts. 2020. Fire as a fundamental ecologi-
cal process: Research advances and frontiers. Journal of Ecology 108 (5): 
2047–2069. https://​doi.​org/​10.​1111/​1365-​2745.​13403.

Menezes, L.S., A.M. De Oliveira, F.L.M. Santos, A. Russo, R.A.F. De Souza, 
F.O. Roque, and R. Libonati. 2022. Lightning patterns in the Pantanal: 
Untangling natural and anthropogenic-induced wildfires. Science of the 
Total Environment 820: 153021. https://​doi.​org/​10.​1016/j.​scito​tenv.​2022.​
153021.

Miranda HS, Pinto AS, Amaral AG, Neves BMC, Dias BFS, Walter BMT, Munhoz 
CBR, Maia JMF, Ribeiro JF, Morais HC, Diniz IR, Sato MN, Andrade LAZ, Bus-
tamante MMC, Riggan PJ, Henriques RPB, Tissell RG, Lockwood RN, Neto 

WN. 2010. Efeitos do regime do fogo sobre a estrutura de comunidades 
de cerrado: Resultados do Projeto Fogo

Miranda, H.S., M.N. Sato, W.N. Neto, and F.S. Aires. 2009. Fires in the Cerrado, the 
Brazilian savanna. Berlin Heidelberg, Berlin, Heidelberg: Springer.

Miranda, J.J., L. Corral, A. Blackman, G. Asner, and E. Lima. 2014. Effects of Pro-
tected Areas on Forest Cover Change and Local Communities: Evidence 
from the Peruvian Amazon. World Development 78 (June): 288–307. 
https://​doi.​org/​10.​1016/j.​world​dev.​2015.​10.​026.

Munhoz, C.B.R., and J.M. Felfili. 2005. Phenology of the herbaceous layer in 
a campo sujo community in the Fazenda Água Limpa, Federal District. 
Brazil. Acta Bot Bras 19 (4): 979–988. https://​doi.​org/​10.​1590/​S0102-​33062​
00500​04000​31.

Myers, N., R.A. Mittermeier, C.G. Mittermeier, G.A.B. da Fonseca, and J. Kent. 
2000. Biodiversity hotspots for conservation priorities. Nature 403 (6772): 
853–858. https://​doi.​org/​10.​1038/​35002​501.

Nagel, G.W., L.A.S. De Carvalho, R. Libonati, A.K. Da Silva Nemirovsky, and M.M. 
Da Cunha Bustamante. 2023. Fire Impacts on Water Resources: A Remote 
Sensing Methodological Proposal for the Brazilian Cerrado. Fire 6 (5): 214. 
https://​doi.​org/​10.​3390/​fire6​050214.

Nóbrega, C.C., P.M. Brando, D.V. Silvério, L. Maracahipes, and P. De Marco. 2019. 
Effects of experimental fires on the phylogenetic and functional diversity 
of woody species in a neotropical forest. For Ecol Manag 450: 117497. 
https://​doi.​org/​10.​1016/j.​foreco.​2019.​117497.

Open Source Geospatial Foundation (OSGeo). 2020. GDAL: gdal_polygonize. 
In: GDAL Documentation. Accessed 1 Jun 2024. Available at: https://​gdal.​
org/​progr​ams/​gdal_​polyg​onize.​html

Pereira Júnior, A.C., S.L.J. Oliveira, J.M.C. Pereira, and M.A.A. Turkman. 2014. 
Modelling Fire Frequency in a Cerrado Savanna Protected Area. PLoS ONE 
9 (7): e102380. https://​doi.​org/​10.​1371/​journ​al.​pone.​01023​80.

Pires, M.O. 2020. ‘Cerrado’, old and new agricultural frontiers. Braz Polit Sci Rev 
14 (3): 1–24. https://​doi.​org/​10.​1590/​1981-​38212​02000​030006.

Pivello, V.R. 2011. The use of fire in the cerrado and Amazonian rainforests of 
Brazil: Past and present. Fire Ecol 7 (1): 24–39. https://​doi.​org/​10.​4996/​firee​
cology.​07010​24.

Pivello, V.R., I. Vieira, A.V. Christianini, D.B. Ribeiro, Menezes L. da Silva, C.N. 
Berlinck, F.P.L. Melo, J.A. Marengo, C.G. Tornquist, W.M. Tomas, and G.E. 
Overbeck. 2021. Understanding Brazil’s catastrophic fires: Causes, con-
sequences and policy needed to prevent future tragedies. Perspect Ecol 
Conserv 19 (3): 233–255. https://​doi.​org/​10.​1016/j.​pecon.​2021.​06.​005.

