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Abstract

This thesis investigates regional fire patterns and their climatic and anthropogenic controls
in the Brazilian savannas. The focus of this thesis is the Cerrado biome, and the main
analysis consists in three stages: (i) including the fire component to the ecoregional map of
the Cerrado through a classification that includes several fire parameters; (ii) analysing the
climatic controls on regional burned areas; (iii) exploring the anthropogenic influence on
regional fire dynamics. The first stage (i) explores the regional variability in fire behaviours
in Cerrado, employing several satellite-derived datasets and fire attributes, such as extent,
intensity, number, and size. This analysis reveals significant spatial heterogeneity in
fire behaviour over the last two decades, namely in fire size. Then, the second stage
(ii) explores if this geographical variability in fire behaviour is associated with distinct
regional fire-climate dynamics using temperature and precipitation fields. Results show
that extreme fire seasons are associated with both pre-conditioned and concurrent climate:
early fire season burned areas are more influenced by pre-conditioned climate, whereas
late-season fires depend heavily on concurrent weather patterns. Finally, stage (iii) further
adds the anthropogenic component and tests the performance of fire-climate models in
light of human land use, deforestation, and population patterns. A novel approach based
on individual fire events is proposed and different fire-climate-human dynamics are found
for smaller and larger fires. The findings of this thesis emphasize the regional variability
in fire-climate-human relationships and suggest that a one-size-fits-all approach to fire
management in the Cerrado may be insufficient. Moreover, due to the catastrophic 2020
Pantanal fire events, this thesis also explores fire and climate patterns in the region and
the relationship between fire and heatwaves. Given the limited research on fire in the
Pantanal wetlands, both these studies prove important contributions to fire science in the

biome.

Keywords: fire-climate; statistical analysis; Cerrado; Pantanal; Brazil
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Resumo

Ao longo do século XXI, a ocorréncia de grandes incéndios na vegetagao tem captado
a atencao da comunidade cientifica. Embora o fogo seja uma componente essencial do
sistema terrestre, presente ha 420 milhoes de anos, a sua frequéncia e intensidade tém
vindo a alterar-se. Atualmente, estima-se que grande parte dos ecossistemas mundiais
tenha o seu regime histérico de fogo alterado, com consequéncias severas para o seu
funcionamento e biodiversidade. A relacao do fogo com o clima tem sido cada vez mais
estudada a nivel global e existe uma clara dinamica entre estas duas componentes. Por
outro lado, o fogo depende também da agao humana: de forma direta, como fonte de
ignigao e através da gestao da paisagem (afetando a quantidade, estado e continuidade
do combustivel disponivel para arder); e indireta, ao modificar o clima. A presente tese
de doutoramento pretende contribuir para o avanco destes temas na savana Brasileira,
com especial foco no bioma Cerrado. Pretende-se avaliar os padroes de fogo regionais,
assim como a sua relacao com a componente climatica e antropica. O trabalho aqui
apresentado divide-se em trés linhas principais: (i) adicionar a componente do fogo ao
mapa das ecoregides do Cerrado; (ii) analisar qual a influéncia regional do clima no fogo;

(iii) explorar qual a relagao do fogo com atividades humanas.

Numa primeira instancia (i) realizou-se uma andlise inovadora de padroes de fogo regionais
nas ecoregioes do Cerrado, com recurso a variados produtos derivados de satélite, incluindo
areas queimadas, poténcia radiativa, nimero e tamanho de cicatrizes. Esta andalise por-
menorizada das caracteristicas regionais do fogo permitiu complementar o atual mapa das
ecoregioes do Cerrado com informacao relativa ao comportamento regional do fogo. Os
resultados apontam para uma grande variabilidade espacial para todos estes atributos,
com um claro gradiente norte-sul na incidéncia de fogo: ecoregioes localizadas a norte,
nomeadamente na fronteira agricola MATOPIBA, apresentam maiores areas queimadas
e tamanhos de fogo. Por outro lado, fogos intensos estao concentrados no Arco do Des-
matamento e na fronteira com o bioma Caatinga. Usando informacoes de fogos individ-

