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a  b  s  t  r  a  c  t

Fire  is a natural  disturbance  in savannas,  and defines  vegetation  physiognomy  and  structure,  often  influ-
encing  species  diversity.  Fire  activity  is  determined  by a wide  range  of  factors,  including  long and  short
term  climatic  conditions,  climate  seasonality,  wind  speed  and  direction,  topography,  and  fuel  biomass.
In  Brazil,  fire  shapes  the  structure  and  composition  of  cerrado  savannas,  and  the  impact  of fire  on  vegeta-
tion  dynamics  is  well  explored,  but  the drivers  of variation  in  fire disturbance  across  landscapes  and  over
time are still  poorly  understood.  We  reconstructed  31 years  of  fire  occurrence  history  in the  Serra  do  Cipó
region, a highly-diverse  cerrado  landscape,  located  in  the  southern  portion  of  the  Espinhaç o  mountain
range,  state  of  Minas  Gerais,  Southeastern  Brazil. We  mapped  burn  scars  using  a  time  series  of Landsat
satellite  images  from  1984  to 2014.  Our  questions  were  1) How  does  fire  occurrence  vary  in time  and
space  across  the  Serra  do Cipó  cerrado  landscape?  2)  Which  climatic  drivers  may  explain  the  spatial  and
inter-annual  variation  in fire occurrence  on this  landscape?  3) Is fire  occurrence  in  this  cerrado  landscape
moisture-limited  or  fuel-limited?  We  evaluated  the  inter-annual  variation  and  distribution  of  burned
areas,  and  used  linear  models  to explain  this  variation  in  terms  of  rainfall  amount  (determinant  of  fuel
load production),  seasonal  rainfall  distribution  (determinant  of  dry fuel  availability),  abnormality  of  pre-
cipitation  (Standardized  Precipitation  Index  – SPI),  and  vegetation  type  (Enhanced  Vegetation  Index  –
EVI).  Contrary  to  our expectations,  annual  rainfall  volume  was  weakly  and  negatively  correlated  with
burned  area,  and the  strongest  predictor  of burned  area  was  drought  during  the ignition  season.  The
length  of  the  dry season  and  the  distribution  of  rain  along  the  season  determined  ignition  probability,
increasing  fire  occurrence  during  the  driest  periods.  We  conclude  that the  mountain  cerrado  vegetation
at  Serra  do  Cipó  has  a moisture-dependent  fire  regime,  in  contrast  to the  fuel-dependent  fire  regimes
described  for  African  savannas.  These  findings  imply  that  savannas  at different  continents  may  have  dif-

ferent  recovery  and  resilience  capabilities  when  subjected  to changes  in  the  fire  regime,  caused  by direct
anthropogenic  activities  or indirectly  through  climatic  changes.  The  possible  effects  of these  changes  on
cerrado  landscapes  are  still unknown,  and  future  studies  should  investigate  if  currently  observed  fire
regimes  have  positive  or negative  impacts  on  vegetation  diversity,  recovery,  resilience  and  phenology,

 inclu
thus  helping  managers  to

. Introduction
Savannas are characterized by a continuous grass layer with
cattered trees and shrubs, growing under hot and seasonally dry
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climatic conditions. Covering 20% of the terrestrial surface, savan-
nas are present in Africa, Asia, Australia and South America (White
et al., 2000). The structure and diversity of savanna vegetation are
determined by the interaction of moisture availability, soil fertil-
ity, temperature, and an equilibrium between the proportion of
woody and grass biomass and the fire regime (Lehmann et al.,
2014). Fire is a natural disturbance in savannas, and is considered

the key component in defining their physiognomy and structure,
influencing species abundance and diversity (Bond et al., 2005;
Bond and Keeley, 2005). Fire activity in savannas is determined by
a wide range of factors, including long and short term climatic con-
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itions, climate seasonality, short-term variations in wind speed
nd direction, topography, and fuel biomass (Cochrane and Ryan,
009; Trollope et al., 2002). In all savannas across the world, these
atural fire regimes have been increasingly altered by human activ-

ties, either through direct land use practices or indirectly through
hanges in climate (Archibald, 2016).

Annual rainfall seems to be one of the main drivers of inter-
nnual variability in fire occurrence, and is often one of the main
nput variables in predictive fire models (Aldersley et al., 2011;
rchibald et al., 2009; van der Werf et al., 2008). In a gradient

rom mesic to arid ecosystems, fire activity can have predictable
patial patterns according to the interaction between climate con-
itions (moisture) and fuel availability (biomass) (Bradstock, 2010;
rawchuk and Moritz, 2011; Meyn et al., 2007; van der Werf et al.,
008). In biomass-rich areas, where fuel is always available for
urning during the fire season, fuel moisture conditions rather
han fuel amount represent the main limitation of fire activity
Krawchuk and Moritz, 2011). On savannas, fire activity is more
omplex and can vary across continents (Lehmann et al., 2014). In
outh America, where savannas are found in regions with up to
500 mm of annual precipitation, fire activity is closely associated
ith climate seasonality (Lehmann et al., 2011). Conversely, African

avannas usually receive less than 1000 mm of annual precipita-
ion, and fire is less frequent (Lehmann et al., 2011) and associated
ith fuel biomass availability and connectivity (Krawchuk and
oritz, 2011).
In Brazil, the cerrado savannas originally covered an area of ∼2