Ramos-Neto, M.B., and V.R. Pivello. 2000. Lightning Fires in a Brazilian Savanna 
National Park: Rethinking Management Strategies. Environmental Man-
agement 26 (6): 675–684. https://​doi.​org/​10.​1007/​s0026​70010​124.

Ren S, Xu X, Jia G, Huang A, Ma W. 2024. Coherence of recurring fires and 
land use change in South America. Remote Sens Ecol Conserv :rse2.390. 
https://​doi.​org/​10.​1002/​rse2.​390

Resende, F.D.M., L.A.C. Denman, G.V. Selva, L.M.B. Campanhão, R.L.G. Nobre, Y.G. 
Jimenez, E.M. Lima, and J. Niemeyer. 2020. A conceptual model to assess 
the impact of anthropogenic drivers on water-related ecosystem services 
in the Brazilian Cerrado. Biota Neotropica 20 (suppl 1): e20190899. https://​
doi.​org/​10.​1590/​1676-​0611-​bn-​2019-​0899.

Ribeiro, H., and T.R.D.A. Ficarelli. 2010. Queimadas nos canaviais e perspectivas 
dos cortadores de cana-de-açúcar em Macatuba. São Paulo. Saúde E Soc 
19 (1): 48–63. https://​doi.​org/​10.​1590/​S0104-​12902​01000​01000​05.

Ribeiro JF, Walter BMT. 2002. As Principais Fitofisionomias do Bioma Cerrado. 
In: Sano SM, Almeida SP de, Ribeiro JF (eds) Cerrado Ecologia e Flora. 
Embrapa Cerrados, Brasília, DF, pp 151–199

Rivaben, R.C., A. Pott, M.L. Bueno, P. Parolin, M.O. Cordova, J. Oldeland, R.H. 
da Silva, and G.A. Damasceno-Junior. 2021. Do fire and flood interact to 
determine forest islet structure and diversity in a Neotropical wetland? 
Flora Morphol Distrib Funct Ecol Plants 281 (June): 151874. https://​doi.​org/​
10.​1016/j.​flora.​2021.​151874.

Rodrigues CA, Zirondi HL, Fidelis A. 2021. Fire frequency affects fire behav-
ior in open savannas of the Cerrado. For Ecol Manag 482(December 
2020):118850. https://​doi.​org/​10.​1016/j.​foreco.​2020.​118850

Rodrigues, J.A., R. Libonati, A.A. Pereira, J.M.P. Nogueira, F.L.M. Santos, L.F. Peres, 
A. Santa Rosa, W. Schroeder, J.M.C. Pereira, L. Giglio, I.F. Trigo, and A.W. 
Setzer. 2019. How well do global burned area products represent fire 
patterns in the Brazilian Savannas biome? An accuracy assessment of 
the MCD64 collections. Int J Appl Earth Obs Geoinformation 78 (January): 
318–331. https://​doi.​org/​10.​1016/j.​jag.​2019.​02.​010.

