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Fire is a recurrent phenomenon in semiarid seasonal ecosystems. The study of the relationship between ﬁre and
climate could provide new approaches for understanding ﬁre dynamics in semiarid regions, which could be
useful for strategically managing the loss and recovery of natural resources under threat. Here, we evaluated the
patterns of ﬁres occurrence in a semiarid Caatinga-Cerrado ecotone in the Northeast Region of Brazil by characterizing their spatiotemporal dynamics associated with climatic conditions. Using a temporal series of 306
Landsat images, we mapped a burned area database at a ﬁne spatial resolution (30 m) from 1999 to 2017 in the
Capivara-Confusões Mosaic of protected areas and their surroundings. Fire seasonality was analyzed through
climatic seasons, distinguishing between the rainy season (RS), early dry season (EDS), middle dry season (MDS)
and late dry season (LDS), by analysis of the daily precipitation of ground-based stations in the area. We created
yearly, seasonal and recurrence maps of burned areas to assess ﬁre regimes. The results showed that the 48% of
the area was burned during the 19-year long period considered. Serra das Confusões National Park (SCoNP) had
302,644 ha burned, Serra da Capivara National Park (SCaNP) had 2056 ha burned and the ecological corridor
had 215,718 ha burned. Most of the burned area was registered during the MDS (36% of the study area), there
was almost no burned area in the EDS (< 0.01%), while the LDS (7%) and the RS (4%) had similar dimensions
burned. The years that burned the most (2001, 2007, 2010, 2012, 2015) were followed by years with considerably less burned area. We identiﬁed a multiple-year process, consisting of a climatological year with aboveaverage precipitation and consequent low burned area, followed by a climatological year with below-average
precipitation and resulting in large extensions of burned area (periods: 1999–2001, 2008–2010, 2010–2012).
Fire recurrence reached a maximum value of ten, with 47% of the area burned presenting some degree of
recurrence. SCaNP presented no ﬁre recurrence, while SCoNP had a maximum recurrence parameter of four.
Areas with moderate ﬁre recurrence were near roads, settlements or cities. Some recurrently burned areas
presented similar shapes, which were associated with topography limiting the spread of the ﬁres. The patterns
that we described here constitute the ﬁrst step toward understanding the ﬁre regimes of the region to establish
directions for improving management strategies and orienting policies in the area.

1. Introduction
Fires alter the structure and composition of vegetation around the
world, regulating the distribution of ecosystems (Bond et al., 2004). At
the same time, vegetation is one of the key drivers in ﬁre activity, regarding its productivity (biomass as fuel), ﬂammability (chemical
composition and structure), availability to burn (moisture/dryness) and
phenology (deciduous, semideciduous or evergreen) (Archibald et al.,
2018). Together with vegetation and fuel variation, climate, weather
during ﬁre, and ignition rates determine ﬁre activity (Bradstock, 2010).
Fire regimes can be described as a particular combination of characteristics, such as frequency, intensity, severity, seasonality, size, type,
⁎

extent and spatial pattern of ﬁre occurrence (Bond and Keeley, 2005).
Fire regimes have been modeling the Earth processes for hundreds of
millions of years, long before anthropogenic burnings (Scott, 2000). In
spite of that, ﬁre regimes are altered by human activities that play a
complex role, inﬂuencing the number and timing of ignitions, suppressing ﬁres, aﬀecting the fuel amount and vegetation connectivity,
and indirectly, altering climate (Archibald et al., 2013; Bowman et al.,
2009; 2011; Flannigan et al., 2009; Mayr et al., 2018).
Worldwide, the spatial variability of ﬁre regimes has been explained, in part, by rainfall seasonality and interannual variability, effective rainfall, the presence of long-term droughts and dry season
length (Archibald et al., 2013; Argañaraz et al., 2015; Bradstock, 2010).
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dynamics (Morgan et al., 2001). Maps of ﬁre regimes provide appropriate information for understanding and evaluating the ecosystem
changes, for characterizing ﬁre risks, for ﬁre management and for
helping policymaker decisions.
For studying ﬁre regimes is useful to combine the ﬁre occurrence in
association with seasonality (e.g., Alves and Pérez-Cabello, 2017). This
information can be obtained through the application of satellite imagery in combination with ground-based rainfall observations, due to the
continuous monitoring of land surface and climate. Remote sensing
products have been used to map burned areas as the ﬁrst step to
characterizing ﬁre dynamics, taking advantage of the particular spectral response of burned vegetation (Meng and Zhao, 2017; Mouillot
et al., 2014; Key and Benson, 2006). After vegetation is burned, broad
spectral changes occur that are associated with the combined eﬀects of
the removal of vegetation, increased soil exposure, the presence of
ashes or charred vegetation and changes in the soil moisture (Lentile
et al., 2006). Moreover, long time series data from sensors aboard
Landsat satellites of ﬁne spatial resolution were used to describe ﬁre
regimes for protected areas in the Brazilian Cerrado (Alvarado et al.,
2017; Daldegan et al., 2014; Lemes et al., 2014; Melchiori et al., 2014).
In contrast, no long-term study of ﬁre has been conducted in the Caatinga regions. However, Moderate Resolution Imaging Spectroradiometer (MODIS) series, which oﬀers daily information from 2000 to
the present with lower spatial resolution, has been used for mapping
burned areas at global, regional and local scales, that included some
Caatinga regions (Chuvieco et al., 2016; Nogueira et al., 2017a,b,
among others).
Despite the existence of some studies of ﬁre dynamics in semiarid
environments, little is known about ﬁres in Caatinga and its transition
with the Cerrado ecosystem. Thus, information on the relative importance of several environmental factors aﬀecting burned areas in this
region is currently lacking, particularly for protected areas. In this
work, we aim to create a burned area database of ﬁne spatial resolution
and to explore how climate inﬂuences ﬁre regimes in a Mosaic of
protected areas located in the Cerrado-Caatinga ecotone (Northeast
Brazil). We used a combination of Landsat series for burned area delimitation and ground-based rainfall observations for climate season
classiﬁcation. We analyzed ﬁre incidence from 1999 to 2017 to answer
the following questions: I) how does ﬁre occurrence vary in time and in
space over these 19 years across the Capivara-Confusões Mosaic? ii)
how do seasonality and precipitation anomalies inﬂuence ﬁre patterns?
iii) how is ﬁre recurrence spatially distributed?

