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BLAZYS, D.C.Increasedburned area in thePantanal over the past two decadesSao
José dos Campos. S&o Paulo State University (Unesp), Institute of Science and Technology;
National Center for Monitoring and Early Warning of Natural Disasters (CemadeR), 202

ABSTRACT

Wildfires are behavingdifferently now if compared to other time in history in relation to
frequency, intensity and affected ecosystems. In Brazil, unprecedemtréresingexperienced

in the last 10 years artd prevent and minimize similar disasters we must understand more
about the natural and human influences on fires on each ecosystem as well as the gaps to fire
combat strategies. The Brazilian Pantanal is the largest contiguous wetland in the world and a
complex environmental system. In 2020 Pantanal experienced &ragattas wildfire which

burned out of control that shocked the world. The fire in Pantanal is expected to escalate given
the increase in drought episodes, inadequate fire management strategies and weak environment
regulations. In this study, we analyzedawmicpatterns and changes in firequencyacross the
Pantanal based on land use and cover classes. Thanntgal variability of the fire and land

cover changes between 2000 and 2021 was assessethusiad areaBA) from MCD64A1

V.6 product and landise and land cover (LULC) data from Landsat imagery. Our results
showed that while smaller BA were more frequent for all LULC, forest and grassland classes
represented much larger BA with lower frequencies. Cropland showed the smallest burned area
among tle LULC. Given the differences in the rates of recovery and regeneration after fire for
different classes, Pantanal should be systematically montioceelop a more effective fire
combat strategy. We understand that our work demonstrates fundametnbédsyeoral clues

to managers to strategicallpproachunusual fires with result of what periods were exceptional
burned according to LULC classes, as observed for Forests in 2020 and an exponential burning
growth in cropland during late dry (LD) seasamce 2014.

Keywords Land use and land cover changes, Burned areas, Tropical wetland, Extreme events



1 INTRODUCTION

Oon13"October 2020, The New York Times wr ot
Wetland HaBecome an I nfernoo. The mentioned wet.|
the inferno refers to massive wildfires. This biome, globally known as a rich biodiversity
neotropical wetland, had one third of its area affected by fires in 2BONATI etal., 2020)
and around 17 million vertebrates direct kill@dDMAS et al., 2022) It was considered the
biggest fire event in history, with an increase of 376% in the last two decades and only 43% of
the area unaffecte®@AMASCENO-JUNIORet al., 2021GARCIA et al., 2021). The previous
year (2019) was also marked by high numbers of burnings. In fact, an increasing trend of fire
foci from 2000 to 2015 has been identified on South Pantanal (Mato Grosso do Sul State:
Oliveira-Junior, 2020), with drought patteyralso becoming more frequeMHIELEN et al.
2020,CARDOSO AND MARCUZZQ 2010).

However, fireis a phenomenathathas many facesnd itseffects can be beneficial or
harmful to biodiversity conservancy and human lives depending on where and how they bur
(HARDESTY et al. 2005)Fire shapes biogeochemical cycles in ecosystems, influencing soll
nutrients availability, water quality and atmospheric compositREREIRAet al., 2018DE
OLIVEIRA et al., 2020), affecting directly and indirectly fauna andaflepecies diversity,
abundance and distribution, beyond socioeconomic dimen$téti$JAS AND PARR 2018;
STEENVOORDENEet al., 2019).

Fire prone ecostems presents a framework where plants' physiology, phenology and
metabolism has evolved throughillions of years in order tkeep its features with the
respective fire regime, after affecting the corresponding secondary organisms in the food net
(HARDESTY et al. 2005PAUSAS AND PARR 2018,DURIGAN et al., 2020). Reinforcing
natural fire cycles are beneficial and {gastainiig in ecosystems that evolved with fire, as
occurs with Brazilian savannah (CerraddARDESTY et al. 2005). According to Sommers et
al, 2011, these fire regimes can be characterized by attributes that can be listed as patterns in
burning season, fire intesl and return, fire frequency, burned layer (ground, crown,
understory/ suizanopy), burned area, fietensity, duration, among others and depending on
the context, only some of these aspects can be predominant in a fire regime characterization

(ARRUDA et al., 2016). Grasslands, woodlands, savannas and wetlands ecosystems, for


https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Steenvoorden%2C+Jasper

example, are characterized by frequent,-iotensity surface fires that act to maintain an open
structure allowing sunlight to penetratéARDESTY et al. 2005FIDELIS et al. 2007.