https://doi.org/10.1111/brv.12544
https://doi.org/10.1111/brv.12544
https://doi.org/10.1111/gcb.15712
https://doi.org/10.1111/gcb.15712
https://www.ibge.gov.br/geociencias/cartas-e-mapas/bases-cartograficas-continuas/15759-brasil.html
https://www.ibge.gov.br/geociencias/cartas-e-mapas/bases-cartograficas-continuas/15759-brasil.html
https://doi.org/10.1186/s42408-024-00254-2
https://doi.org/10.1038/s41598-022-05130-0
https://doi.org/10.1038/s41598-022-05130-0
https://doi.org/10.1111/j.1523-1739.2005.00680.x
https://doi.org/10.1111/j.1523-1739.2005.00680.x
https://doi.org/10.1088/1748-9326/aa6685
https://doi.org/10.1002/cli2.11
https://doi.org/10.1088/1748-9326/ac462e
https://doi.org/10.1038/s41598-021-82158-8
https://doi.org/10.1016/j.jag.2017.09.011
https://doi.org/10.1016/j.jag.2017.09.011
https://doi.org/10.58053/MapBiomas/VJIJCL
https://doi.org/10.58053/MapBiomas/VJIJCL
https://doi.org/10.1029/2011GL047436
https://doi.org/10.1029/2011GL047436
https://doi.org/10.1111/aec.13175
https://doi.org/10.1111/aec.13175
https://doi.org/10.1111/1365-2745.13403
https://doi.org/10.1016/j.scitotenv.2022.153021
https://doi.org/10.1016/j.scitotenv.2022.153021
https://doi.org/10.1016/j.worlddev.2015.10.026
https://doi.org/10.1590/S0102-33062005000400031
https://doi.org/10.1590/S0102-33062005000400031
https://doi.org/10.1038/35002501
https://doi.org/10.3390/fire6050214
https://doi.org/10.1016/j.foreco.2019.117497
https://gdal.org/programs/gdal_polygonize.html
https://gdal.org/programs/gdal_polygonize.html
https://doi.org/10.1371/journal.pone.0102380
https://doi.org/10.1590/1981-3821202000030006
https://doi.org/10.4996/fireecology.0701024
https://doi.org/10.4996/fireecology.0701024
https://doi.org/10.1016/j.pecon.2021.06.005
https://doi.org/10.1007/s002670010124
https://doi.org/10.1002/rse2.390
https://doi.org/10.1590/1676-0611-bn-2019-0899
https://doi.org/10.1590/1676-0611-bn-2019-0899
https://doi.org/10.1590/S0104-12902010000100005
https://doi.org/10.1016/j.flora.2021.151874
https://doi.org/10.1016/j.flora.2021.151874
https://doi.org/10.1016/j.foreco.2020.118850
https://doi.org/10.1016/j.jag.2019.02.010


Page 20 of 20da Silva Arruda et al. Fire Ecology           (2024) 20:64 

Sano, E. E., A. A. Rodrigues, E. S. Martins, G. M. Bettiol, M. M. C. Bustamante, 
A. S. Bezerra, A. F. Couto, V. Vasconcelos, J. Schüler, and E. L. Bolfe. 2019. 
Cerrado ecoregions: A spatial framework to assess and prioritize Brazilian 
savanna environmental diversity for conservation. Journal of Environmen-
tal Management 232:818–828. https://​doi.​org/​10.​1016/j.​jenvm​an.​2018.​
11.​108.

Santos, F.L.M., J. Nogueira, R.A.F. de Souza, R.M. Falleiro, I.B. Schmidt, and R. 
Libonati. 2021. Prescribed burning reduces large, high-intensity wildfires 
and emissions in the brazilian savanna. Fire 4 (3): 1–21. https://​doi.​org/​10.​
3390/​fire4​030056.

Schmidt, C. C., J. Hoffman, E. Prins, and S. Lindstrom. 2012. GOES-R Advanced 
Baseline Imager (ABI) Algorithm Theoretical Basis Document for Fire/Hot 
Spot Characterization, Version 2.5, pp. 1–97, NOAA NESDIS STAR. https://​
www.​star.​nesdis.​noaa.​gov/​goesr/​docs/​ATBD/​Fire.​pdf.

Schmidt IB, Eloy L. 2020. Fire regime in the Brazilian Savanna: Recent changes, 
policy and management. Flora Morphol Distrib Funct Ecol Plants 
268(October 2019). https://​doi.​org/​10.​1016/j.​flora.​2020.​151613

Schmidt, I.B., A. Fidelis, H.S. Miranda, and T. Ticktin. 2017. How do the wets 
burn? Fire behavior and intensity in wet grasslands in the Brazil-
ian savanna. Rev Bras Bot 40 (1): 167–175. https://​doi.​org/​10.​1007/​
s40415-​016-​0330-7.

Schmidt, I. B., L. C. Moura, M. C. Ferreira, L. Eloy, A. B. Sampaio, P. A. Dias, and C. 
N. Berlinck. 2018. Fire management in the Brazilian savanna: First steps 
and the way forward. Journal of Applied Ecology 55 (5): 2094–2101. https://​
doi.​org/​10.​1111/​1365-​2664.​13118.

Schneider, M., A.A. Biedzicki De Marques, and C.A. Peres. 2021. Brazil’s Next 
Deforestation Frontiers. Trop Conserv Sci 14: 194008292110204. https://​
doi.​org/​10.​1177/​19400​82921​10204​72.