These climatic variables are related to the annual probability of ﬁre
occurrence and the productivity that determines the fuel load
(Archibald et al., 2009, 2013). Fire regimes are mostly associated with
current vegetation and climate, but the complex interactions among
ﬁre, climate, vegetation and human activities diﬃcult the capacity to
predict ﬁre emergence (Archibald et al., 2018).
Several authors have analyzed bioclimatic and anthropic variables
that inﬂuence or alter ﬁre regimes (e.g., Argañaraz et al., 2018; Mayr
et al., 2018; Moreno et al., 2014; Nogueira et al., 2017a; Pourtaghi
et al., 2016). On the one hand, annual precipitation and its distribution
(Chen et al., 2017), as well as hot and dry days after a period of
abundant rains (Archibald et al., 2009; Bradstock, 2010) could be
mentioned between the climatic inﬂuences of the ﬁre regimes. On the
other, the main anthropic factors that drive ﬁre occurrence worldwide
are distance to roads, land use changes and the employment of ﬁre for
agricultural practices (Pourtaghi et al., 2016). Furthermore, the continuity of the fuel bed determines the spread of ﬁre and can be conﬁned
not only by topography (natural) but also by roads or croplands that
fragment the landscape (human) (Archibald et al., 2009).
In turn, seasonality, together with rainfall concentration, periods of
pronounced water shortage, and ﬁres are the main characteristics of
semiarid environments (Archibald et al., 2013; Kousky and Chug, 1978;
Murphy et al., 2013, Reddy, 1983). Semiarid ecosystems in the Neotropics encompass areas of savannah and seasonally dry tropical forest,
in particular, Cerrado and Caatinga in central and northeastern Brazil,
respectively (Collevatti et al., 2013).
The Cerrado is a savannah type ecosystem with a continuous herbaceous layer and its vegetation ranges from grasslands to open or
closed shrublands and woodlands (Eiten, 1972, Coutinho, 1982). It has
two well established seasons, with rainfall concentrated in a rainy
season that lasts from six to seven months and the overall amount of
rains is between 750 and 2000 mm/year (Eiten, 1972, Lehmann et al.,
2011). The Caatinga is drier than the Cerrado, with several dry months
and irregular rainfall concentrated in a short rainy season (generally
three months). The annual rainfall of the Caatinga is mostly lower than
750 mm, but it can reach 1000 mm or be lower than 500 mm in some
regions (Reddy, 1983; Prado, 2003). The Caatinga vegetation is discontinuous, ranging from deciduous low shrubs to small patches of tall
dry forests well adapted to water shortage (Prado, 2003). While natural
ﬁres due to lighting have been recorded during the rainy season in the
Cerrado (Ramos-Neto and Pivello, 2000), most ﬁres are currently anthropic (Pivello, 2011) in both ecosystems. There may be diﬀerences in
ﬁre regimes between these two ecosystems, especially due to the rainfall gradient. In the drier Caatinga, ﬁres might be limited by fuel
availability and in the wetter Cerrado, ﬁres might be limited by fuel
moisture (van der Werf et al., 2008).
In addition to the regular seasonality, the variations of precipitation
and the presence of droughts in semiarid environments are frequently
related to speciﬁc climatic anomalies, such as the El Niño Southern
Oscillation (ENSO) (Liu and Juárez, 2001). Droughts are characterized
by the delayed arrival of rains or the anticipated end of rainy seasons
with precipitation values below the annual mean (Ramos, 1975;
Sampaio et al., 2005). These precipitation anomalies and redistribution,
when caused by ENSO episodes, alter ﬁre activity; although, the activity
is altered with a time delay because anomalous precipitation occurs
during the rainy season and the ﬁre activity occurs mainly in the dry
season (Chen et al., 2017). On one hand, long periods of drought in the
Caatinga reduce biodiversity and increase tree mortality (Sampaio
et al., 1993; Liu et al., 2013), which indirectly can cause an increase in
ﬁre severity. On the other hand, droughts limit primary production
during the rainy season, decreasing the fuel resources available to burn
(Nogueira et al., 2017a).
In this context, mapping ﬁre regimes is useful for evaluating ecological conditions, providing a deeper understanding of how spatial and
temporal patterns and processes (such as climate, topography, fuel
availability and vegetation dynamics and structure) inﬂuence ﬁre

2. Materials and methods
2.1. Study area
The present study was conducted in the Capivara-Confusões Mosaic
(CCM, Fig. 1) located in the southwestern section of Piauí state in the
Northeastern Region of Brazil. The CCM is composed of Serra da Capivara (SCaNP) and Serra das Confusões (SCoNP) National Parks and
the ecological corridor between them. Our study area includes approximately 84% of each National Park and the whole corridor and it
was deﬁned including a surrounding area of 25 km radius around the
CCM and cropped to ﬁt the limits of the state of Piauí at the south and
the Landsat scene path/row 219/66 to the east and southwest. The total
area is 2,213,643 ha, placed between 8°9′–9°25′ S and 44°13′–42°22′ W
(Fig. 1).
The SCaNP was created in 1979 and covers a surface area of
134,973 ha. The park was declared as a World Heritage site by the
United Nations Educational, Scientiﬁc and Cultural Organization
(UNESCO) in 1991 due to its archaeological legacy. It presents evidence
and artifacts related to the origins of human settlement in the continent,
including the largest concentration of rock paintings and archaeological
sites in the Americas (Lahaye et al., 2013). The whole park is crossed by
a web of dirt roads that give access to the diﬀerent archaeological sites
2
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Fig. 1. Map of the study area: (A) location of the study area in the context of Brazil representing the diﬀerent ﬁtophysiognomies recognized by the Brazilian Ministry
of the Environment (MMA, 2017); (B) altimetric ranges extracted from the Shuttle Radar Topography Mission (SRTM) digital elevation model (Jarvis et al., 2008;
U.S.G.S., 2006), hydrologic courses (ANA, 2017) and location of the meteorological stations from ANA and INMET; and (C) context of the CCM (Capivara-Confusões
Mosaic) in the state of Piauí municipalities and roads (IBGE, 2017).