uais, estratificaram-se os fogos em quatro classes de tamanho de fogo: muito pequeno,



pequeno, médio, e grande. Verificou-se que os fogos grandes, nao sendo frequentes, rep-
resentam a maior parte da area queimada; fogos muito pequenos e pequenos, por outro
lado, constituem a grande maioria dos fogos, mas representam uma por¢ao pequena da
area queimada total. Os resultados obtidos por tamanho de fogo sugerem ainda que os
fatores influenciadores do fogo podem ser diferentes para cicatrizes de tamanhos distintos.
Este trabalho contribui com a primeira andlise de fogo regional no Cerrado usando vérios
atributos e com recurso a diferentes bases de dados. O uso de uma base de dados de
fogos individuais permitiu melhor caracterizar o fogo regional, além de parametros mais
genéricos como area queimada e poténcia radiativa. Ainda, ao adicionar a componente
de fogo ao mapa das ecoregioes do Cerrado, podemos melhor interpretar estes padroes a

luz dos diferentes contextos sécio-econémicos regionais.

De seguida, considerando a grande variabilidade espacial no comportamento de fogo de-
scoberta no passo anterior, pretendeu-se perceber como esta variabilidade estaria rela-
cionada com o clima (ii). Primeiramente, mostrou-se que existe uma variedade geografica
no ciclo sazonal de temperatura e precipitacao entre ecoregioes do Cerrado: a variacao
intra-anual de temperatura varia fortemente entre ecoregioes, com forte agregacao ge-
ografica; por outro lado, o ciclo sazonal de precipitacao é semelhante em todo o Cerrado,
com um periodo seco de Maio a Setembro. Para investigar como estas variaveis se rela-
cionam com a ocorréncia de fogo, avaliaram-se os padroes de temperatura e precipitagao
mensais para épocas de fogo (Agosto a Outubro) extremas. Em geral, épocas de fogo
severas estao ligadas a condigoes quentes e secas em dois periodos: o outono austral (de
Margo a Maio) e durante os meses da época de fogo; por outro lado, épocas de fogo mod-
eradas, estao associadas a condigoes frias e humidas durante os mesmos periodos. Ha, no
entanto, alguma variabilidade espacial nestas relagoes entre ecoregioes, dado que nem to-
das apresentam relacoes significativas com ambos os periodos. De seguida, investigou-se
se os diferentes meses da época de fogo (Agosto, Setembro e Outubro) teriam os mes-
mos controlos climaticos. Para tal, analisaram-se areas queimadas extremas mensais para
cada um destes meses. Em geral, os resultados indicam que as dreas queimadas de Agosto
estao mais associadas as pré-condigoes durante o outono austral, enquanto que as areas
queimadas de Outubro apresentam fortes anomalias nas varidveis meteorolégicas concor-
rentes. Esta discrepancia na importancia do clima antes e durante a época de fogo parece

ser devido aos efeitos do clima na vegetacao: no inicio da época de fogo, em Agosto, areas
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queimadas estao mais associadas as condigoes meteorolégicas durante o outono austral,
como proxy do estado da vegetacao; por outro lado, no final da época de fogo, dado a
exposicao prolongada a condicoes quentes e de seca, a vegetacao esta seca e a ocorréncia
de fogo estd ligada as condigoes meteoroldgicas atuais. Estes resultados informam direta-
mente politicas de manejo de combustivel nas varias ecoregioes do Cerrado, e reforcam a

necessidade de estudar os controlos do fogo ao nivel regional.

