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Introduction

The degradation and fragmentation of
Brazilian forest ecosystems, driven by in-
creasing population demands and eco-
nomic pressures, have led to a scarcity of
primary forests over time (Gomes et al.
2021), with the Atlantic Forest being the
most affected biome. The Atlantic Forest
biome is a global biodiversity hotspot,
spanning 17 states and currently housing
72% of Brazil’s population (Rezende et al.
2018, SOS Mata Atlantica/INPE 2021).

The expected fire regime in the Atlantic
Forest is minimal or nonexistent, as fire is

Forests play a crucial role in biodiversity conservation, climate regulation, and
the provision of essential ecosystem services. However, their resilience has
been compromised by disturbances such as wildfires, which cause vegetation
loss, habitat fragmentation, and disruptions of ecological cycles. Understand-
ing the relationship between fire and forest cover is crucial for guiding conser-
vation strategies, especially in biodiversity-rich regions like the Caparaé mi-
croregion in the state of Espirito Santo (Brazil). This study examined the im-
pact of wildfires on forest cover between 2012 and 2021, integrating remote
sensing data, meteorological information, and geoprocessing tools. The results
indicated that approximately 43.92 km? were affected by fire, with 1.78%
(0.78 km?) of the impacted areas covered by forests. A strong positive correla-
tion (r = 0.837) was found between fire occurrence and forest cover loss, indi-
cating that increased fire activity is associated with a reduction in forest area.
A moderate positive correlation (r = 0.422) was observed between maximum
temperature and burned area, which may indicate a trend of increasing fire
risk as temperatures rise. It is important to note that the increase in forest
cover observed during the study period primarily occurred in areas distinct
from those affected by fire, suggesting natural regeneration or reforestation
processes in other parts of the landscape. This scenario highlights the impor-
tance of public policies that prioritize continuous monitoring and fire preven-
tion, especially given the projected increase in extreme climatic events, such
as severe droughts, expected over the coming decades. The results of this
study provide useful insights for land-use planning and the development of
restoration and conservation strategies for the Atlantic Forest and similar
ecosystems.

Keywords: Burn Analysis, Ecosystem Dynamics, Conservation Strategies, Re-
mote Sensing, Atlantic Forest, Wildfire, Forest Degradation, Reforestation.

neither a natural nor adaptive factor within
this biome. Fire occurrences are generally
linked to human activities, such as land
clearing for agriculture, and act as external
disturbances that degrade the ecosystem
rather than promoting evolutionary adap-
tations of species to fire (Baido et al. 2023).

Between 2019 and 2020, ten states within
the Atlantic Forest region experienced a
decline in forest cover, attributed to fac-
tors such as natural resource exploitation,
urbanization, and wildfires (SOS Mata
Atlantica/INPE 2021). Despite these chal-
lenges, some well-preserved forest rem-
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nants remain, such as the Caparad National
Park (PARNA Caparad), which contains
highly preserved areas and a notable num-
ber of endemic species from representa-
tive families of the Brazilian flora (Camelo
etal. 2020).

The Caparad region is an area of great en-
vironmental relevance, rich in biodiversity
and extensive forest cover. The occurrence
of wildfires can significantly impact both
vegetation cover and biodiversity in this re-
gion, directly affecting the integrity of
ecosystems. Understanding these impacts
is essential for evaluating the current and
future responses of tropical forests to fire
(Dutra 2019).

The intense fragmentation of the Atlantic
Forest has increased the biome’s vulnera-
bility to wildfires (Singh & Huang 2022).
The reduction in vegetation cover, the in-
crease in fragment edges, and the proxim-
ity to anthropic areas favor fire spread, in-
tensifying the frequency and severity of
wildfires (Guedes et al. 2020). These pro-
cesses, driven by human activities, compro-
mise natural regeneration and may acceler-
ate the transition of the forest into more
open systems, such as savanna-like forma-
tions (Santos et al. 2019).
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Fig. 1- The study area, Caparad microregion, state of Espirito Santo (Brazil).