for visitation and may act as ﬁrebreaks (Olmos and Albano, 2012).
The SCoNP was created in 1998 and currently covers 834,129 ha.
Even though hunting is prohibited, the park presents some hunting
problems due to its dimensions and lack of monitoring staﬀ. Moreover,
it is crossed by dirt roads that link the cities from the southeast to the
northwest, and it has some villages in its boundaries. Both parks are
managed by the Chico Mendes Institute for Biodiversity Conservation,
which belongs to the Brazilian Ministry of Environment (ICMBio and
MMA – acronyms in Portuguese, respectively).
The CCM was created through a federal decree in 2005 to integrate
the management of the two National Parks, their buﬀer areas and the
ecological corridor between them. The principal purpose for its creation
was the conservation and sustainable use of natural resources to provide eﬀective preservation of biodiversity. Nevertheless, the corridor is

crossed by some paved roads, and several settlements exist with extensive agriculture and cattle raising. Fire is commonly used as a
management practice for land preparation for cultivation.
The CCM is located between the two largest geological formations in
Northeast Brazil: the Parnaíba River sediment basin, which is a SilurianDevonian sandstone formation, and the peripheral depression of the São
Francisco River, with small Precambrian limestone formations (Lemos
and Rodal, 2002). The main sandstone plateau, locally known as chapada (Fontugne et al., 2013), reaches 700 m and is bounded by
50–200 m cliﬀs and dissected by valleys and canyons (Silveira et al.,
2010). The limestone formations emerge as island mountains between
the chapada and are deeply eroded with many cavities, rock shelters
and caves (Fontugne et al., 2013). Soils from the chapadas are mainly
yellow-red latosols, while in the valleys and canyons have
3
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Thematic Mapper Plus (ETM+), and Landsat 8 Operational Land
Imager (OLI) sensors with a spatial resolution of 30 m (Table 1). A total
of 306 Landsat images (path/row 219/66) were used covering the time
period between 1999 and 2017 (Fig. 3), excluding those completely
covered by clouds. The vast majority of ﬁres occurred during the dry
season when it was mainly cloudless, allowing the view of land surface
for ﬁre scar identiﬁcation (Feeley et al., 2005; Sano et al., 2007). The
burned areas were identiﬁed by visual interpretation, and when a scar
was partially covered by clouds, obstructing its correct spatial delimitation, its date was registered but later images were used for the delimitation, as the scars remain visible in the next consecutive images
during the dry and wet seasons (Alvarado et al., 2017). The temporal
resolution of the Landsat satellites is 16 days, but we were able to reduce this to 8 days for some periods using the images from satellites
that are in orbit simultaneously (Fig. 3). Thus, we analyzed an average
of 16 images per year (minimum 7 and maximum 22), depending on
cloud-free image availability. The ETM+ sensor had a failure on its
Scan Line Corrector mirror in 2003, so images were matched with each
other and with TM and OLI sensors to ﬁll the gaps using a simple
overlay for image interpretation purposes.
We used LEDAPS data (Landsat Ecosystem Disturbance Adaptive
Processing System, Masek et al., 2006) for Landsat 5 and 7 and LaSRC
data (Landsat 8 Surface Reﬂectance Code, Vermote et al., 2016) for
Landsat 8 products, both from Collection-1, which are radiometrically
calibrated and orthorectiﬁed using ground points and digital elevation
model data to correct for relief displacement, and the on-demand Level2 products interface, which corrects the images for atmospheric eﬀects
at the surface reﬂectance level (USGS, 2018). All images were ordered
and downloaded from the USGS (U. S. Geological Survey web page).
For the identiﬁcation of burned areas, we generated RGB false color
composites for each image using short wave infrared (SWIR), near-infrared (NIR) and green wavelengths (Table 2). In this way, ﬁre scars
were visualized in magenta hues surrounded by a green matrix, with
white clouds and black cloud shadows. The NIR and SWIR bands are
often used to study biomass consumption from ﬁre, such as the severity
of the burned areas, as the NIR naturally reacts positively to the foliar
area and productivity and the SWIR reacts positively to the drought and
no vegetated surfaces (Key and Benson, 2006; Keeley, 2009). Therefore,
the combination of the high reﬂectance NIR with the low reﬂectance
SWIR allows us to distinguish between burned and unburned vegetation
(Meng and Zhao, 2017).
Each ﬁre scar was visually identiﬁed, ﬁrst at a 1:180,000 scale, and
manually vectorized using a 1:24,000 scale (Key and Benson, 2006) to
build a spatial-time ﬁre scar polygons database. This exhaustive method
had previously been used by some authors for the identiﬁcation of
burned areas (Alvarado et al., 2017; Alves and Pérez-Cabello, 2017;
Eidenshink et al., 2007), for some government agencies (Portugal:
ICNF, 2018; United States, MTBS: Eidenshink et al., 2007), and to validate the accuracy of automatic detection of burned area algorithms
(Bastarrika et al., 2014; Cardozo et al., 2014; Libonati et al., 2014;
Melchiori et al., 2014) to estimate the omission/commission errors.
This technique was preferred over the diﬀerent products now available
for burned areas detection (MODIS: MCD45A1 and MCD64A1, GFED4
and GFD4s; INPE: AQM: Libonati et al., 2015; BAMS: Bastarrika et al.,
2011, 2014; ESA Fire_cci project: Chuvieco et al., 2016) because none
of them was exclusively designed for this kind of ecotone among savannah and dry forest environments. We then assigned to each delimited scar polygon the date of the image when it ﬁrst appeared. The
ﬁres that were active during the satellite data acquisition (image) are
thus registered by parts, each having a diﬀerent date. For this reason,
we limited our analysis to the total burned area by year and season and
avoided assessing ﬁre-size classiﬁcations.
For validation purposes, we made two ﬁeld campaigns to the parks
in May and June 2018, and we visited three ﬁre scars of diﬀerent ages
in each park. These ﬁres occurred in 2017, 2015 and 2010/2011, so we
were able to recognize the diﬀerences in vegetation damage and

predominately white sand (Olmos, 1992). There are no perennial watercourses inside any of the parks, but there are perennial natural
sources in SCoNP and some intermittent rivers during the rainy season;
artiﬁcial reservoirs are also maintained in SCaNP and ﬁlled in the dry
season to supply fauna as a management practice (Olmos and Albano,
2012).
The study area is characterized by a semiarid climate with a long
dry period and a short rainy season. The 68% of the annual precipitation is concentrated between December and March (Sparacino et al.,
unpublished manuscript) and the vegetation is adapted to the annual
water shortage (Reddy, 1983). The eastern region of the study area
presents a mosaic of diﬀerent assemblages of thorny, xerophyte and/or
deciduous Caatinga vegetation (Emperaire, 1989; Olmos, 1992; Silveira
et al., 2010) with a transition to the southwest presenting a Cerrado
savannah vegetation characterized by a ground layer of grasses, shrubs
and trees (Miranda et al., 2009). The vegetation within the chapadas has
a shrubby-arboreal structure with low height (6–10 m); the canyons,
which are wetter, present semideciduous forest enclaves with taller
vegetation (up to 30 m). The cliﬀs present an arboreal structure with
individuals reaching more than 15 m height and separate the chapadas
from the plains that present medium-height forest (5–10 m)
(Emperaire, 1989; Moura, 2005a). The woody vegetation starts to lose
its leaves in May, producing abundant leaf litter, and by August, most of
the trees are leaﬂess (Moura, 2005a). There is also a seasonal herbaceous component that dies during the dry season (Lemos and Rodal,
2002). In the Caatinga-predominant region, the herbaceous component
is discontinuous, so foliage, litter and ﬁne woody debris are the major
fuels for combustion and ﬁre spread, with ﬁres regularly reaching the
canopies (Kauﬀman et al., 1993), while in the Cerrado-predominant
region, the fuel consumed is from the continuous herbaceous layer
(forbs and grasses) (Miranda et al., 2009). Studies of Caatinga woody
vegetation regeneration after wildﬁres are still lacking, nevertheless,
was reported that some species resprout after slash-and-burn practices
(Sampaio et al., 1993, 1998). In the Cerrado ecosystem, the woody
component resprouts after ﬁre and the herbaceous component recovers
rapidly few days after the ﬁre (Miranda et al., 2009).
2.2. Data acquisition and processing
The steps followed during the course of this work are graphically
presented in Fig. 2.
2.2.1. Satellite imagery and burned area database
For the delimitation of the burned areas, we worked with a temporal
series of Landsat 5 Thematic Mapper (TM), Landsat 7 Enhanced