illion km2, corresponding to about 25% of the Brazilian territory
Durigan and Ratter, 2016). Recent estimates show that only 41%
∼833 000 km2) of the original cerrado cover still remain as native
egetation cover (Soares-Filho et al., 2014). Overbeck et al. (2015)
stimate a loss of 92,712 km2 of natural cerrado areas to agricultural
ses, between 2002 and 2009, showing that current deforestation
ates are still high, and increasingly leading to landscape fragmen-
ation and loss of ecosystem function. The cerrado is currently one
f the most threatened vegetation types in South America, with
nly 7% of its present cover under legal protection (Soares-Filho
t al., 2014). These threats are mostly derived from direct human
ctivities, especially from the dramatic changes in land use pro-
oted by large-scale agriculture (soybean, rice, corn, and cotton
onocultures), livestock ranging, and mineral extraction (Klink

nd Moreira, 2002; Overbeck et al., 2015). Recent research has
nderscored the importance of the cerrado, emphasizing its high
iversity. Over 13,127 plant species have been recorded within
his biome, on par with the 13,216 plant species reported for the
mazon region (Overbeck et al., 2015). Moreover, a high degree of
ndemicity has been observed for plants and animals (Silva and da
ates, 2002; Silveira et al., 2016).

In Brazil, fire shapes the structure and composition of cerrado
egetation (Coutinho, 1982; Loiola et al., 2010; Silva et al., 2013).
ire can affect the reproductive success of cerrado plant species
y influencing seed germination (Fichino et al., 2016; Fidelis et al.,
016) and flowering (Fidelis and Blanco, 2014; Hoffmann, 1998),
nd also determines trait variability in cerrado plants (Dantas et al.,
012; Hoffmann et al., 2012a). Nevertheless, human-induced fire

s considered one of the most significant threats to this ecosys-
em (Pivello, 2005). Changes in the natural fire regime can lead
o increased woody encroachment (Hoffmann, 1999) and invasive
rasses (Durigan et al., 2007; Gorgone-Barbosa et al., 2016), which
n turn change fire behavior and increase their severity (Gorgone-
arbosa et al., 2013).

The role of fire as the main driver of vegetation dynamics in

he Brazilian cerrado, maintaining the equilibrium between grasses
nd trees, has been demonstrated elsewhere (Dantas et al., 2013;
offmann et al., 2012b, 2009). However, studies of the drivers
f temporal and spatial variation in fire occurrence have been
icators 78 (2017) 270–281 271

limited to coarse global models, seeking to explain the drivers lim-
iting savanna and fire occurrence across continents (Krawchuk and
Moritz, 2011; Lehmann et al., 2014, 2011; van der Werf et al., 2008).
Quantifying fine-scale and long-term changes in the temporal and
spatial patterns of fire occurrence in the cerrado, and its attributes
(intensity, seasonality, size, and return time), is therefore crucial
for understanding the driving forces of changes in fire dynamics,
and assist land management and conservation practices for cerrado
landscapes.

Retrospective studies based on historical remote sensing have
allowed the reconstruction of fire history on ecosystems for most
parts of the world (Csiszar et al., 2004; Wittkuhn and Hamilton,
2010). Two  basic types of information can be derived from remote
sensing to estimate fire affected areas: a) the presence of active
fires, using thermal remote sensing, and b) the identification of
burn scars or burned areas, using optical data. The near-continuous
Landsat data record, available since 1984 with a spatial resolution of
30 m and temporal resolution of ca. 16 days, offers the best trade-off
between temporal coverage and spatial resolution, making it ideal
for mapping fire scars in savanna landscapes from local to regional
scales (Hudak and Brockett, 2004; Russell-Smith et al., 1997).

In the present study, we reconstructed 31 years of fire
occurrence history in the Serra do Cipó region, a hyperdiverse
mountainous cerrado landscape in Brazil, based on the spatial and
temporal analysis of burn scars mapped using Landsat satellite
images from 1984 to 2014. We  also related observed fire frequen-
cies to the possible drivers of fire occurrence in cerrado to explain
fire patterns and their variation across time. Our questions were
1) How does fire occurrence vary in time and space across the
Serra do Cipó cerrado landscape? 2) Which climatic drivers may
explain the spatial and inter-annual variation in fire occurrence
on this landscape? 3) Is fire occurrence in this cerrado landscape
moisture-limited or fuel-limited?

2. Methods

2.1. Study area

We studied the area comprised by the Serra do Cipó National
Park (SCNP) and the enclosing Morro da Pedreira Environmen-
tal Protection Area (MP-EPA), located about 100 km northeast of
the city of Belo Horizonte, state of Minas Gerais, Brazil (Fig. 1).
Both areas are usually referred together as “Serra do Cipó”, and
comprise the southern portion of the Espinhaç o range, the largest
interior mountain range in Brazil (Giulietti, 1997). The SCNP has
an area of 316.3 km2, and was created in 1984. The MP-EPA has an
area of 1001.1 km2, and was  created in 1990, to provide a buffer
zone to the protected ecosystems within the park. Between 2002
and 2004, conservation policies resulted in the progressive reduc-
tion of livestock herding in the SCNP, culminating with a virtually
livestock-free status in 2008 (Franç a and Ribeiro, 2008).