On the other hand, fire sensitive environments, as tropical moist broadleaf forests of
Amazon basin, do ngtresentsufficient evolutionary traces to respond to this disturbance
frequently. Therefore, wildfires (rare events of fire that usually tadege Iproportions) reflect
changing phytophysiognomic aspects and envir
some species diminishing and extinguishing, being replaced by others and leading to
degradation and land cover conversion. Frequent, largkintense fires were, until recently,
rare events in these kinds of ecosystad®RDESTY et al. 2005ALENCAR et al, 2015). The
current more frequent fires are primarily associated with human activity, used as a tool to clear
land after deforestation amaintaining existing farmland and pastufARDESTY et al. 2005,
BOWMAN et al., 2020). In turn when it occurs in drought periods, there is an increase in risk
of fires LIBONATI et al, 2021).

In this sense, general reasons for fire occurrences and fitensity are related to the
availability of elements involved in the combustion process being oxygen, flammable fuel load
and heat. Climate conditions and its variability that leverage to oxygen depletion or availability
or to dry biomass accumulation desapotranspiration (as wind speed, air temperature,
precipitation, pressure), beyond natural or anthropic sources of ignition, are key parameters to
be monitored pre, during and after firélO(LY et al., 2015LIBONATI et al., 2020)Air
pressure and terepature gradients can boost wind sp@eRNAUSKAS et al., 2018ywhich
can spread flames through biomass available as fuel, for example, expanding burned areas.
Ecologists believe that fires are behavering differently now if compared with other time in
history due ignitions by humans and humiaduced climate change, especially inf&ensitive
tropical rainforests, retrofitting climate change by contributing with GHG emissions
(HARDESTY et al. 2006BOWMAN et al., 2020).

Forabetted el i mi t ati on of the multiple conseql
what exactly burned and has been burned inside Pantanal can be further explored. Once fire
affects fauna and flora with different intensities and timescales, how it distributessorgam
Pantanal is not yet fully understoodlJNK AND CUNHA, 2005).More detailed researdb
needed on the weather conditions that fan fires, as well as the influences of ecology and
managementL{BONATI et al., 2020). Information concerning fire in trogd wetlands are

scant and the major fire studies come from savannahs and forest RAMAICENO-



JUNIORet al., 2021). In Brazil, most of fire research has been developed in the Cerrado Biome
(PIVELLO et al., 2021)

Yet 2020 fires in Pantanal resulted recent important advances in explaining fire
dynamics in the biome and some of the crucial structural gaps in local fire management could
then be already spotted, knowledge about the
multidisciplinary apprach CIBONATI et al., 2020). Comparisons between fire over different
land use and land covers, considering particularities of availability of fuel loads, and fire
seasons with evident intannual projected trends were not found in the literature. Iniaddit
Libonati et al. (2020), Garcia et al. (2021), indicates that studies about Pantanal fires and
associations with deforestation remain unclear. Understanding more about past and current
variability in Pantanal fire occurrence in different land coveeistral to predicting future fire
frequencies, extensions, intensity, seasonality, and severity and to better anticipate new trends
and disasters, as already raised for other Brazilian biomes.

Due to the predicted increase in drought episo@e$HLEN et d., 2020), inadequate
fire management strategies, lax laws, and weak environment reguldtlB@GNATI et al.,

2020) we hypothesized a growing BA trend in Pantanal. In different seasons and land use and
land cover (LULC) classes, we hypothesized that BA icreasing in wetland, forest,
savannah, grassland, pasture, and cropland areas inside the Pantanal and relatively, in terms of
the respective class area, it remains stable in rural managed portions as grassland (also used by
traditional cattle ranchingpasture, and cropland classes. This work aims to analyze de fire
occurrence in the Pantanal in the last two decades by land use and land cover class. The
objectives were:

i.  Gettime serieof LULC of Pantanafrom 2000 to 2021

ii.  Quantify and compare histodl monthly BA for different LULC in Pantanal;

iii.  Track trends of burned area for each LULC in Pantanal;

iv.  Map burn frequencies by season in Pantanal;

v. Compare burn frequen@mongLULC.



2 ARTICLE

2.1Article i Blazys, D. C., Alcantara, E., Libonati, R., Massi, K. G., Park, E. Increased
burned area in the Pantanal over the past two decadeScience of the Total
Environment 835 (2022) 15538@tps:/Hoi.org/10.1016/].scitotenv.2022.155386


https://doi.org/10.1016/j.scitotenv.2022.155386

Science of the Total Environment 835 (2022) 155386

journal homepage: www.elsevier.com/locate/scitotenv

Science of the Total Environment

Contents lists available at ScienceDirect

Science e
| Environment

Increased burned area in the Pantanal over the past two decades )

Danielle Blazys Correa ?, Enner AlcAntara *, Renata Libonati ™®°, Klécia Gili Massi *, Edward Park