Fig. 2. Flow chart of methodological procedures.
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Table 1
Information about satellites and respective sensors used as sources for image analysis.

LT5
LE7
LC8

Satellite

Sensor

Spatial resolution

Temporal resolution

Availability

Landsat 5
Landsat 7
Landsat 8

TM
ETM+
OLI

30 m
30 m
30 m

16 days
16 days
16 days

March 1984–November 2011
April 1999–present
February 2013–present

Fig. 3. Representation of the database used for scar delimitation. Date, satellite and sensor information of the images are described.

recovery over time. The ﬁre scars were delimited previously by visual
interpretation of remote sensing data, and ﬁeld veriﬁcation was made
of some points of the scar limits. We also checked some nonburned
islands in a 2017 SCoNP ﬁre scar to prove their existence. See Appendix
A for more details, including exemplary imagery comparing in situ
burning with Landsat images and digitalized burned areas (Fig. A1).
The ﬁre scar polygons database was used to assess the spatial and
temporal patterns of burned areas. We worked with polygons larger
than 5 ha. The spatial dynamics were analyzed for the complete study
area and separately for each park and the ecological corridor to be best
suited for management purposes. Since external ﬁres can aﬀect the
boundaries of the parks, we analyzed their burned area using a 2 km
buﬀer from their borders. The temporal dynamics of burned area were
analyzed by month, year and season.

here, we only present a summary.
For the rainy (RS) and dry seasons (DS) characterization of each of
the nineteen years (1999–2017), we organized data in climatological
years beginning on July 1 (the driest month) and ending on June 30 of
the following year. The date of the onset and the end of the RS of each
climatological year was determined following Liebmann et al. (2007)
by analyzing the anomalous accumulation, a quantity constructed to
identify the beginning and end of precipitations from accumulated daily
anomalies. Each dry season (DS) is the time period from the end of one
RS until the beginning of the next RS (is, then, associated to a calendar
year, from January 1 to December 31 of the same year). Thereafter,
each DS was subdivided following Alves and Pérez-Cabello (2017),
considering the longest period of consecutive days with daily precipitations below 5 mm as the middle dry season (MDS), representing
the driest period of the DS. The remaining days at the beginning and at
the end of the DS represent the two transition periods from and to the
RS and are identiﬁed as the early dry season (EDS) and the late dry
season (LDS), respectively.
We classiﬁed ﬁres into seasons in line with their date of occurrence,
and each ﬁre scar polygon was then associated with one climatic
season. The temporal resolution and, thus, the accuracy of this season
classiﬁcation of ﬁres depends on satellite image availability (minimum
time between images was 8 days). Since ﬁre date attribution

2.2.2. Climatic data, seasonal classiﬁcation and ﬁre recurrence map
Daily precipitation was obtained from the Brazilian National Water
Agency and the Brazilian National Institute of Meteorology (ANA and
INMET – acronyms in Portuguese, respectively). Data from 15 meteorological stations (Fig. 1B) were averaged for the best characterization of the study area and to address incomplete data sets from individual stations. The details of the climatic characterization of the
study area can be found in Sparacino et al. (unpublished manuscripy);

Table 2
Description of spectral information of the diﬀerent bands and sensors used to generate the RGB color composite for scar delimitation.
Sensor/Band

GREEN

NIR

SWIR2

TM/5
ETM+/7
OLI/8

Band 2 0.52–0.60 µm
Band 2 0.52–0.60 µm
Band 3 0.533–0.590 µm

Band 4 0.76–0.90 µm
Band 4 0.77–0.90 µm
Band 5 0.851–0.879 µm

Band 7 2.08–2.35 µm
Band 7 2.09–2.35 µm
Band 7 2.107–2.294 µm
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Cabello, 2017). This short ﬁre return interval can be explained by the
intrinsic characteristics of tropical ecosystems, with high rates of recovery and net production (Field, 1998), meaning the fast accumulation
of ﬁre-prone biomass as fuels. Over the seasonally dry tropical forest,
biomass production occurs during the RS and increases with the amount
of precipitation, overwhelmingly after the DS (Martínez-Ramos et al.,
2018). We assume that the biomass produced during a RS and not
consumed by a ﬁre in the immediate DS would be accumulated together
with the new biomass generated in the following RS and would become
fuel with high probability to burn because of its low moisture content.
Precipitation indirectly controls ﬁre activity by the biomass production and, thus, by the availability of fuels (Mayr et al., 2018). We
could not ﬁnd a relationship between the accumulated precipitation
during the previous RS and the annual burned area (p = 0.380,
r = −0.214, R2 = 0.046). This suggests that the amount of biomass
produced (directly related to the amount of precipitation) in the previous RS is not the only parameter controlling the amount of burned
area during the ﬁre season, especially because precipitation will determine the fuel moisture that limits the extension of ﬁres (Alvarado
et al., 2017; Argañaraz et al., 2018) and because in arid savannas ﬁre
activity is actually associated with the accumulated precipitation of up
to two RS (Alvarado et al., 2019). As an example, this was the case in
2012, which had large extensions of burned area despite the presumably low biomass productivity during the growing season. In fact,
the precipitation of the 2011–2012 RS was the lowest in the period
(433 mm, Sparacino et al., unpublished manuscript) as a result of a
drought in Northeast Brazil, while the amount of burned area in 2012
was the third largest. The 2011–2012 drought occurred exceptionally
during La Niña, which is normally associated with enhanced precipitation in the region; reduced precipitation is usually associated with
El Niño (Marengo et al., 2017; Rodrigues and McPhaden, 2014).
A multiple-year process could explain the large extensions that
burned in some of the years. That process consists of the combination of
a climatological year with above-average precipitation followed by a
climatological year with below-average precipitation. In this way, a
large amount of biomass is produced in the ﬁrst year with aboveaverage precipitation but does not burn, then accumulates and is particularly dry during the second year with below-average precipitation,
leading to large burned areas. This pattern can be identiﬁed in association with three of the ﬁve years with the most burned area: 2001,
2010 and 2012 (Fig. 4). As an example, the annual precipitation in
climatological year 2010–2011 was 854 mm, above the average for the
area (749 mm is the normal annual precipitation, average data from
35 years, 1983 to 2018, Sparacino et al., unpublished manuscript), and
the extension burned in 2011 was 19,995 ha. During the next climatological year, 2011–2012, precipitation was only 433 mm, and large
extensions were burned during the year 2012 (107,197 ha). The same
situation can be identiﬁed leading to the large burned extensions in
2001 (84,275 ha): a large amount of biomass was presumably produced
during the above-average climatological year 1999–2000 (945 mm),
accumulated (only 28,403 ha burned in 2000) and was presumably dry
after the poor rainfalls of the climatological year 2000–2001 (671 mm).
The pattern seems to also remain in the above-average 2008–2009
(866 mm) with few burned areas in 2009 (17,537 ha), followed by the
below-average 2009–2010 (723 mm), leading to the large burned areas
during 2010 (174,553 ha).
The other two years among those that had the largest burned areas
are 2007 and 2015. On one hand, the large extensions burned in 2007
(106,452 ha) occurred after two climatological years with belowaverage precipitation, 2005–2006 (598 mm) and 2006–2007 (575 mm),
but that were preceded by three climatological years with aboveaverage precipitation: 2002–2003 (777 mm), 2003–2004 (888 mm) and
2004–2005 (827 mm). Thus, the processes leading to large burned
areas can also be more complex than the multiple-year process that we
suggest. On the other hand, from 2012 to 2016, Northeast Brazil suffered a long-term drought, with four consecutive climatological years