Considerando estas discrepancias regionais na relacao fogo-clima, investigou-se de seguida
(iii) qual a relagao do padrao de fogo com a presen¢a humana no bioma. Para tal, usou-
se informacao de uso da terra antrépico, desmatamento e populagao, para analisar a
distribuicao geografica das relagoes fogo-clima para diferentes tamanhos de fogo. Esta
analise inovadora com base em cicatrizes individuais, pretende investigar se, para difer-
entes tamanhos de fogo, existem relagoes diferentes com o clima e com a atividade hu-
mana, como sugerido em estudos anteriores (i). Classificaram-se os fogos por ecoregiao do
Cerrado, em fogos extremos (top 5%) e moderados (restantes 95%). Ajustando modelos
simples de regressao linear observou-se que o clima, avaliado através de um indice de risco
de fogo, é um fator importante na variacao anual de dreas queimadas para fogos extremos
e moderados. A performance dos modelos varia de forma consideravel entre ecoregioes,
e a variancia total explicada para o total de fogos é consideravelmente diferente daquela
para fogos moderados/extremos. Alinhando estes modelos fogo-clima consoante a pre-
senca antropica por ecoregiao, observa-se um padrao espacial para os fogos moderados,
onde ecoregioes com menos de 35%-37% de cobertura do solo antrépico; 37%-38% de des-
matamento; e com populacao abaixo de ~ 800,000 individuos, obtém relagoes mais fracas
com o clima. As ecoregides com estas caracteristicas de cobertura do solo antrépica e
desmatamento estao localizadas no MATOPIBA. Isto indica que o clima nao é o fator
preponderante na variacao anual de fogos moderados em ecoregioes onde estd a ocorrer
expansao antrépica e que, possivelmente, fatores socioeconémicos e politicos tém um pa-
pel fundamental. No caso de fogos extremos, nao se observou nenhum padrao espacial
relacionado com atividade humana. Este trabalho reflete no uso de fogos individuais
no estudo dos seus potenciais controlos, e em como estas relacoes podem ser diferentes

dependendo das caracteristicas individuais do evento.

Finalmente, o bioma Pantanal apresenta algumas semelhancas com o Cerrado, sendo

também ele um bioma dependente do fogo com vastas areas de formacao savanica. Em
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2020, o Pantanal viu uma das suas épocas de fogo mais destrutivas, com cerca de um
terco do bioma afetado. Estes eventos tiveram vastas consequéncias, a nivel ecoldgico,
econdémico e de satide piblica, e trouxeram a luz a falta de conhecimento cientifico acerca
do fogo na regiao. Assim, esta tese contribui para preencher essa lacuna com dois estudos
no Pantanal: analisa os padroes de fogo e clima na maior Reserva Natural do Patrimonio
Natural (RPPN) do pais, a RPPN Sesc Pantanal; e relaciona a ocorréncia de ondas de
calor com drea queimada no Pantanal trinacional (Brasil, Bolivia e Paraguai). No primeiro
estudo, avaliou-se o desempenho de um produto de area queimada de alta resolu¢ao numa
reserva natural, e analisaram-se os padroes climaticos dos ultimos 40 anos. A luz dos
eventos de 2020 no Pantanal, este estudo reflete sobre as politicas de manejo da paisagem
e do fogo, e no uso e limitagoes de produtos de larga escala onde nao existem outras fontes
de dados disponiveis. O segundo estudo, procura relacionar a ocorréncia de ondas de calor
no Pantanal trinacional com areas queimadas, e projectar vulnerabilidade futura. Usando
um modelo estatistico, observa-se que a area queimada esta fortemente relacionada com
um indice de ondas de calor. Apds validacao e ajuste de 2 modelos regionais do clima
(cada um for¢ado por 3 modelos globais), mostra-se que as temperaturas maximas e a
ocorréncia de ondas de calor irao aumentar no Pantanal sobre dois cendrios distintos de

alteragoes climaticas.