Check for
updates

# Graduate Program in Natural Disasters, Unesp/Cemaden, Sdo Paulo State University, Sdo José dos Campos, Brazil
Y Department of Meteorology, Federal University of Rio de Janeiro, Rio de Janeiro, Brazil
© National Institute of Education and Earth Observatory of Singapore, Nanyang Technological University, Singapore

4 Instituto Dom Luiz (IDL), Faculdade de Ciéncias, Universidade

de Lisboa, 1749-016 Lisbon, Portugal

¢ Centro de Estudos Florestais, Universidade de Lisboa, 1349-017 Lisbon, Portugal

HIGHLIGHTS

GRAPHICAL ABSTRACT

Fire patterns in the Pantanal wetland in
the last two decades were analyzed by
mapping burned area.

Among land covers, grassland was the
most vulnerable to fire.

Mega-fires in 2020 have occurred excep-
tionally within forest.

Large scale synoptic view is necessary for
better management of fires in Pantanal.

PANTANAL

LULC Monthiy

Trend
Bumed Area | | T
Time Serie

LULE - MabBlomas

Bumed Area - MCDGAAL

ARTICLE INFO

ABSTRACT

Editor: Paulo Pereira

Wildfires are behaving differently now compared to other time in history in relation to frequency, intensity and affected
ec In Brazil, unprecedented fires are being experienced in the last decade. Thus, to prevent and minimize similar

Keywords:

LULC changes
Burned areas
Tropical wetland
Extreme events

disasters, we must better understand the natural and human drivers of such extreme events. The Brazilian Pantanal is the
largest contiguous wetland in the world and a complex environmental system. In 2020, Pantanal experienced catastrophic
wildfires due to the synergy between climate, inadequate fire management strategies and weak environmental regula-
tions. In this study, we analyzed recent patterns and changes in fire behavior across the Pantanal based on land use and
cover (LULC) classes. The inter-annual variability of the fire and land cover changes between 2000 and 2021 was assessed
using BA from MCD64A1 V.6 product and LULC data from Landsat satellite. Our work reveals that fires in the Pantanal
over the last two decades tended to occur more frequently in grassland than in others land cover types, but the 2020
fires have preferentially burned forest regions. Large fire patches are more frequent in forest and grasslands; in contrast,
croplands exhibit small patches. The results highlight that a broad scale analysis does not reflect distinct localized patterns,
thus stratified and refined studies are required. Our work contributes as a first step to disentangling the role of
anthropogenic-related drivers, namely LULC changes, in shaping the fire regime in the Pantanal biome. This is crucial
not only to predict future fire activity but also to guide appropriated fire management in the region.

1. Introduction

Over the past few decades, human activities

around the world, leading to harmful impacts on the environment, wildlife,
human health, economy, and infrastructure (Bowman et al., 2020). More
and climate change have recently, not only are fire-prone ecosystems experiencing more intense

been contributing to more frequent and intense spikes in forest fire activity wildfires, but areas that typically burn less are also facing large-scale burn-

* Corresponding author.
E-mail address: enner.alcantara@unesp.br (E. Alcantara).

http://dx.doi.org/10.1016/j.scitotenv.2022.155386

ing events (UNEP, 2022). The 2019 and 2020 fire seasons are being consid-
ered the worst in recent decades in many parts of the world - for instance, in
Australia (Boer et al., 2020), California (Li and Banerjee, 2021), the Arctic
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(Witze, 2020) and the Pantanal (Libonati et al., 2020). In 2020, the
Brazilian Pantanal, the largest contiguous wetland in the world had one
third of its area affected by fires (Libonati et al., 2020). It was considered
the largest fire event in history, with a 376% increase in the extent of
fires, compared to the annual average from the last two decades
(Damasceno-Junior et al., 2021; Garcia et al., 2021).

Fire shapes biological and physical dimensions of ecosystems (Bowman
et al., 2020), as well as socioeconomic frameworks (Pausas and Parr, 2018;
Steenvoorden et al., 2019). Fire effects can be beneficial or harmful to bio-
diversity conservation and human lives depending on where, when, and
how frequent ecosystems burn: if fires reinforce natural regimes, whether
naturally or human ignited, they are recognized as good and life-
sustaining in environments that have evolved with them (Hardesty et al.,
2005). For instance, fires have been found to be important in maintaining
vegetation diversity, structure, and functions in fire prone ecosystems
such as savannas (Fidelis et al., 2007; Durigan et al., 2020).