The climate of the region is warm subtropical with dry winters
and hot summers, and markedly seasonal. Average annual rainfall is
ca. 1400 mm,  with a rainy season ranging from 75 mm to 340 mm,
from October to April (monthly rainfall >60 mm),  and a dry sea-
son ranging from 7 to 32 mm,  from May  to September (monthly
precipitation <40 mm)  (ANA 2016). Average daily maximum and
minimum temperatures are 33 ◦C and 28 ◦C for the hottest month
(February) and 13 ◦C and 7 ◦C for the coldest months (July). The
topography of the study area is rugged and predominantly moun-
tainous, with elevations ranging from 750 m above sea level (a.s.l)
to 1670 m a.s.l. (Ribeiro and Figueira, 2011).
Within the SCNP and MP-EPA, vegetation occurring below 900 m
altitude includes a mosaic of forest-like formations (“Cerradão”),
lowland cerrado vegetation with varying proportions of herbaceous
and woody cover (“Cerrado sensu stricto”, “Campo Cerrado” and
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ig. 1. Location of the study area for reconstructing fire dynamics using Landsat im
a  Pedreira Environmental Protection Area (MP-EPA), state of Minas Gerais, Brazil. 

s  also shown. Altitudinal ranges extracted from the Shuttle Radar Topography Miss

Campo Sujo”), and open grasslands (“Campo Limpo”) all consid-
red as part of the Cerrado sensu lato classification (Oliveira-Filho
nd Ratter, 2002; Ratter et al., 1997). Tropical seasonal forest (“Mata
tlântica”) occurs mostly to the East, or as small islands or patches

“capões de mata”) (Fernandes, 2016). This mosaic also includes
he campo rupestre fomation (Silveira et al., 2016; Fernandes 2016)
omprised by rocky, sandy or waterlogged grasslands and rocky
utcrops occurring above 900 m altitude, and the campos de altitude,
igh elevation grasslands occurring at the mountaintops. These lat-
er formations are the prevalent vegetation cover in the Espinhaç o
ange and are also considered as Cerrado sensu lato (Oliveira-Filho
nd Ratter, 2002; Ratter et al., 1997; Fernandes, 2016).

.2. Environmental data

Daily precipitation was obtained from the Brazilian National
ater Agency (ANA 2016) for the entire study period (1984–2014).

ata from three meteorological gauging stations was  used for the
limatological analysis (Fig. 1): one station located on the east-
rn side of the mountain (Jaboticatubas), one on the western side
Morro do Pilar), and one station centered on the SCNP (Vau da
agoa). The data from all three stations was averaged to address
he east-west precipitation changes caused by topography.
.3. Remote sensing data

To reconstruct the fire history of the studied area, we  used
he existing record of Landsat 5 Thematic Mapper (TM), Landsat 7
 acquired between 1984 and 2014: Serra do Cipó National Park (SCNP) and Morro
cation of meteorological stations used to define wet and dry seasons for the region
RTM) digital elevation model, available at www.earthexplorer.org.

Enhanced Thematic Mapper Plus (ETM+) and Landsat 8 Operational
Land Imager (OLI) images from 1984 to 2014 (Table 1), obtained
from the Earth Explorer database of the United States Geological
Survey (USGS, earthexplorer.org). The entire study area is included
within path 218, row 73 of the WRS-2 Landsat reference system.
All images were downloaded as Landsat Climate Data Record (CDR)
products, which are already corrected for geometric and atmo-
spheric effects, and include a cloud cover mask generated by the
fmask algorithm (Zhu et al., 2015). All images were converted to
the Geographic Coordinate System, datum WGS84.

The ETM+ sensor had a failure on its Scan Line Corrector mir-
ror in 2003, resulting in systematic data loss across each image
(SLC-off imagery). Between the decommissioning of Landsat 5 TM
in November 2011, and the start of operations of Landsat 8 OLI
in April 2013, ETM+ SLC-off imagery was  the only source of Land-
sat data available. To minimize the impact of data loss during this
period, we  complemented ETM+ acquisitions with data from the
Burned Area product (MCD45A1v5) of the Moderate Resolution
Imaging Spectroradiometer (MODIS) sensor, derived from a syn-
thesis of daily surface reflectance data corrected for atmospheric
effects (MOD09GQK) over a period of one month. Each 500 m pixel
contains information on the presence or absence of burned areas,
and the approximate date of the observed fire during the analyzed
month (Table 1).
To estimate the vegetation type burned, we  used the Enhanced
Vegetation Index (EVI) derived from a time series of the MOD13Q1
MODIS data product (Vegetation Indexes) over the 2000–2014
vegetation period. EVI was proposed by Liu and Huete (Liu and

http://www.earthexplorer.org
http://www.earthexplorer.org
http://www.earthexplorer.org
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Table  1
Remote sensing data used for mapping burning scars in the Serra do Cipó National Park and Morro da Pedreira Environmental Protection Area, state of Minas Gerais, Brazil.

Satelite Sensor Spatial resolution Used Bands Availability

Landsat 5 TM 30 m 5−4-3 1984–early 2013
Landsat 7 ETM+ (SLC-off) 30 m 5−4-3 1999–2003 (before SLC failure)
Landsat 8 OLI 30 m 6−5-4 May 2013– present
MODIS(MCD45A1v5 product) Terra and Aqua 250–500 m 1–2 April 2000–present
MODIS (MYD14 product) Aqua 1 km 1–2 2002– present
MODIS (MOD13Q1 product) Terra and Aqua 250 m 1–2 April 2000–present

Table 2
Linear regression models explaining the variation in annual burned area (Y) in the Serra do Cipó National Park and Environmental Protection Area Morro da Pedreira, Minas
Gerais, Brazil.