Deste modo esta tese contribui com novo conhecimento dos padroes regionais do fogo e os
seus controlos climaticos e antrépicos no Cerrado, e ainda com dois estudos sobre padroes
de fogo e clima no Pantanal. Todos os trabalhos aqui apresentados apresentam avancos
consideraveis no conhecimento do comportamento do fogo nestes biomas que, comparando

com outros ecossistemas mundiais, obtém menor atengao da comunidade cientifica.

Palavras-chave: fogo-clima; andlise estatistica; Cerrado; Pantanal; Brasil
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Chapter 1

Introduction

This chapter is partly based on the following book chapters:

e Silva, P. S., Libonati, R., Schmidt, I. B., Nogueira, J., and DaCamara, C. C.
(2024a). Climate Change and Fire: The Case of Cerrado, the Brazilian Savanna.
In Mishra, M., de Lucena, A. J., and Maharaj, B., editors, Climate Change and
Regional Socio-Economic Systems in the Global South, chapter 6, pages 87-105.

Springer Nature Singapore, 1st edition

e Silva, P. S., Libonati, R., Marengo, J., Costa, M. C., Alves, L., and Schmidt, I.
(in press). Fire in the Anthropocene. In Vania Pivelo and Alessandra Tomaselli

Fidelis, editor, Fire in South American ecosystems, chapter 13. Springer Nature



1.1 Fundamentals of fire science

Fire has been a natural disturbance in the Earth system for over 420 million years (Bow-
man et al., 2009), and its environmental controls have long been subject to study. In
general, it is widely recognized that fire requires biomass available to burn, atmospheric
conditions conducive to combustion, and an ignition source (Moritz et al., 2012). How-
ever, fire activity affects natural terrestrial systems in a wide range of spatial and temporal
scales (Moritz et al., 2005): from local (e.g. individual plants) to global (e.g. by shaping
vegetation and biome distribution) scales; and from a single fire event to its effect on

evolutionary time scales (e.g. by influencing species distribution and abundance).

Fire science has evolved substantially over the last few decades marked, for instance, by the
emergence of remote sensing, automatic detection, and increased modelling capabilities.
This allowed a better assessment of fire activity, but also of the environmental controls of
fire that act at distinct spatial and temporal scales. Fire triangles are a common starting
point for conceptualizing these interactions, and Figure 1.1 illustrates a widely accepted
conceptual model that describes the controls of fire activity across multiple spatial and

temporal scales (Moritz et al., 2005; Higuera, 2015).

At the local scale, the fire-fundamentals are illustrated based on the interaction between
oxygen, heat, and fuel. When the occurrence of all these drivers evolves into a fire event,
its behaviour is no longer describable solely by oxygen, heat and fuel. The fire behaviour
triangle illustrates the main factors that influence fire behaviour, particularly its speed,
direction, duration, and flame characteristics (UNEP, 2022): topography (slope, aspect,
elevation), weather (mainly through temperature, precipitation, relative humidity and
wind) and fuel (vegetation type and condition, amount, continuity, extent, among other
factors). The link between fire and weather is long and widely known (Schroeder et al.,
1970), and when meteorological conditions favour the occurrence and spread of fire, it is
commonly referred to as fire weather (Schroeder et al., 1970; Quilcaille et al., 2023). Fire
weather conditions generally include, but are not limited to, high temperatures and wind
speeds, associated with low relative humidity and precipitation. Fuel is also present in
the traditional fire triangle, where it represents any material that is capable of burning,
however, for fire behaviour, the type of vegetation, its patchiness, and dryness, among

others, become detrimental to understanding the evolution of a fire event.
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Figure 1.1: A conceptual model describing the controls of fire across distinct spatial and temporal scales.
Adapted from Aratjo et al. (2024).