Conversely, fires can be detrimental in fire sensitive formations
(rainforests) (Prestes et al., 2020; Sansevero et al., 2020). Although the
Brazilian Pantanal formations are classified as savannas, they are directly
influenced by other biomes (IBGE, 2012), i.e., savannas of Cerrado and
Atlantic and Amazon rainforests. For this reason, this biome is a mix between
fire prone and fire sensitive ecosystems. Fire-sensitive sites in the Pantanal are
therefore negatively affected by burnings through biodiversity loss (Miranda,
2010; Martins et al., 2022). As such, the future of Pantanal depends largely on
proper fire management practices (Berlinck et al., 2022).

Fire occurrences can be attributed to both natural and anthropogenic
causes with land use change being recently identified as a major driver in
Brazil (Pivello et al., 2021). Native grasslands of Pantanal have been histor-
ically used for low intensity cattle ranching (embrapa.br/pantanal); since
the 2000s, native grasses are being substituted by exotic grasses in pastures
or being converted into croplands (mainly soybean) (Pott and Pott, 2004).
The transition from natural vegetation to agriculture and pasture has led to
high concentration of fire foci and increased risk of fire (Marques et al.,
2021). However, fire studies focusing on the influence of land cover change
remains scarce in this region, except for the recent work of Kumar et al.
(2022) who used coarse land cover and burned area data to understand
the main causes of the 2020 Pantanal fires.

A deeper understanding about past and current fire variability in the
Pantanal considering different land covers is central to predicting future
fire behavior and anticipating new trends and disasters (Pivello et al.,
2021). Considering multiple land covers and land use changes over
Pantanal, together with other important drive factors such as drought-
heat waves episodes (Thielen et al., 2020; Thielen et al., 2021; Libonati
etal., 2022) and regional fire management and regulations, is therefore cru-
cial to developing an integrated understanding about current and future fire
regime in the region (Libonati et al., 2020). However, such a comprehen-
sive and long-term representation of fire occurrence per land use and land
cover type (LULC) in the Pantanal is still not available.

The goal of this study is to analyze the recent observed patterns and
changes in fire behavior over the Pantanal according to land use and land
cover classes. Here, we analyzed long-term and annual variability of fire
and land cover changes from the end of 2000 to the beginning of 2021
using burned area (BA) from MCD64A1 V.6 product and LULC classes from
2000 until 2019. First, we assessed fire frequency over the region by consid-
ering inter and intra-annual variability per LULC classes. Then, we examined
trends to infer the role of LULC on Pantanal fire dynamics, paying particular
attention to the year 2020 due the catastrophic fire events registered that year
(Libonati et al., 2020; Damasceno-Junior et al., 2021; Garcia et al., 2021).

2. Materials and methods
2.1. Study site
Pantanal is the world's largest contiguous wetland at approximately

150,000 km? and is located in the interior of the South America continent,
covering part of Mato Grosso (35%) and Mato Grosso do Sul (65%) states in

Science of the Total Environment 835 (2022) 155386

Brazil (Fig. 1 a. and b.). Known as “Pantanal complex”, this biome is influ-
enced by the Amazon, Cerrado (Brazilian Savanna) and Atlantic Forest bi-
omes in its north, east and south, respectively (Fig. 1 b., Marengo et al.,
2021). On the west, the Brazilian Pantanal borders Bolivia and Paraguay
in a region known as Chaco. The current LULC distribution (Fig. 1c.)
shows pasture class advancing from east to west with small portions of crop-
land and other non-vegetated areas. The main continuous forestland and sa-
vanna classes are found in central to north portions while wetland class is
concentrated in the west.

According to the Koppen's climate Classification (Koppen, 1948, Peel
etal., 2007, Embrapa, 2020), the Tropical Wet-Dry or Tropical Savanna cli-
mate is predominant in the Pantanal, with cold and dry months varying be-
tween May to October, and hot and wet months varying between
November and April. Different regions typically experience a flooding
peak which lags the precipitation peak (Fig. 1 e.), and this timing can be
as much as three months. As for rivers such as Miranda and Cuiab4, their
flooding peaks occur soon after the peak of rain. Considering large-scale cli-
mate phenomena, Thielen et al. (2020) found oscillations in sea surface
temperature (SST) of the Pacific and Atlantic Oceans as the main drivers
for rainfall variability in these basins.