Simple regression n (years) Regression equation R2 p AIC

Annual Annual rainfall 31 Y = 244.86 − 0.09 × Annual
rainfall + e

0.09 0.110 352.6

Annual Annual days of rain 31 Y = 358.56 − 2.42 × Annual Days of
rain + e

0.25 0.004 346.5

Multiple regression n (years) Regression equation R2 p AIC

Rainfall Ignition + Growing
season

31 Y = 278.56–0.054 × Growing
rainfall − 0.25 × Ignition rainfall + e

0.19 0.050 350.9

Days  of rain Ignition + Growing
season

31 Y = 368.18 − 1.05 × Days of rain in
Growing season − 4.89 × Days of
rain in Ignition season + e

0.38 0.0013 342.8

Days  of rain and EVI
(2003–2014)

Days of rain in Ignition
season + Growing
season + EVI

12* Y = 575.37 + 0.19 × Days of rain in
Growing season − 3.45 × Days of
rain in Ignition
se

0.43 0.190 133.6*

ns.
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* AIC values are not comparable for models with different numbers of observatio

uete, 1995) to compensate the limitations of the Normalized Dif-
erence Vegetation Index (NDVI) regarding soil background and
tmospheric interference, and is defined as:

VI = G × �NIR − �red

�NIR + C1 × �red − C2 × �blue + L

here �NIR and �red are the surface bidirectional reflectance fac-
ors for MODIS bands 1 (620–670 nm)  and 2 (841–876 nm), C1(=6),
2(=7.5) are the coefficients of the aerosol resistance term, which
ses the blue band to correct for aerosol influences in the red
and, L (=1) is the canopy background adjustment that addresses
on-linear differential radiant transfer through the canopy and

 (gain factor) = 2.5. The EVI MODIS product synthesizes vegeta-
ion data for every 16-day period, and is available since February
000, with 250 m of spatial resolution. Data was  acquired from
he Institute of Surveying, Remote Sensing and Land Information
IVFL) of the University of Natural Resources and Applied Life Sci-
nces (BOKU), Vienna, which provides smoothed EVI time series
or the entire globe, at no charge. The smoothing (filtering) process
s necessary to reduce the effect of data noise on the estimation of
henological trends (http://ivfl-info.boku.ac.at/index.php/eo-data-
rocessing/dataprocess-global).

The spatial and temporal assessment of fire occurrence in the
tudy area was based on the previous work of Franç a and Ribeiro
2008), who mapped the incidence of burn scars in the SCNP and

P-EPA between 1984 and 2007. We  updated their mapping by
xtending the temporal range to 2014, and reanalyzing the previ-
usly mapped areas with the inclusion of additional Landsat scenes.
ranç a and Ribeiro (2008) used Landsat 5 TM, Landsat 7 ETM+ and
CD CBERS-2 imagery, considering only two images per year, the
rst acquired during the middle of the dry season (July), and the
econd during the end of the dry season (October). For the present

tudy, all cloud-free Landsat images acquired between June and
ecember were used for mapping, covering the entire duration
f the fire season (Fornazari et al., 2015). This expanded tempo-
al range allowed us to detect early and late fires, and minimized
ason − 0.10 × EVI + e

the effects of cloud cover. We  analyzed between 5 and 10 images
for each year, depending on cloud-free image availability. SLC-off
ETM+ images from 2012 were matched to MODIS MCD45 images
as a mean to fill the gaps, using a simple overlay during image
interpretation.

We determined the length of the fire season using the Aqua
MODIS active fire product (MYD14) acquired from the Brazilian
National Institute for Space Research (INPE, http://www.dpi.inpe.
br/proarco/bdqueimadas/). This product uses a contextual algo-
rithm to detect active fires that are burning at the time of satellite
overpass, if relatively cloud-free conditions are present (Giglio
et al., 2003). We  evaluated fire season length for the entire state
of Minas Gerais, for the period between 2007 and 2013. Fires were
mainly observed throughout the dry season, between July and
November, with a peak between in September and October, dur-
ing the transition from dry to rainy season (Fornazari et al., 2015;
Fig. 2).

2.4. Reconstructing spatial and temporal patterns of fire
occurrence

We mapped burn scars by visual interpretation of false color
composites of each Landsat image, followed by manual delineation
at a fixed visualization scale (1:25000). Red–green–blue compos-
ites were created for each image, using bands 5 (1550–1750 nm),
4 (760–900 nm), and 3 (630–690 nm)  of the TM/ETM+ sensors,
and bands 6 (1570–1650 nm), 5 (850–880 nm)  and 4 (640–670 nm)
from the OLI sensor, with fixed contrast levels for all images. The
delineation of burned areas was  possible due to the distinctive
visual aspect of the burn scars, in relation to most land cover types.
However, spectral similarity between burn scars and bare rock
surfaces prevented the successful use of automated classification

algorithms in this area.

We  produced individual maps for each available image (223
dates), which were later consolidated into annual maps of burned
area (31 maps). Total annual burned area was calculated from each

http://ivfl-info.boku.ac.at/index.php/eo-data-processing/dataprocess-global
http://ivfl-info.boku.ac.at/index.php/eo-data-processing/dataprocess-global
http://ivfl-info.boku.ac.at/index.php/eo-data-processing/dataprocess-global
http://ivfl-info.boku.ac.at/index.php/eo-data-processing/dataprocess-global
http://ivfl-info.boku.ac.at/index.php/eo-data-processing/dataprocess-global
http://ivfl-info.boku.ac.at/index.php/eo-data-processing/dataprocess-global
http://ivfl-info.boku.ac.at/index.php/eo-data-processing/dataprocess-global
http://ivfl-info.boku.ac.at/index.php/eo-data-processing/dataprocess-global
http://ivfl-info.boku.ac.at/index.php/eo-data-processing/dataprocess-global
http://ivfl-info.boku.ac.at/index.php/eo-data-processing/dataprocess-global
http://ivfl-info.boku.ac.at/index.php/eo-data-processing/dataprocess-global
http://ivfl-info.boku.ac.at/index.php/eo-data-processing/dataprocess-global
http://ivfl-info.boku.ac.at/index.php/eo-data-processing/dataprocess-global
http://www.dpi.inpe.br/proarco/bdqueimadas/
http://www.dpi.inpe.br/proarco/bdqueimadas/
http://www.dpi.inpe.br/proarco/bdqueimadas/
http://www.dpi.inpe.br/proarco/bdqueimadas/
http://www.dpi.inpe.br/proarco/bdqueimadas/
http://www.dpi.inpe.br/proarco/bdqueimadas/
http://www.dpi.inpe.br/proarco/bdqueimadas/
http://www.dpi.inpe.br/proarco/bdqueimadas/
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ig. 2. Annual rainfall and distribution of active fires in the state of Minas Gerais, Br
eason; the black line shows the monthly sum of active fires detected by Aqua MOD