corresponded to its ﬁrst visualization, its genuine date of occurrence
could be any one day between the day after the previously available
image and the day of the image when the scar was ﬁrst seen. If the date
of the previously available image corresponded to the same season
classiﬁcation as the one in which the ﬁre was determined, the season
classiﬁcation was unambiguously determined, which was the case for
84% of the scars. On the other hand, 16% of ﬁres occurred near a
season transition, i.e., the previously available image belonged to a
diﬀerent season; thus, its corresponding season could not be determined
unambiguously. For those cases, the season that corresponded to the
date in which the scar was observed for the ﬁrst time was attributed and
was distributed as follows: 0.02% associated with the EDS, 0.45% with
the MDS, 8.74% with the LDS, and 7.10% with the RS.
Following the ﬁre seasonal classiﬁcation, we developed maps of the
spatial distribution of the scars across the climatic seasons over the
years. These maps were used to better understand the patterns, seasonality and conditions of each ﬁre, as well as their proximities to the
parks. Annual and monthly patterns of precipitation were analyzed and
linear regressions and correlations were tested in order to describe
statistical relations between burned area against precipitation amounts
and seasons length.
For the compilation of the recurrence map, we ﬁrst constructed 19
annual maps and converted them into 19 binary rasters (1 = burned,
0 = not burned) of 30 m resolution and then summed the values of the
input maps. In this way, the recurrence parameter associated with each
pixel was obtained. For data manipulation, we used Quantum-GIS
2.18.14 ‘Las Palmas’ (QGIS Development Team, 2018), and R 3.5.1 (R
Core Team, 2018), with packages ‘rgdal’ (Bivand et al., 2015) and
‘raster’ (Hijmans, 2017).
3. Results and discussion
3.1. Yearly patterns of burned area
From 1999 to 2017, the total burned area in the Capivara-Confusões
Mosaic (CCM) and its surroundings was 1,056,764 ha, distributed in
4824 ﬁre scars, representing an equivalent of 48% of the total study
area (Table 3). From that, 597,353 ha burned at least once (27% of the
study area), and this extension burn had a crucial signiﬁcance concerning these protected areas. A slight reduction in the total burned
area was registered after the creation of an environmental protected
area in a Cerrado region of central Brazil (Alvarado et al., 2017), but we
could not analyze the CCM eﬃciency because the period under study
was after the parks creation.
The annual burned area was very dissimilar for the 19 years considered. Between the years with the least and most burned areas, there
were two orders of magnitude diﬀerences. The years 2015 and 2010
had the most burned area, with 188,452 and 174,553 ha, respectively,
followed by 2012 (107,197 ha), 2007 (106,452 ha) and 2001
(84,275 ha) (Table 3 and Fig. 4). In contrast, the years 2006, 2003 and
2014 registered the three lowest annual burned areas with 9575,
13,893 and 13,156 ha, respectively.
The analysis of annual burned area demonstrated that the years
with the largest burned extensions were always followed by a year with
considerably less burned area (Fig. 4). This could mean that from one
year to the next, there was not enough biomass accumulated to act as
fuel to cause ﬁres of large dimensions because it was already burned.
According to Alves and Pérez-Cabello (2017), the burned area in a year
controls and delimits the area that will burn the next year, probably
because the fuel loads are limited by the propagation of the ﬁre from
the previous year. That trend can be observed by comparing the ﬁve
most burned years with the corresponding following year (2001–2002,
2007–2008, 2010–2011, 2012–2013, and 2015–2016, Fig. 4).
Furthermore, it is noticeable that those years with large extensions
of burned area occurred with one or two years in between, similar to
some Cerrado environments (Alvarado et al., 2017; Alves and Pérez6
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Table 3
Extension in hectares (ha) of annual burned areas separated by climatic season and categorized by SCaNP, SCoNP and ecological corridor. Annual burned extensions
of the complete study area are also presented (CCM and surroundings), including the surroundings that do not belong to the parks or to the ecological corridor. The
total burned area from 1999 to 2017 is presented both as an extension in hectares (ha) and as a percentage of the area of each category (SCaNP: 143,049 ha, SCoNP:
813,038 ha, ecological corridor: 397,706 ha, CCM and surroundings: 2,213,643 ha).
Capivara-Confusões Mosaic (CCM)
Year

SCaNP

SCoNP

DS

1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
Burned area
(ha)
%

CCM and surroundings

RS

E

M

L

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
0

509
15
309
–
–
–
–
–
–
–
8
381
–
–
–
–
187
–
339
1748

–
–
–
9
–
–
95
–
–
–
–
–
–
–
–
–
–
–
–
104

–
40
164
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
204

–

1

0.1

0.1

Total

Ecological Corridor

DS

RS

E

M

L

509
55
473
9
–
–
95
–
–
–
8
381
–
–
–
–
187
–
339
2056

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
0

13,501
2413
6797
200
1725
4385
201
414
25,125
11,211
65
52,547
4722
9439
1114
2173
79,503
2346
6926
224,807