While the hydrology of the Pantanal landscape is driven by multiple fac-
tors, flood pulse is considered the main driver (Ivory et al., 2019). The
Pantanal acts as a large reservoir in Paraguay River basin, where its flat ter-
rain (Fig. 1 d.), varying soil classes (mainly Gleyic Podzols in the center,
Luvic Planossols in the south and close to main rivers and Dystric Plintosols
in the north (Embrapa Solos, 2017) and regional hydroclimate conditions
influence floods in the area (Fernandes et al., 2007; Assine et al., 2015;
Marengo et al., 2021). Pluriannual humidity and rainfall cycles can also re-
sult in severe floods or pronounced dry seasons that then influence flooding
patterns (Damasceno-Junior et al., 2021; Garcia et al., 2021; Marengo et al.,
2021). Processes that maintain Pantanal's landscape and wetland function-
ing is also likely to be disrupted by changes in rainfall regime and the flood
pulse (Ivory et al., 2019). Increased sedimentation over a large area in the
last 30 years that drastically modified the Taquari megafan, the largest allu-
vial fan comprised on Paraguay trunk river located in the central portion of
the Pantanal and representing almost one third of the biome (Assine, 2005),
is probably also associated with increased vulnerability to deforestation
and fire.

The geographical location, difficult access, low soil nutrients availabil-
ity, periodic floods, fires and traditional low-intensity cattle ranching in
the natural plane grasslands since the 17th century (the current main eco-
nomic activity) contributed to keeping the Pantanal's population density
low, making it worthy of preservation (Junk and Cunha, 2005; Junk
etal., 2006; Machado and da Costa, 2018). The implementation of develop-
ment programs, crossroads, small hydroelectric reservoirs, and mining
since the mid of 1970 and 1980, in addition to intensive farming in the
Upper Paraguay Basin plateau, contributed to the degradation of natural
vegetation and biophysical stability (Junk and Cunha, 2005; Alho and
Sabino, 2011). It comprises almost 2000 km? of protected areas considered
as UNESCO Natural World Heritage Site, and encompasses three Ramsar
Sites, due to its ecological significance and high biodiversity. However,
the expansion of agriculture frontiers in the Cerrado and Amazon biomes,
exert a strong influence on natural resources on its surroundings (Nobre,
2010; Guerra et al., 2020) and the Pantanal biome susceptibility to changes
appears again in this regional context (Hamilton, 2010).

2.2. Land use and land cover (LULC) data

The time series of LULC class data is an annual 30 m product from
MapBiomas Project (Souza et al., 2020). The LULC maps from Collection
5 were made from Landsat imagery using the Random Forest machine
learning classification process on Google Earth Engine cloud processing
(see more at https://mapbiomas.org/en/methodology-overview). For
Pantanal biome, the making of LULC mosaics prioritized Landsat scenes
of dry period (May to August) by MapBiomas and the reported overall accu-
racy of Brazil classification is 89% (Souza et al., 2020).

10
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Fig. 1. Overview of the Pantanal biome. (a) Location of the Pantanal in South America (b) Delimitation of the Upper Paraguay Basin, highlighting the Brazilian biomes.
(c) Land use and land cover (LULC) studied classes in 2019 and gauge stations locations. (d) Elevation from ASTER-GDEM of the Pantanal and its surroundings.
(e) Historical Monthly averages of Rainfall/pixel and water level at Leverger (light gray: 15°52"12.0”S; 56°04’37.2”W) and Ladario Gauge Stations (dark gray:19° 0’ 7.2”S;

57° 35”42.0 W), from November 2000 to January 2021.

The time range selected from MapBiomas was from 2000 to 2019,
where 2000 was the earliest year available in the dataset. For the purpose
of this research, the original LULC data was reclassified from 14 to 7 classes
for each year, according to the amount of biomass availability or fire load
material classification proposed by Shimabukuro et al., 2020. The con-
verted classes with its original attributes' values are as follow: Forest (3
and 9), Humid Areas (11 and 33), Savanna-Shrubland (4), Grassland (12),
Pasture (15) and Cropland (20, 39 and 41). Other non-vegetated areas (at-
tributes 0, 24, 25 and 30) were not considered in this analysis. The meaning
of the Attributes values can be found on https://mapbiomas.org/en/
codigos-de-legenda?cama_set language =en. Fig. 1 c. is an example of the
final reclassified 2019 map.

2.3. Burned area (BA) data

Time series of BA data was acquired from MCD64A1 Version 6, a
monthly global gridded 500 m product (Giglio et al., 2015), derived from
a composition between processed MODIS Surface Reflectance imagery
coupled with MODIS active fire observations. “BurnDate” band was used,
and the original values assigned for each pixel are the Julian days of the
year on which the burn emerged. The date range went from November
2000 to January 2021 (Fig. 2a).

Precipitation (PREC) data was obtained as a supporting variable as is
considered an important parameter to infer drought magnitude and fuel
load availability assessment (Gomes et al., 2017; Franke et al., 2018).
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