Setterfield, S.A., N.A. Rossiter-Rachor, L.B. Hutley, M.M. Douglas, and R.J. Wil-
liams. 2010. Turning up the heat: The impacts of Andropogon gayanus 
(gamba grass) invasion on fire behaviour in northern Australian savannas. 
Diversity and Distributions 16 (5): 854–861. https://​doi.​org/​10.​1111/j.​1472-​
4642.​2010.​00688.x.

da Silva, J.C., and J. Bates. 2002. Hotspot: The Cerrado, which includes both 
forest and savanna habitats, is the second largest South American biome, 
and among the most threatened on the continent. BioScience 52 (3): 
225–233.

Silva PS, Bastos A, Libonati R, Rodrigues JA, DaCamara CC. 2019. Impacts of 
the 1.5 °C global warming target on future burned area in the Brazilian 
Cerrado. For Ecol Manag 446(January):193–203. https://​doi.​org/​10.​1016/j.​
foreco.​2019.​05.​047

Silva PS, Nogueira J, Rodrigues JA, Santos FLM, Pereira JMC, DaCamara CC, Dal-
degan GA, Pereira AA, Peres LF, Schmidt IB, Libonati R. 2021. Putting fire 
on the map of Brazilian savanna ecoregions. J Environ Manage 296(May). 
https://​doi.​org/​10.​1016/j.​jenvm​an.​2021.​113098

Silva PS, Rodrigues JA, Santos FLM, Pereira AA, Nogueira J, Dacamara CC, 
Libonati R. 2020. Drivers of Burned Area Patterns in Cerrado: The Case 
of Matopiba Region. 2020 IEEE Lat Am GRSS ISPRS Remote Sens Conf 
LAGIRS 2020 - Proc XLII(March):542–547. https://​doi.​org/​10.​1109/​LAGIR​
S48042.​2020.​91656​65

Silvério DV, Pereira OR, Mews HA, Maracahipes-Santos L, Santos JOD, Lenza E. 
2015. Surface fire drives short-term changes in the vegetative phenology 
of woody species in a Brazilian savanna. Biota Neotropica 15(3). https://​
doi.​org/​10.​1590/​1676-​0611-​BN-​2014-​0077

Simon, M.F., R. Grether, L.P. de Queiroz, C. Skema, R.T. Pennington, and C.E. 
Hughes. 2009. Recent assembly of the Cerrado, a neotropical plant 
diversity hotspot, by in situ evolution of adaptations to fire. Proceedings of 
the National Academy of Sciences 106 (48): 20359–20364. https://​doi.​org/​
10.​1073/​pnas.​09034​10106.

Simon, M.F., and T. Pennington. 2012. Evidence for Adaptation to Fire Regimes 
in the Tropical Savannas of the Brazilian Cerrado. International Journal of 
Plant Sciences 173 (6): 711–723. https://​doi.​org/​10.​1086/​665973.

Souza CM, Shimbo JZ, Rosa MR, Parente LL, Alencar AA, Rudorff BFT, Hasenack 
H, Matsumoto M, Ferreira LG, Souza-Filho PWM, de Oliveira SW, Rocha WF, 
Fonseca AV, Marques CB, Diniz CG, Costa D, Monteiro D, Rosa ER, Vélez-
Martin E, Weber EJ, Lenti FEB, Paternost FF, Pareyn FGC, Siqueira JV, Viera 
JL, Neto LCF, Saraiva MM, Sales MH, Salgado MPG, Vasconcelos R, Galano 
S, Mesquita VV, Azevedo T. 2020. Reconstructing three decades of land 
use and land cover changes in brazilian biomes with landsat archive and 
earth engine. Remote Sens 12(17). https://​doi.​org/​10.​3390/​RS121​72735

Souza DG, Ramalho WP, de Arruda FV, Camarota F, da Cunha HF. 2023. Fire 
seasonality plays a limited role in the reproduction of Anacardium humile 
A. St.‐Hil. in a tropical savanna. Plant Biol 25(7):1196–1204. https://​doi.​
org/​10.​1111/​plb.​13583

Spera, S.A., G.L. Galford, M.T. Coe, M.N. Macedo, and J.F. Mustard. 2016. Land-
use change affects water recycling in Brazil’s last agricultural frontier. 
Global Change Biology 22 (10): 3405–3413. https://​doi.​org/​10.​1111/​gcb.​
13298.