In this context, wildfires have become a
major driver of forest fragment degrada-
tion, causing direct destruction and dis-
rupting the ecological dynamics of affected
areas (Gobbo et al. 2016). Although the use
of fire is associated with traditional anthro-
pogenic practices, previous studies indi-
cate that climate change has also contrib-
uted to the increasing frequency and inten-
sity of wildfires through the extension of
dry periods and rising temperatures (Ara-
gdo et al. 2018, Jones et al. 2024). There-
fore, both anthropogenic pressures and cli-
matic conditions must be considered when
assessing fire regimes and their effects on
the Atlantic Forest.

Recent extreme climatic events, such as
intense heatwaves, prolonged droughts,
and record-breaking temperatures, have
contributed to increasing the vulnerability
of forest ecosystems (Libonati et al. 2022,
Oliveira et al. 2024, Mello et al. 2025). Such
events, associated with unpredictable rain-
fall patterns, are creating conditions that
foster increasingly severe wildfires (Flanni-
gan et al. 2013). This underscores the rele-
vance of the climate crisis for decision-
makers, as some climate impacts are now
considered irreversible (IPCC 2023).

Forests in the state of Espirito Santo are
particularly susceptible to these extreme
events, as evidenced by the high percent-
age of areas classified as high to extreme
fire risk (over 78%) due to climatic factors
(Eugenio et al. 2016). Rising temperatures
and altered precipitation patterns increase
the risk of wildfires, requiring proactive
conservation efforts to maintain ecosys-
tem balance (Firmansyah et al. 2024).

In this scenario, analyzing temperature
trends and burned areas becomes essential
to understand how climate variations have
influenced the severity and extent of fires
in the region. Furthermore, recognizing
these climatic pressure factors helps in un-
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derstanding and anticipating future risks in
climate change scenarios (Jones et al.
2022), and contributes to assessing the vul-
nerability of local forests, thereby support-
ing the development of more effective
management strategies in the face of cli-
mate change.

This study aims to analyze the relation-
ship between fire occurrence and forest
cover in the South Caparad region of Es-
pirito Santo by mapping and quantifying
burned areas from 2012 to 2021, along with
their overlap with forest cover. To this end,
Pearson’s correlation was applied to evalu-
ate the relationships between wildfires and
forest cover loss, as well as between maxi-
mum temperature and burned area. This
coefficient helps in identifying the positive
or negative relationship between two lin-
ear variables. In addition, this study aims to
investigate how climatic variables, particu-
larly temperature, affect fire patterns in
the region and assess their impact on wild-
fire patterns.

Materials and methods

Given the significant increase in extreme
weather events and the intensification of
the climate crisis over the past decade
(Karki et al. 2020, Zhang et al. 2020), the
period from 2012 to 2021 was selected for
analysis. This timeframe represents a criti-
cal period during which climate change has
had a direct and escalating impact on wild-
fires (Ault 2020), underscoring the need for
a detailed study of this period.

Study area

The state of Espirito Santo (ES), located
in southeastern Brazil, spans an area of
46,074,448 km? and has a population of
4,108,508 inhabitants (IBGE 2022). The Es-
pirito Santo State is divided into ten mi-
croregions (Geobases 2017); in this study,
we focus on the Caparad microregion, lo-

cated in the southern portion of Espirito
Santo. This area is characterized by moun-
tainous terrain and includes the Caparad
Mountain Range, a critical zone for pre-
serving the Atlantic Forest in Espirito Santo
(ICMBIO 2025).

The Caparad microregion comprises the
municipalities of Alegre, Bom Jesus do
Norte, Dores do Rio Preto, Divino de Sdo
Lourenco, Guagui, Ibatiba, Ibitirama, Irupi,
Iina, Muniz Freire, and Sdo José do Cal-
cado (Fig. 1). The microregion covers an
area of approximately 3,987,88 km?, which
corresponds to 8.31% of the state’s terri-
tory, and about 50% of the population lives
in rural areas (Lima & Oliveira 2022).

The average annual temperature in this
region ranges from 16 °C to 22 °C, with peak
temperatures between 24 °C and 29 °C dur-
ing the hottest seasons. The area features
a varied altitude, ranging from 300 to 2900
m a.s.l, and receives an average annual
precipitation of 1200 to 1500 mm (Lima &
Oliveira 2022). Vegetation in the region is
part of the Atlantic Tropical Domain, char-
acterized by semideciduous seasonal for-
ests (Garbin et al. 2017).