nnual map, and this information was used for statistical model-
ng (below). We  also compared the number and size distribution
f individually mapped scars among all annual maps, to identify
ossible changes in the nature of fire occurrences over time.

We  produced three integrated descriptors of fire occurrence pat-
erns for the entire studied period. First, we derived a single map
f fire frequency spanning the 1984–2014 period, by converting
ach annual map  into a binary raster image and then summing
ll maps. Second, we produced a map  showing the time elapsed
ince the last observed fire, by successively overlapping annual fire
aps for the 31 studied years. Time since the last fire can be seen

s an indirect measure of fuel accumulation, important to deter-
ine fire risk and predict fire intensity. Finally, we derived a map

f expected fire return intervals, calculated following the method
y Wittkuhn and Hamilton (2010). The expected fire return interval
as calculated for the entire studied period, as well as by decade:

984–1993, 1994–2003 and 2004–2014, to assess possible changes
n fire recurrence over time. Fire return intervals for the full 31
ears were classified in four types: Very short (V = burned every
–2 years), Short (S = every 3–5 years), Moderate (M = every 6–10
ears) and Long (L = 11 years or more). The maps representing the
patial distribution of fire return interval per decade were further
lassified into different categories, due to the shorter time frames
onsidered: Incomplete Fire Return Interval (single fire observed,
ast fire unknown or occurring in the previous decade); Single Fire
nterval (burned only twice in a decade with a very short, short or

oderate interval); Very Short Interval (more than two fires in a
ecade, with return time of 1–2 years), Mixed Interval (more than
wo fires in a decade, with varying return times) and Moderate
nterval (fire returns every 3–5 years), also according to Wittkuhn
nd Hamilton (2010).

.5. Assessment of cloud cover effects on fire detection

Our fire history reconstruction was affected by the presence
f clouds, which can lead to underestimated fire frequencies and
urned areas. To evaluate how cloud cover may  have interfered
ith burn scar mapping (Appendix A), we used two  separate
pproaches. First, we extracted cloud cover information from the
mask cloud mask band available for all Landsat CDR images used
n the study. We  then compared cloud cover frequency to the
requency of burned areas through visual analysis, as well as by
rey bars represent monthly rainfall volume, and shaded months indicate the rainy
tween 2007 and 2013 in the entire state of Minas Gerais.

calculation of the Spearman coefficient of correlation. Second, we
estimated how long a burn scar is observable along consecutive
images, as a proxy for scar detection probability under changing
cloud cover. Throughout the series, we identified and tracked a total
of 441 burn scars over time, noting if their observation was inter-
rupted by cloud cover, and if not, for how many consecutive images
were the scars observable (Fornazari et al., 2015).

We observed frequent cloud occurrence in the SCNP, with a
pattern of higher frequency in the eastern portion of the study
area. This area of increased cloudiness coincides with areas of
lower fire frequency in some places, but not systematically. In
total, 54% of the 442 tracked scars were affected by cloud pres-
ence, which prevented the assessment of their duration from fire
onset to total disappearance. The remaining 203 scars were tracked
without obstruction, most of them being observable in one or two
consecutive images during the wet  season (i.e. up to 30 days), and
up to five consecutive images during the dry season (i.e. > 60 days).
Permanence was weakly correlated with burn scar size (r = 0.14, p
> 0.05) and precipitation (r = 0.14, p < 0.05). These results suggest
that the total burned area mapped for each year may  be slightly
underestimated due to cloud cover, particularly in the eastern side
of the protected area. Still, we are confident that most fires were
detected, as all scars were observable for at least 2 months after
fire.

2.6. Data analysis

We  expressed annual rainfall as both the sum of monthly pre-
cipitated volume (mm)  from December to November of the next
year (e.g. annual rainfall in 1984 was  calculated from December
1983 to November 1984) and the number of rainy days observed for
each seasonal year, presenting rainfall volume and rainfall temporal
distribution, respectively. We  further partitioned these represen-
tations of annual rainfall into two  separate variables, reflecting
the two  main seasonal periods: growing season rainfall (December
to April) and ignition season rainfall (May to November) (Fig. 2).
Our rationale is that growing season rainfall mainly determines
the amount of biomass produced, and therefore the amount of

fuel available for burning, while rainfall during the ignition season
determines the dryness of the existing fuel, and therefore the prob-
ability of ignition. Given the heterogeneity of the cerrado landscape,
we also used the Enhanced Vegetation Index (EVI) as an indicator of
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egetation type, by calculating the mean of the maximum per-pixel
VI values for each growing season, restricted to the areas mapped
s burned during the following ignition season.