Strassburg BBN, Brooks T, Feltran-Barbieri R, Iribarrem A, Crouzeilles R, Loyola R, 
Latawiec AE, Oliveira Filho FJB, De Scaramuzza CAM, Scarano FR, Soares-
Filho B, Balmford A. 2017. Moment of truth for the Cerrado hotspot. Nat 
Ecol Evol 1(4). https://​doi.​org/​10.​1038/​s41559-​017-​0099

Wu, C., S. Venevsky, S. Sitch, L.M. Mercado, C. Huntingford, and A.C. Staver. 
2021. Historical and future global burned area with changing climate and 
human demography. One Earth 4 (4): 517–530. https://​doi.​org/​10.​1016/j.​
oneear.​2021.​03.​002.

Zanzarini, V., A.N. Andersen, and A. Fidelis. 2022. Flammability in tropical savan-
nas: Variation among growth forms and seasons in Cerrado. Biotropica 54 
(4): 979–987. https://​doi.​org/​10.​1111/​btp.​13121.

Zimbres B, Rodríguez-Veiga P, Shimbo JZ, da Conceição Bispo P, Balzter H, 
Bustamante M, Roitman I, Haidar R, Miranda S, Gomes L, Alvim Carvalho F, 
Lenza E, Maracahipes-Santos L, Abadia AC, do Prado Júnior JA, Mendonça 
Machado EL, Dias Gonzaga AP, de Castro Nunes Santos Terra M, de Mello 
JM, Soares Scolforo JR, Rodrigues Pinto JR, Alencar A. 2021. Mapping 
the stock and spatial distribution of aboveground woody biomass in 
the native vegetation of the Brazilian Cerrado biome. For Ecol Manag 
499(August). https://​doi.​org/​10.​1016/j.​foreco.​2021.​119615

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.jenvman.2018.11.108
https://doi.org/10.1016/j.jenvman.2018.11.108
https://doi.org/10.3390/fire4030056
https://doi.org/10.3390/fire4030056
https://www.star.nesdis.noaa.gov/goesr/docs/ATBD/Fire.pdf
https://www.star.nesdis.noaa.gov/goesr/docs/ATBD/Fire.pdf
https://doi.org/10.1016/j.flora.2020.151613
https://doi.org/10.1007/s40415-016-0330-7
https://doi.org/10.1007/s40415-016-0330-7
https://doi.org/10.1111/1365-2664.13118
https://doi.org/10.1111/1365-2664.13118
https://doi.org/10.1177/19400829211020472
https://doi.org/10.1177/19400829211020472
https://doi.org/10.1111/j.1472-4642.2010.00688.x
https://doi.org/10.1111/j.1472-4642.2010.00688.x
https://doi.org/10.1016/j.foreco.2019.05.047
https://doi.org/10.1016/j.foreco.2019.05.047
https://doi.org/10.1016/j.jenvman.2021.113098
https://doi.org/10.1109/LAGIRS48042.2020.9165665
https://doi.org/10.1109/LAGIRS48042.2020.9165665
https://doi.org/10.1590/1676-0611-BN-2014-0077
https://doi.org/10.1590/1676-0611-BN-2014-0077
https://doi.org/10.1073/pnas.0903410106
https://doi.org/10.1073/pnas.0903410106
https://doi.org/10.1086/665973
https://doi.org/10.3390/RS12172735
https://doi.org/10.1111/plb.13583
https://doi.org/10.1111/plb.13583
https://doi.org/10.1111/gcb.13298
https://doi.org/10.1111/gcb.13298
https://doi.org/10.1038/s41559-017-0099
https://doi.org/10.1016/j.oneear.2021.03.002
https://doi.org/10.1016/j.oneear.2021.03.002
https://doi.org/10.1111/btp.13121
https://doi.org/10.1016/j.foreco.2021.119615

	Assessing four decades of fire behavior dynamics in the Cerrado biome (1985 to 2022)
	Abstract 
	Background 
	Results 
	Conclusions 

	Resumen 
	Antecedentes 
	Resultados 
	Conclusiones 

	Background
	Materials and methods
	Study area
	Data acquisition
	Statistical analysis of fire behavior in the Cerrado in four decades

	Results
	Annual variability of burned area
	Changes in Cerrado monthly burned area
	Fire recurrence
	Burned area by land cover and land use
	Burned area patterns by ecoregions

	Discussion
	Conclusion
	Acknowledgements
	References