Acquisition data

Territorial limits data

Data for national, state, and municipal
borders were obtained from the database
provided by the Brazilian Institute of Geog-
raphy and Statistics (IBGE 2022). The delim-
itation of the Caparad region followed the
classification from the State Institute of En-
vironment and Water Resources (IEMA),
specifically Class 6 in Geobases (2017). The
municipalities within the Caparad microre-
gion were extracted from the IBGE vector
file. Data processing was conducted using
QGIS v. 3.28.4, a free and open-source soft-
ware (QGIS Development Team 2023).

Burned coverage data

Data on burned areas were acquired from
the MapBiomas Fire product, Collection 2.0
(Mapbiomas 2022a), which maps fire scars
across Brazil. The area corresponding to Es-
pirito Santo was selected, using Annual
Burned Coverage data. Images from 2012
to 2021 were downloaded for subsequent
data processing.

Land use and occupation data

Land Use and Land Cover data were
sourced from Collection 7.1 of Mapbiomas
(2022b). The state of Espirito Santo was se-
lected, and images with “coverage” data
for the years 2012 to 2021 were down-
loaded for further processing.

Meteorological data

Meteorological data were obtained from
the Brazilian Daily Weather Gridded Data
collection (Xavier et al. 2022) via Google
Earth Engine™, and processed in QGIS v.
3.28.4. Average values were extracted for
precipitation, maximum and minimum tem-
peratures, solar radiation, and relative hu-
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midity in the study area. Values for 2021
were estimated by averaging data from
2012 to 2020 to compensate for limitations
in the data series.

Data processing

Burned coverage data

The previously downloaded raster scenes
were imported into QGIS and clipped to
the Caparad microregion study area shape-
file. Layers were then vectorized, convert-
ing them from raster to vector format, and
classes were dissolved. An attribute named
“year” was assigned to all vector layers,
which were subsequently merged based
on this attribute, creating a single shapefile
containing burned coverage (BC) data for
each year.

Land use and occupation data

Raster scenes representing land use and
land cover (LUC) were imported into QGIS
and clipped to the study area shapefile,
generating raster images for the Caparad
microregion. Layers were vectorized, and
polygons with the same LUC class were
merged. Forest classes were then isolated
for the specified years. A symmetric differ-
ence operation compared forest area be-
tween 2012 and 2021 to assess changes
(losses and gains) in forest cover over the
period (QGIS Project 2023a). This method
identifies and quantifies areas of change in
forest cover, excluding areas that re-
mained constant.

Land use vs. burned coverage

Following the identification of changes in
forest cover and the mapping of burned ar-
eas, an “intersection” operation was per-
formed in QGIS. This step aimed to evalu-
ate areas of forest gain or loss that over-

lapped with burned areas, comparing data
on forest cover loss or gain with burned
coverage.

The “intersection” tool extracts overlap-
ping features from the input and overlay
layers (QGIS Project 2023b). The input layer
utilized was the burned area data for a pe-
riod of 10 years. As the overlay layer, data
on forest losses during the specified period
were used. The output layer at this stage
allows for the identification of areas where
forest losses or gains overlap with fire-af-
fected areas, facilitating the identification
of forested areas impacted by fire.

Statistical analysis

A Pearson’s correlation analysis was con-
ducted to assess the relationships between
wildfires and forest cover loss, as well as
between maximum temperature and burn-
ed area. Pearson’s correlation coefficient
measures the linear relationship between
two variables. A value close to +1 indicates
a strong positive correlation, meaning that
a one-unit change in variable X results in a
similar change in variable Y (Moore & Notz
2021, Figueiredo Filho et al. 2014). In this
study, the correlation between the wild-
fire-affected area and forest cover loss was
examined to identify potential associations
between the extent of burned areas and
the reduction in forest cover. Similarly, the
correlation between maximum tempera-
ture and burned area allowed for the ex-
amination of the influence of extreme tem-
peratures on the extent of areas affected
by fire.