.6.1. Standardized precipitation index (SPI)
We  used the Standardized Precipitation Index (SPI) to charac-

erize interannual rainfall variability in the region. SPI has been
eveloped primarily for defining and monitoring drought, and is
ased on the cumulative probability of a given rainfall event occur-
ing at a gauging station (McKee et al., 1993). Positive values of SPI
ndicate higher than expected precipitation, while negative values
ndicate lower than expected precipitation. SPI can be discretized
nto a classification from extremely wet to extremely dry events,
nd calculated at different time scales, based on the accumulated
ainfall for different time periods (e.g; 3 months, 6 months, 12
onths and 24 months). For the present study, we calculated SPI

or the growing season (SPI − 5 months) and for the ignition sea-
on (SPI − 7 months), to determine the relative dryness of each
onsecutive season.

.6.2. Linear models and input variables
We  modeled the inter-annual variation of burned area as driven

y rainfall and EVI (biomass), separated as growing season and
gnition season rainfall. First, we formulated one simple linear
egression model to test the relationship between burned area
nd mean annual rainfall (Table 2). Since precipitated volume was
ighly correlated with the number of rainy days (rannual = 0.81,
growingseason = 0.86, rignitionseason = 0.76), each representation of pre-
ipitation was included separately in each model formulation (Eq.
1) and Eq. (2)).

Hypothesis 1
Annual variation in rainfall volume or rainfall temporal distri-

ution explains burned area.

urned Area = ˇ0 + ˇ1 × Annual rainfall (1)

urned Area = ˇ0 + ˇ1 × Total number of days of rain (2)

here �0 is the y-intercept model coefficient and �1 is the slope
odel coefficient. Second, since growing and ignition season pre-

ipitation can be considered to be independent (Pearson’s r = −0.07
or precipitated volume and r = 0.07 for number of rainy days),
e formulated three multiple regression models combining the

mount of rain in the growing and ignition season (Eq. (3)), the
umber of days of rain in the growing and ignition season (Eq. (4)),
nd the number of days of rain in the growing and ignition season
ogether with EVI values (Eq. (5)) (Table 2). We  used Akaike’s Infor-

ation Criterion (AIC) to select the best model(s) (Burnham and
nderson, 2002).

Hypothesis 2
Rainfall volume precipitated during each season could have

ifferent effects on the burned area (growing season: higher
ainfall = higher biomass = higher fuel availability = larger burned
reas; ignition season: lower rainfall = drier biomass = higher igni-
ion probability = larger burned areas).

Burned Area = ˇ0 + ˇ1 × Growing season rainfall + ˇ2

×Ignition season rainfall (3)

Hypothesis 3

The seasonal distribution of rainfall (number of days of rain in

ach season, as indicator of seasonality) could have different effects
n the burned area.

urned Area = ˇ0 + ˇ1 × number of days of rain in the
icators 78 (2017) 270–281 275

growing season + ˇ2 × number of days

of rain in the ignition season (4)

Hypothesis 4
The effect of seasonal rainfall volume or seasonal distribution of

rainfall could have different effects over total burned area according
to the vegetation type.

Burned Area = ˇ0 + ˇ1 × number of days of rain in the

growing season + ˇ2 × number of days of

rain in the ignition season + ˇ3 × EVI (5)

Burned Area = ˇ0 + ˇ1 × growing season rainfall

+ˇ2 × ignition season rainfall

+ˇ3 × EVI (6)

Distributional assumptions for the regression models were
tested using the Kolmogorov-Smirnov test. Homoscedasticity was
confirmed and the statistical independence of the errors was con-
firmed by the Durbin-Watson test.

3. Results

3.1. Spatial and temporal patterns of fire occurrence

Our reconstruction of fire history in the Serra do Cipó National
Park (SCNP) and Morro da Pedreira Environmental Protection Area
(MP-EPA) showed that 983 km2 (75% of the entire study area,
Fig. 3a) have been burned at least once between 1984 and 2014,
of which 283 km2 were burned within the SCNP (90%) and 699 km2

within the MP-EPA (70%). We  observed strong spatial and temporal
variation in fire occurrence across both protected areas. In terms
of fire frequency, 51% of all burned areas were burned between
one and four times, 22% between five and nine times, and 2% were
burned ten times or more, from 1984 to 2014 (Fig. 3b).

We identified a pattern of lower fire frequency in the eastern
side of the studied area, which is characterized by a higher density
of woody vegetation (Fig. 3). Temporally, we  also observed that
a third of the studied area, mainly in the northwest region, was
burned within the past five years (34%), with fewer areas showing
longer times since last burning (Fig. 4). Half of the study area was
last burned between 1 and 15 years ago (53%), while less than a
quarter was  last burned between 16 and 31 years ago (21%, mainly
in the southeast region).

Areas with very short fire return intervals had the highest
frequency (48%), and long return intervals had the lowest (4%)
frequency (Fig. 5). We  did not observe a difference in fire return
intervals between 1984–1993 and 1994–2003, where Very Short
return intervals had the highest frequency (78%). However, there
was a general reduction in total area burned, as well as a reduction
in the frequency of very short return intervals, for the 2004–2014
period, suggesting that the cerrado at Serra do Cipó is burning less
frequently now than it did in the 1980s.