–
–
12,175
5933
623
2195
10,655
–
–
–
–
–
–
–
542
3475
–
3479
–
39,076

247
388
597
–
–
744
427
50
11,444
208
667
5521
3062
13,459
–
–
–
1947
–
38,761

1

–

28

5

5

Total

DS

RS

E

M

L

13,748
2801
19,569
6133
2348
7324
11,283
464
36,569
11,419
732
58,068
7784
22,898
1656
5648
79,503
7771
6926
302,644

–
–
–
–
–
–
–
–
–
–
–
53
–
–
–
–
–
–
–
53

7184
5300
510
90
840
769
618
–
20,619
4876
347
45,490
390
7091
2609
1519
56,695
10,806
4744
172,216

–
–
5760
4873
443
2249
4323
1717
–
–
–
–
–
–
2766
25
–
4817
–
25,255

467
859
5607
–
–
918
783
496
993
710
2420
1721
1414
–
–
–
–
1807
–
18,194

37

0

44

7

5

Total

DS

RS

Total

E

M

L

7651
6159
11,877
4963
1283
3936
5724
2213
21,612
5586
2767
47,264
1804
7091
5375
1544
56,695
17,430
4744
215,718

–
–
–
–
–
–
–
–
–
–
–
53
–
–
–
–
–
–
–
53

50,251
24,635
19,293
8431
7005
26,861
4290
6040
93,645
21,319
2238
162,909
14,421
90,856
7583
8514
188,452
40,420
20,606
797,771

–
–
54,332
30,449
6887
13,938
33,441
–
–
–
–
–
–
–
10,027
4642
–
11,394
–
165,112

944
3768
10,649
–
–
2994
2038
3535
12,806
1076
15,299
11,591
5574
16,341
–
–
–
7212
–
93,828

51,195
28,403
84,275
38,880
13,893
43,793
39,769
9575
106,452
22,395
17,537
174,553
19,995
107,197
17,610
13156
188,452
59,026
20,606
1,056,764

56

0

36

7

4

48

SCaNP: Serra da Capivara National Park; SCoNP: Serra das Confusões National Park; DS: dry season; RS: rainy season; E: early dry season; M: middle dry season; L:
late dry season.

considering that droughts increase ﬁre-related carbon emissions
(Aragão et al., 2018) and will have as consequence a positive feedback
in global warming.

with below-average precipitation, which was considered the most severe in recent decades. Some authors related the drought to La Niña
(2011–2012) and El Niño (2015) ENSO events (Barbosa et al., 2019;
Marengo et al., 2017; Rodrigues and McPhaden, 2014) that were described as ﬁre drivers by Chen et al. (2017). Therefore, as severe
droughts increase tree mortality in semiarid ecosystems (Liu et al.,
2013), leading to more ﬁre-prone fuels, the more recent large extension
burned in 2015 is presumably related to extremely dry conditions. The
reducing levels of annual precipitation and the increasing number of
consecutive dry days in our study area (Sparacino et al., unpublished
manuscript) can be associated with the fact that droughts are becoming
more severe due to global warming (Dai, 2011). This is relevant

3.2. Spatial and seasonal distribution of burned area
The burned area inside the CCM represents approximately half of
the total burned area between 1999 and 2017, however, the CCM
covers the 60% of the study area. So, if we consider separately the
extensions occupied by the CCM (1,333,913 ha) and by the surroundings (879,730 ha), the incidence of ﬁre inside the CCM is, in fact,
smaller than outside (total burned area of the CCM and the
Fig. 4. Yearly distribution of burned area diﬀerenced
by season in the calendar year. The ﬁres of the rainy
seasons take place mostly during the beginning of the
rainy season at the end of the calendar year (only
0.06% of the burned area takes place between
January and May). Black points represent annual
precipitation of each climatological year, from July 1
to June 30 of the next year (data from ANA and
INMET). EDS: early dry season; MDS: middle dry
season; LDS: late dry season; RS: rainy season. There
was only one ﬁre of 53 ha during EDS in 2010 and is
not visible in the ﬁgure.

7

Ecological Indicators 113 (2020) 106151

D.S. Argibay, et al.

2005 had no EDS, while 2007, 2009, 2010, 2011 and 2017 had no LDS.
The annual maps with the spatial distribution of ﬁres classiﬁed by
season can be seen in Fig. 6. These maps ensure the visual analysis of
the size of the scars, their spatial distribution across the diﬀerent parts
of the CCM and surroundings, and especially the seasonal patterns of
occurrence. Thus, it can be noted that the largest scars occurred mainly
during the MDS, such as the largest scar in the western part of the
SCoNP that occurred in 2015 and the two largest scars in the ecological
corridor (2010 and 2015), as mentioned above. Other scars of vast
extension occurred in the surroundings in 2007, 2010, 2012, 2015 and
2016 during the MDS. Likewise, most burned areas both in general and
for each particular year occurred during the MDS (Table 3 and Fig. 4).
Exceptions occurred in 2001, 2002, 2005 and 2013, which had the
largest burned area during the LDS, and in 2009, which had the largest
burned area during the RS. As expected, most of ﬁres occurred in the
MDS, the driest period of the year, and they might be caused by the low
moisture content of the accumulated biomass. This was also reported
for an enclave of savannah vegetation in the Brazilian Amazon (Alves
and Pérez-Cabello, 2017).
The MDS lasted 165 ± 34 (mean ± standard deviation) days on
average over the 19 years studied and extended much longer than the
EDS (28 ± 28 days mean length) and the LDS (22 ± 30 days mean
length) for most of the years. Exceptions were in the years 2002 and
2003, when the EDS, MDS and LDS had similar lengths. Since the MDS
is the driest period of the year, longer MDS could be associated with a
greater amount of burned areas; in fact, the 5 years with the higher
burned area (2001, 2007, 2010, 2012 and 2015) had intermediate or
long MDS (127, 224, 157, 219 and 195 days, respectively). However, a
linear regression between the yearly burned area and MDS length
presented no signiﬁcant results (p = 0.225, r = 0.292, R2 = 0.085).
Also, the lack of transition seasons cannot be directly associated with
more burned areas, because between the years with only MDS, whereas
2012 and 2015 presented large burned areas, 2006 and 2008 did not.
There was almost no ﬁre scar during the EDS, and only a small ﬁre
event (53 ha) took place in 2010 within the ecological corridor (Table 3
and Fig. 6). In addition to its short length, the attenuated levels of rain
seem to be enough for the biomass to remain wet during this season,
preventing ﬁre occurrence. Hoﬀmann et al. (2012) also found that ﬁres
in the Cerrado during the EDS are rarely large because of the high
humidity and the absence of a continuous grass layer in the forest areas.
Here, it could also be explained by the absence of ignition events associated with the “slash and burn” practice during this season, as it is in
the slash stage in which live vegetation is cut, and it is not burned until
the end of the DS (Claval and de Freitas, 2007).
The LDS was the second season with the most burned area
(165,112 ha) behind the MDS. It is reasonable that comparing the two
transition stages, the LDS represented the most ﬁre-prone, since the
dryness accumulated during the previous season could not be counterbalanced by the precipitation that is just starting to fall. The RS,
which is, of course, the wetter season, presented a total of 93,828 ha
burned composed mainly of small scars, with the only exception being a
scar larger than 10,000 ha in 2012 (Fig. 6). In this way, the RS was just
slightly less ﬁre-prone than the LDS (the percentages of the study area
burned in each season were 4% and 7%, respectively; Table 3).
Analyzing monthly rainfall and ﬁre patterns together, it can be
noticed that ﬁres detected in the RS occurred mostly in the beginning of
the season, during November and December (Fig. 7), when the vegetation was presumably still dry (similar to the situation in the LDS).
Furthermore, from January to May (RS and EDS), there were almost no
detection of new ﬁre scars (only 0.06% of the total burned area occurred during these months). Burned area monthly distribution shows
that ﬁres frequently started in June (during the MDS), and its occurrence extended until December (LDS and beginning of RS). September
is the month when the rain starts, but at low rates, while from October
to December, the rainfall increases progressively until it peaks in
March, when it starts to decrease. Most ﬁres took place between