In addition to the correlation analysis, a
scatter plot was generated to illustrate the
relationships between wildfires and forest
cover loss, as well as between maximum
temperature and burned area, providing a
clear visualization of observed patterns
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and trends. This analysis was conducted us-
ing the R language within the RStudio soft-
ware (R Core Team 2023).

Results and discussion

The Caparad microregion encompasses a
total area of 3,987.89 km?, of which ap-
proximately 43.92 km? (1.10%) was affected
by fire between 2012 and 2021. Of the
burned areas, only 0.78 km? (1.78%) over-
lapped with regions classified as forest
cover (Fig. 2A), indicating that most fire
events occurred in non-forested land-
scapes, such as pastures or agricultural
lands. Although the proportion of forested
areas affected by fire was relatively low,
this value becomes significant when ana-
lyzed in the context of land-use and land-
cover dynamics. During this period, forest
cover in the microregion increased sub-
stantially from 894,659 km? in 2012 to
983,328 km? in 2021, according to Map-
biomas data (Mapbiomas 2022a). There-
fore, even small-scale disturbances in for-
ested areas may compromise the progress
achieved in ecological restoration and na-
tive vegetation conservation efforts in the
region.

This suggests that even small burned ar-
eas can represent a significant portion of
the remaining forest fragments. Notably,
the year 2015 recorded the largest burned
area per km? in Espirito Santo (Fig. 2B), co-
inciding with the largest forest loss ob-
served during the study period (Fig. 2C).
Despite these localized losses, an overall in-
crease in forest cover was observed in ar-
eas unaffected by fire, possibly due to nat-
ural regeneration or changes in land use
elsewhere in the landscape.

It is worth noting that the areas affected
by fires and those showing forest cover ex-
pansion do not necessarily overlap.
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Fig. 3 - Correlation between forest loss (km?) and (A) forest fires (km?) and (B) maxi-
mum temperature (°C) in the Caparad microregion, state of Espirito Santo, Brazil.

Through the intersection analysis between
burned area data and changes in forest
cover, it was possible to identify that, while
some regions in the Caparad microregion
experienced vegetation loss due to fire,
forest cover gains predominantly occurred
in other areas that were not affected by
fires, likely driven by natural regeneration
processes and restoration programs such
as Reflorestar (SEAMA 2023). This result
highlights the spatially distinct dynamics of
forest loss and gain, indicating that the ob-
served forest increase was not a direct re-
sponse to fire events, but rather the out-
come of other initiatives and favorable lo-
cal conditions for recovery.

According to data from the National Insti-
tute for Space Research (INPE), 940 active
fire detections were recorded in Espirito
Santo in 2015, the highest number in the
2014-2019 period. These detections refer to
satellite-identified thermal anomalies asso-
ciated with active fires (Queimadas Pro-
gram - INPE). This peak coincided with a
period of significantly reduced precipita-
tion in the state (IDAF 2023), particularly
affecting the dry season months. This cor-
relation suggests that prolonged drought
conditions may have contributed to the in-
creased fire activity observed that year.

Fire risk is closely linked to rainfall patterns
(Fiorese et al. 2018). Drought was further
intensified by the 2015 El Nifio phenome-
non, which raised temperatures in Brazil,
thereby increasing thermal stress and am-
plifying fire severity in certain regions. This
event also heightened concerns and dis-
cussions on deforestation and tropical for-
est protection (Aragdo et al. 2007, Maren-
go & Souza Junior 2018).

Restoration efforts have helped to coun-
terbalance some of these adverse effects.
The increase in forest areas (Fig. 2C) is pri-
marily due to the Reflorestar Program,
which has played a crucial role in restoring
forest cover in the Caparad microregion,
where 2879.13 ha have been included in re-
covery initiatives (SEAMA 2023). Beyond fi-
nancial support, the program provides
technical assistance and promotes sustain-
able practices, benefitting rural producers
and encouraging responsible land use
(SEAG 2017, Viana 2020, SEAMA 2023).