The spatial distribution of changes in fire return intervals across

time showed a reduction in the number of individual burned scars
for the SCNP in relation to the MP-EPA (Fig. 6), for the last decade.
We also observed that while the number of burn scars decreased
over time, mean and maximum scar size increased (Appendix B).
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nd  Landsat 8 OLI images. Fire frequencies higher than 10 were summed together i

.2. Burned areas and the standardized precipitation index (SPI)

Annual burned area showed strong interannual variation during
he studied period (Fig. 7). The year with the largest burned area
as 1993 (329 km2), while the lowest burned area was  observed in

013 (18 km2). SPI values calculated for the ignition and growing
easons were negatively correlated with annual burned area (Pear-
on’s r = −0.40, p = 0.02 and r = −0.11, p = 0.6, respectively). Years
ith the largest burned area had moderately dry to very dry igni-

ion SPI values, and near to normal to very dry growing SPI (Fig. 7).
n contrast, years with the lowest burned area had both SPI values
lassified as nearly normal to moderately wet (Fig. 7).

.3. Linear models of burned area versus precipitation

Total annual rainfall explained only 9% of the variation in
nnual burned area, showing a weak negative correlation (Pear-
on’s r = −0.29, p = 0.11). All regression models using the number
f rainy days resulted in higher coefficients of determination than
odels using rainfall volume (Table 2). When the variables were

ombined using multiple regression models, the model including
number of rainy days in the growing season” and “number of rainy
ays in the ignition season” explained 38% of the variation in annual
urned area (Table 2). Our best model included both the seasonal
istribution of rainfall and EVI as an indicator of vegetation type,

nd showed the best explanatory power even with a lower number
f observations (Table 2). The inclusion of EVI increased the percent
f explained variance from 38% to 43%, in relation to the previous
odel. However, AIC values are not comparable with the remain-
ed area for each fire frequency category, in the Serra do Cipó National Park (SCNP)
Map  updated from Franç a and Ribeiro (2008), using Landsat 5 TM,  Landsat 7 ETM+
bar graph.

ing models, due to the smaller number of observations available for
EVI.

4. Discussion

Despite the protected status of the studied areas, the percent-
age of burned area remained high during the 31 years of study.
The Serra do Cipó National Park was  established in 1984, so we
could not determine fire frequency or annual burned areas prior
to this date, to evaluate the impact of conservation measures on
the fire regime (Franç a and Ribeiro, 2008). However, the Morro da
Pedreira Environmental Protected Area was established in 1990,
and for two  years after its creation we  did observe a slight reduction
in total burned area. In Brazilian protected areas, the prevalent pol-
icy of maximum fire suppression often results in the occurrence of
episodic severe wildfires, as fuel is accumulated over longer periods
(long fire return intervals) (Durigan and Ratter, 2016). These fires
are much more intense than regular fires, and very hard to control,
resulting in extensive burning, as observed for 2014 in the stud-
ied area. According to Brazilian legislation, National Parks allow
research and conservation activities, but prohibit other human
activities such as livestock grazing (Rylands and Brandon, 2005).
However, Pivello and Coutinho (1992) show that human-caused
fires are much more frequent than natural fires in most cerrado

parks and reserves, originating from nearby farms or urban areas.
In the Serra do Cipó region, the extra protection after the establish-
ment of the Morro da Pedreira Environmental Protected Area, and
consequent livestock declines in the surrounding areas, may have
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ig. 4. (a) Map  showing time since last fire for the 1984–2014 period, and (b) perc
a  Pedreira − Environmental Protection Area (MP-EPA), Minas Gerais, Brazil.

avored fuel buildup, explaining the observed increase in large fire
ccurrences over time in the protected areas (Appendix B).

The prevalence of low and moderate fire frequencies across the
erra do Cipó landscape configures a mosaic of burned areas dif-
ering in frequency, intensity, and seasonality, which suggests a
igh fire recovery potential for this complex vegetation system.
t Serra do Cipó, fire recovery times have been related to the
iversity of vegetation types with variable proportions of woody
lants (Silveira et al., 2016; Fernandes, 2016), corroborating our
bserved improvements in model performance when including a
roxy for woody cover (EVI). The negative relation between burned
rea and EVI can be explained by the spatial distribution of cer-
ado/woodland/forest vegetation at Serra do Cipó. We  believe that
he correlation between lesser burned area and higher EVI val-
es captures the low fire frequency expected for vegetation types
ith denser tree cover (woodlands and forests), which are known

o be less flammable (Hoffmann et al., 2012a). The existence of
egetation patches with different fire histories can also favor the
iversity of potential seed sources (seeder species)  and/or autogenic
egrowth species (sprouter species)  able to support recolonization
f burned areas (Hodgkinson, 1998; Keeley, 1977; Pausas et al.,
004). This has been reported as necessary to maintain the diver-
ity of light-dependent, fire-prone species and woodland savanna
pecies (Ramos-Neto and Pivello, 2000), allowing alternative states
f cerrado vegetation to coexist (Dantas et al., 2016; Hoffmann
t al., 2012a; Pausas, 2015; Staver et al., 2011). This effect can be
avored by managing fire-prone ecosystems, using prescribed fires

o allow natural regeneration and reduce the negative effects of
xtended and severe fires (Bloesch, 1999; Boer et al., 2009; Pivello
nd Norton, 1996; Weber and Taylor, 1992).
 burned area for each timing, in the Serra do Cipó National Park (SCNP) and Morro