surroundings was equivalent to 37 and 65% of its respective extensions). Thus, protected lands appear to contribute to the reduction of
ﬁre occurrences in the region, even though, without achieving the
“zero-ﬁre” policy which was one of the main purposes for the creation
of the protected areas in Brazil (Schmidt et al., 2018).
Furthermore, ﬁre incidence is very dissimilar between each of the
three parts of the mosaic. In the ecological corridor, ﬁre aﬀected an
area equivalent to 56% of its total extension, while in the SCoNP it
represented 37%, and in the SCaNP, only 1% (Table 3). The proportion
burned in the ecological corridor is closer to that of the surrounding
CCM than those of the parks, and it seems that it is not achieving the
purposes of its creation in an eﬀective way. Additionally, there are
contrasting realities among both parks, with almost not burned areas in
SCaNP compared to 37% of the areas aﬀected in SCoNP, which can only
partially be explained by its dimensions.
The SCoNP had a total of 302,644 ha burned (Table 3), with the
largest ﬁre scar of approximately 55,423 ha in 2015. This large-proportion ﬁre grew with active ﬁres from three diﬀerent ignition points.
The ﬁrst detection of the scar was August 22, and it continued growing
during nine images until November 02. Most of ﬁres aﬀecting the park
started outside the boundaries and spread into the park. However, some
scars were detected completely inside the limits of the SCoNP, evidencing practices that can cause ignitions there, such as the use of ﬁre
for cooking and warming in illegal hunting camps, for wild honey
collection, or for intentional burning of land for cultivation, among
others. Evidence of this kind of activity was found during the ﬁeld
campaigns made by the research team where we encountered hunters
and found remains of campﬁres, a practice that was also described by
Moura (2005b). In addition, the dirt roads that cross the park are poorly
maintained, which makes access to combat ﬁres diﬃcult. During the
ﬁeld campaigns, we also noticed that on some roads, there are many
trees crossing the roads, blocking the way and reducing the eﬀect of the
roads as ﬁrebreaks. However, the ﬁre-exclusion policy in the protected
areas of the Cerrado has been rethought in order to recover the natural
ﬁre regimes of the ecosystem by the application of prescribed burns
(Batista et al., 2018; Durigan and Ratter, 2016; Schmidt et al., 2018).
The implementation of an Integrated Fire Management (IFM) Program
for the SCoNP should be considered, especially on its western region
that is Cerrado-predominant.
The SCaNP had 2056 ha burned, most of them during 1999, 2001,
2010 and 2017. The largest ﬁre scar was 475 ha in 2017. The park has
strict control at every entrance, and there are many more staﬀ working
in the ﬁeld than in SCoNP for a smaller area (Oliveira and Bernard,
2017), which seems to be eﬀective in preventing ﬁres. In the ecological
corridor, 215,718 ha were burned, with the two largest ﬁres occurring
in 2010 (15,692 ha) and in 2015 (14,070 ha). Ignitions were likely due
to land preparation for cultivation, since ﬁre is used to clear the material after cutting it, a practice known as “slash and burn”. When it is
practiced near forest boundaries, it is possible that, depending on fuel
availability, fuel moisture and weather, ﬁre spreads out-of-control, affecting large extensions. As the SCaNP is completely located in Caatinga, and the knowledge of ﬁre in this ecosystem is very scarce, is
diﬃcult to implement an IFM, so more studies are needed to ﬁll this
gap, such as vegetation and soil resilience and recovery after ﬁre. It is
worth mentioning that ICMBio ﬁre brigades consist of personnel employed yearly for six months during the DS in each park, but there is no
speciﬁc ﬁre brigade working in the corridor.
The seasonality of the entire time period under study can be seen in
Fig. 5, where the RS, EDS, MDS and LDS are identiﬁed. It can be seen
that dry periods (EDS, MDS, and LDS together) extend longer than the
RS for most of the years. Additionally, the strong seasonality of the area
is reﬂected by the fact that the two transition stages (EDS and LDS)
between the driest and the wettest periods of the year are absent in
several years. In fact, the years 2006, 2008, 2012 and 2015 presented
neither EDS nor LDS, and the dry season consisted only of a very dry
period (MDS). Also, some years presented only one transition stage;
8
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Fig. 5. Daily precipitation and season classiﬁcation from 1999 to 2017. Early dry season (EDS) is colored in green; middle dry season (MDS) is colored in red; late dry
season (LDS) is colored in yellow; rainy season (RS) is colored in blue. EDS, MDS and LDS together represent the whole dry season (DS). Daily precipitation is
represented by the black curve based on ANA and INMET data (Sparacino et al., unpublished manuscript).