The Pearson’s correlation (r) between
wildfires and forest cover loss was 0.837
(p-value = 0.0025), indicating a strong posi-
tive relationship as commonly interpreted
for correlation coefficients above 0.7,
where variables increase together in a con-
sistent linear pattern (Cohen 1988, Bos-
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Fig. 4 — Trends in precipitation (ppt) and maximum (Tmax) and minimum (Tmin) tem-
perature in the Caparad microregion, state of Espirito Santo, Brazil, during the study

period.
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laugh 2013), with forest cover loss increas-
ing in tandem with the extent of wildfire-
affected area (Fig. 3A). This significant cor-
relation highlights the considerable impact
of wildfires on forest cover loss in the Ca-
parad microregion. Furthermore, the corre-
lation between maximum temperature and
burned area yielded an r-value of 0.422 (p-
value = 0.2249 - Fig. 3B). This suggests a
moderate positive relationship, typically
applied to coefficients between 0.3 and
0.49 (Cohen 1988), indicating that while
temperature may influence forest cover
loss, other factors might be more directly
associated with the forest loss observed in
the region.

The strong correlation between wildfires
and forest cover loss (r = 0.837) under-
scores the importance of integrating fire
prevention into conservation strategies.
Educational campaigns and community-
based initiatives, particularly in schools and
communities near Caparad National Park,
can be highly effective in mitigating fire im-
pacts (Gobbo et al. 2016, Neves et al. 2021).

While the correlation between maximum
temperature and forest cover loss was
moderate and not statistically significant (r
= 0.422, p = 0.2249), the results suggest
that drier and warmer conditions increase
fire risk, particularly during events such as
the 2015 EI Nifio, which heightened fire sus-
ceptibility in southeastern Brazil (Silva et al.
2022, Clemente et al. 2017). Overall, proac-
tive prevention and robust forest monitor-
ing are crucial for mitigating wildfires and
conserving forest cover in the Caparad mi-
croregion.

The historical data from 2012 to 2021
shows that maximum temperatures re-
mained relatively stable through time, av-
eraging around 40 °C and showing a peak
in 2015 (Fig. 4). Annual precipitation, how-
ever, fluctuated more significantly, with
the lowest rainfall recorded in 2015, the
same year that experienced the highest
maximum temperature. This combination
of high temperature and low rainfall in 2015
led to extremely arid conditions, increasing
the fire risk in the region.

High maximum temperatures, particularly
in combination with low rainfall, amplify
fire risk by reducing relative humidity and
drying vegetation, making it more com-
bustible (Silva et al. 2022). Analysis of pre-
cipitation from 2012 to 2021 reveals that
2015 was an unusually arid year, with only
876.66 mm of rainfall, exacerbated by high
temperatures associated with a strong El
Nifio event. These conditions intensified
fire risks in southeastern Brazil, stressing
the importance of climate monitoring in
fire prevention efforts (Clemente et al.
2017).

In response to recurring fire risks, na-
tional policies, such as the Brazilian Forest
Code, mandate responsible fire manage-
ment and wildfire prevention, which are
crucial to protecting forest ecosystems. Lo-
cal programs, such as PRAVALER and the
Municipal Atlantic Forest Plans, focus on
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restoring native forest cover and enforcing
the Atlantic Forest Law at the municipal
level (Santos et al. 2019).

These strategies, supported by environ-
mental laws and proactive restoration ef-
forts, are crucial for enhancing forest re-
silience and mitigating fire impacts, which
will be increasingly vital as climate change
intensifies.

Conclusion

Despite the area affected by fires, an
overall increase in forest cover was ob-
served over the study period. These find-
ings indicate that, despite the damage
caused by fires, recovery and reforestation
efforts have positively impacted forest
ecosystems, highlighting the vital role of
conservation and restoration initiatives in
enhancing the resilience of forest ecosys-
tems. This reinforces the value of projects
aimed at restoring the Atlantic Forest in Es-
pirito Santo, such as the Reflorestar Pro-
gram. However, it is essential to maintain
consistent monitoring and implement mea-
sures to prevent and combat wildfires,
thereby protecting forest areas and reduc-
ing future risks. As climate conditions be-
come increasingly extreme, ecosystems
become more vulnerable and fragile,
stressing the need for proactive manage-
ment and protection strategies.
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