The timing of fire occurrence is also relevant to determine the
damages to leafing, flowering, fruiting and/or germination pro-
cesses, impacting seedlings and reducing recruitment, as well as
favoring specific groups of species that are fire tolerant or fire resis-
tant (Alvarado et al., 2015, 2014; Hoffmann, 1998). The peak in
active fires, observed on MODIS data from Serra do Cipó between
the end of the dry season and the beginning of the wet season
(September and October), is consistent with other cerrado studies.
This timing suggests a higher impact of later fires on vegetation,
as these fires are hotter and more difficult to control (Ramos-Neto
and Pivello, 2000). The peaking of burned areas in the transition
between the dry to wet  seasons has also been reported by Ramos-
Neto and Pivello (2000) for the Emas National Park (Goiás, Brazil).
They associate the higher frequency of burned areas in September
and October to increased lightning from the storms that charac-
terize this transitional season, while the vegetation is still able to
carry a fire. On the contrary, early fires during the transition from
wet to dry season (April and May) or early dry season (May and
June) had a low frequency of occurrence at Serra do Cipó. In con-
trast with late dry season fires, early fires tend to be colder and less
severe, burning patchily (Ramos-Neto and Pivello, 2000) since the
accumulated fuel will have higher moisture levels. Both early and
late fires have been observed for lowland cerrado (Coutinho, 1990;
Miranda et al., 2009; Mistry and Bizerril, 2011) and other savannas
across the world (Govender et al., 2006; Knapp et al., 2004 Knapp
et al., 2004).

The 38% variation in annual burned area across Serra do Cipó

was explained by seasonality (number of rainy days in the growing
season versus the ignition season) and is consistent with African
savannas, where rainfall amount and seasonality explained 40% of
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he variance in burned area (Archibald et al., 2010). This variation
n burned area over time has been attributed to changes in grass
uel availability, affected in turn by inter-annual rainfall variation
Aldersley et al., 2011; Archibald et al., 2009; van der Werf et al.,
008). Thus, we expected a higher contribution of annual rainfall
olume to explain annual burned area at Serra do Cipó. Our models,
owever, showed a higher importance of seasonality, in the form
f temporal rainfall distribution (number of rainy days in each sea-
on), over rainfall amount, and the severity of dryness during the
gnition season as the best explanation for fire occurrence in Serra
o Cipó cerrados. In contrast, for the more arid African savannas,
easonality has been shown to be secondary to rainfall amount,
hich acts as the main driver and is positively correlated with

urned area (Archibald et al., 2010). Thus, monitoring moisture
evels during the ignition season could allow managers to predict
otential fire risk for the Serra do Cipó landscape.

Finally, we confirm that fire occurrence depends on different
rivers according to the type of savanna, strongly implying that
avannas across the world will respond differently to changes in
he fire regime, either from direct human impacts or as a result of

hanges in future climatic conditions. Our study site is dominated
y wet savannas (mean annual rainfall >1000 mm)  and our result
as consistent with patterns observed for wet savannas in Africa
 do Cipó National Park and Environmental Protected Area Morro da Pedreira, Minas
 of 1984–1993, 1994–2003, and 2004–2014, respectively. Bar shading corresponds

(Northern Angola, Democratic Republic of Congo, Madagascar and
Northern Mozambique), where there is no correlation between
burned area and rainfall volume, only with seasonality (Archibald
et al., 2010). In contrast, for African dry savannas (mean annual
rainfall <1000 mm)  there is a positive correlation between annual
rainfall volume and burned area (Archibald et al., 2010). Our results
show that fire occurrence in the Serra do Cipó region is moisture-
dependent, instead of fuel-dependent, where high rainfall levels
increase primary productivity and biomass recovery, and prevent
fuel availability from being a limiting factor. The length and the
distribution of rain in the dry season, on the other hand, will deter-
mine fuel moisture levels and thus ignition probability, increasing
fire occurrence during the driest conditions. This has been shown
by global models of savanna vegetation dynamics across continents
(Staver et al., 2011; van der Werf et al., 2008).

We observed a slight change in the fire regime for the 31 studied
years. The consequences of these changes must be better studied
as they could favor bush encroachment, which has been shown
for cerrado areas (Durigan and Ratter, 2016; Hoffmann, 1999) and
other savannas (Roques et al., 2001; Wigley et al., 2009), and as fire

suppression could affect the long-term recovery of grassland veg-
etation. Although we  cannot determine fire sources for the Serra
do Cipó landscape, we can hypothesize that fires observed within
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Fig. 6. Spatial distribution of fire return intervals for the Serra do Cipó National Park and Environmental Protected Area Morro da Pedreira, Minas Gerais, Brazil, for the three
decades between 1984 and 2014. Intervals were classified in single fire interval, short–short interval, mixed interval and moderate interval according the method proposed
by  Wittkuhn and Hamilton (2010).
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ig. 7. Total burned area (km2) mapped using Landsat (L4-5 TM,  L7 ETM+ and L8
rotected Area Morro da Pedreira, Minas Gerais, Brazil. Seasonal Precipitation Index
lassification according to McKee et al. (1993).

he park were either originated from natural sources or spread
rom the Environmental Protection Area, since there is no human
ccupation inside the park and management enforces a fire sup-
ression policy. Agriculture and livestock ranging are still allowed
ithin the The Morro da Pedreira Environmental Protection Area,

mploying the usual slash-and-burn management with human-
riginated fires occurring mostly during the dry season (May to
eptember) (Coutinho, 1990; Klink and Moreira, 2002). Therefore,
e can observe, at the landscape scale, that fire consumes the fuel

nd burns in patches that may  act as firebreaks to unburned areas.

his way, human-managed burning should be considered as an
mportant tool to avoid the spread of wildfires (Ramos-Neto and
ivello, 2000), maintaining low fuel levels to be burned by natu-
images from 1984 to 2014 in the Serra do Cipó National Park and Environmental
 was calculated for the ignition season (X axis) and the growing season (Y axis). SPI

ral fires. These interactions between fire and human management
should be considered for the management of protected areas at
Serra do Cipó, and likely cerrado protected areas elsewhere.
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