during the 19 years. Most of the ﬁres that extended completely inside
the boundaries of the park were in the proximities of the roads that
cross it (Fig. 8) and could be interpreted as being human-caused. The
dirt roads go mostly through natural courses that are mainly ﬂat (locally named baixões) and conﬁned by cliﬀs. Some ﬁre scars burned
areas with the exact shape of those baixões, so cliﬀs are acting as natural
barriers that limit the extensions of ﬁre. As an example, we can mention
that for the scars that took place in the southern limit of SCoNP in 2008
and 2011, the shape of the scars appears to trace the cliﬀ limits (this is
more evident when compared with a topographic map, at a ﬁner scale,
not shown here).
Outside the western limits of SCoNP, which is closer to the Cerrado,
several areas with moderate ﬁre recurrence were recorded. The ﬁres
that occurred in 2004, 2007, 2012 and 2016 stopped when reaching the
limits of the park (Fig. 6). This spatial conﬁnement of ﬁre could also be
attributed to topography since the park is mainly located on a great
plateau (locally named chapada). The abrupt limits due to slope differences presumably avoided the spread of ﬁre into the park. Other ﬁres
that aﬀected the SCoNP in the chapada were probably initiated inside
the park (e.g., 2001, 2010, 2012, 2015).
Fires limited by topography were also found near the northernmost
boundaries between the SCoNP and the ecological corridor, where similar areas were burned in 2007, 2010 and 2015. These baixão areas
are frequently used as cultivation lands since they conserve humidity in
an otherwise dry landscape. Therefore, the moderate ﬁre recurrence
found there may be associated with out-of-control ﬁres used for land
preparation. A similar situation was found within the southernmost
boundaries between SCoNP and the ecological corridor where ﬁres of
almost the same shape took place in 2010 and in 2015.

September and November, with a peak in October. Note that the driest
months (June to August) were not the most burned. This suggests that
the biomass produced during the RS needs several months after the end
of rains to be dry enough to become ﬁre-prone fuel to cause large ﬁres
(Fig. 7).
In the Cerrado, natural (lighting) ﬁres are expected to occur mainly
at dry-rainy season transitions (LDS) (Ramos-Neto and Pivello, 2000),
while prescribed burns are executed during the rainy-dry season transitions (EDS). The former, burn the dry biomass and ﬁre is extinguished
naturally by the rains associated with thunderstorms. The lasts, are
designed to reduce the biomass able to burn in the DS, reducing ﬁre
intensity and severity. This way, the prescribed EDS ﬁres applied in
other Cerrado protected areas aim to create landscape mosaics with
diﬀerent ﬁre histories to reduce the areas aﬀected by LDS wildﬁres and
decrease wildﬁre frequency in ﬁre-sensitive vegetation (Schmidt et al.,
2018). Fires found in the CCM are driven mainly by human activities, as
most of them took place during the MDS, with timing associated to
more severe, extensive and diﬃcult to manage ﬁres, aﬀecting the
conservation requirements of ﬁre-vulnerable species. Hence, for maintaining the typical open and grassy physiognomies of the Cerrado, as
well as ﬁre-dependent species, relatively frequent ﬁre is essential
(Batista et al., 2018).
3.3. Fire recurrence map
A ﬁre recurrence map is presented in Fig. 8, where the diﬀerent
colors represent the number of ﬁres during the 19 years studied. For all
the areas that burned at least once, 47% presented some degree of recurrence, ranging between two and ten. This means that an area that
was burned had approximately half the chance to burn again along a
19-year interval and that the most frequently burned areas received a
ﬁre approximately every two years. However, the areas that burned
more than six times represented only 0.1% of the total burned area. Fire
recurrence could be associated with the high ﬂammability of dead
biomass and charcoal that resulted from previous ﬁres and to the biomass fuels that resulted from the ﬁrst regeneration stages.
The mapping of all scars together allows the description of general
patterns of ﬁre occurrence and recurrence and its association with
diﬀerent spatial parameters, which can be useful to build risk maps
(Lemes et al., 2014). All scars that happened in the proximities and
interior of SCaNP burned only once and were mostly located near roads
and settlements. The largest ﬁres that took place in SCaNP in 2017, in
the southernmost corner, received strong media and societal repercussion and thus, in addition to ﬁre brigades, volunteers, ﬁre aircraft and
ﬁreﬁghter brigades helped to control it, including staﬀ from SCoNP.
In contrast, the interior area of SCoNP reached a recurrence parameter of four, and some areas of its proximities burned seven times

4. Conclusions
In this article, we presented a ﬁre scar database of burned areas for
the ﬁrst time in the Capivara-Confusões Mosaic, located in a CaatingaCerrado ecotone. This study contributes to the establishment that ﬁre is
a main concern in these protected areas. Fire regimes were found to be
very diﬀerent between SCaNP, SCoNP, the ecological corridor and the
surroundings; thus, to design proper management policies to prevent
ﬁre or to implement an IFM, the speciﬁc temporal and spatial pattern
needs to be considered.
We analyzed yearly, seasonal and monthly amounts of burned area,
its spatial distribution and recurrence dynamics and discussed the relations between precipitation, productivity, biomass moisture, proximity to roads and settlements, and protected area eﬃciency.
The integration of satellite imagery with ground-based precipitation
data allowed a long-term, ﬁne-spatial resolution and landscape-scale
approach. Landsat long-time series availability was used to cover a 199
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Fig. 6. Mapping of the yearly and seasonal distribution of ﬁre scars inside the study area from 1999 to 2017 of the Capivara-Confusões Mosaic (CCM). Areas not
colored represent unburned areas during the respective year.

seems to appropriately capture the diﬀerent moisture conditions that
drive ﬁre activity, with most burned areas in the driest season and with
the late transition stage burning more than the early.
The burned area database generated here, and the ﬁre regime description, might assist studies of postﬁre Caatinga vegetation dynamics
that until now have been poorly explored, such as the analysis of

year long study, and its 30 m resolution supported the identiﬁcation of
small burned patches. The use of daily precipitation data from local
meteorological stations allowed a dynamic approach to yearly burning
seasons, avoiding the error associated with a static deﬁnition of these
periods, which is important because the region presents high interannual variations in precipitation. The subdivision of the dry season
10
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vegetation response to ﬁre and ﬁre recurrence, regeneration strategies
or the eﬀects of ﬁre on vegetation structure and ﬂoristic biodiversity.
Finally, the mapping of ﬁre recurrence and the identiﬁcation of areas
with moderate recurrence might help in the construction of ﬁre risk
maps for the two protected areas and their surroundings. This is particularly important for the region, not only because the CapivaraConfusões Mosaic is the largest conservation area of Caatinga vegetation but also to help protect numerous archaeological sites that might
be at risk of losing historical evidence because of ﬁres.
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Fig. 7. Number of scars and amount of burned area by month, together with
mean monthly precipitation over the period 1999 to 2017 in the CapivaraConfusões Mosaic and its surroundings. Blue dots represent the mean monthly
precipitation between 1984 and 2018, bars represent the number of scars, and
the colored gradient represents the amount of burned area.
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