Lastly, in ecosystems where fire is an important ecological component, there is a broad
level of stability in its parameters, commonly referred to as the “fire regime”: the “char-
acteristic pattern of fire established over time and space” (UNEP, 2022). Although there
is no formal definition, the fire regime comprises a set of parameters used to describe his-
torical fire patterns, including ignition sources, frequency, intensity (the amount of energy
released during the fire), extent (burned area), seasonality and heterogeneity (patchiness).
Fire regimes are defined on large spatial (ecosystem or landscape) and temporal (decades
to centuries) scales and are influenced by ignition sources (source, seasonality, density,
location and timing), vegetation (productivity, flammability, and distribution), and cli-
mate (including moisture content, length and severity of the dry season, extreme wind

patterns) (Figure 1.1).

Although these definitions are employed worldwide, each ecosystem has its own relation-
ships with fire. With increasing anthropogenic presence in ecosystems and the remarkable
influence of humans on fire activity (e.g. by increased ignitions, landscape management,
or climate change), the human component has to be incorporated in the controls and
drivers of fire activity and there is a need to better assess the interactions between these
variables. In the next section, we will delve on the impacts of fire activity in ecosystems

worldwide and how humans are influencing and shaping these dynamics.



1.2 The role of fire in the Earth system

Fire is an essential feature of the Earth system that influences global ecosystem patterns
and processes, such as climate, vegetation, biogeochemical cycles, and human activity,

and also feedbacks to them in multiple ways (Figure 1.2).
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Figure 1.2: Landscape perspective of the multiple factors that influence, interact with, and are impacted
by vegetation fire. Fires have numerous direct and indirect effects that impact the biosphere (including
vegetation cover), geosphere (including soil erosion), hydrosphere (including fluvial sediment and nutrient
transport), cryosphere (including soot fallout and changed albedo) and atmosphere (including smoke
pollution). From Bowman et al. (2020).

For instance, fire modifies the Earth’s radiative balance by emitting large quantities of
greenhouse gases and aerosols into the atmosphere, changing its composition and how
it interacts with solar radiation (Bowman et al., 2020): greenhouse gases trap infrared
radiation and increase the greenhouse effect, whereas aerosols reduce transmission of
solar energy to the surface. The occurrence of extreme fires can generate deep, smoke-

infused thunderstorms, known as pyrocumulonimbus (PyroCb: Figure 1.2), further inject-
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ing aerosols into the atmosphere and impacting radiation budgets (Peterson et al., 2018).
These storms positively feedback with fire by increasing lightning strikes and igniting new
fires (McRae et al., 2015). Moreover, high amounts of black carbon in smoke influence
the Earth system by inhibiting rainfall (Rosenfeld, 1999), and the transport and eventual
fallout of black carbon to the cryosphere reduces albedo and increases snow and ice melt

(Thomas et al., 2017; Skiles et al., 2018).

1.2.1 Fire-vegetation feedbacks

Fire shapes ecological communities worldwide influencing vegetation distribution, struc-
ture and composition. In a world without fire, considering climate as the sole determinant
of global vegetation, Bond et al. (2005) found that closed forests, which currently cover
a quarter of the globe, would double in size. It has been proposed that fire-tree cover
feedbacks maintain savanna and forest as alternative stable states, as fire sustains savan-
nas where climate favours forests by limiting tree cover and maintaining open canopies

which, in turn, creates favourable conditions for further fire activity (Staver et al., 2011).

However, fire can either be a beneficial or damaging disturbance depending on the ecosys-
tem. While those with little or no evolutionary exposure to fire will likely see negative
effects, ecosystems with a history of fire experience selective pressures that cull and shape
the species pool and the environment in line with the fire regime (UNEP, 2022). Global
ecosystems may then be classified through their relationship with fire and its evolutionary

role (Hardesty et al., 2005):

e Fire-sensitive ecosystems are those where species have not evolved with the pres-
ence of fire. While fire may play a secondary role in maintaining natural ecosystem
processes and structure, they are not able to respond positively or rebound after fire.
They represent 22% of ecosystems on Earth and include, for example, mangroves

and many tropical and subtropical broadleaf forests.

e Fire-independent ecosystems represent 15% of Earth, and are those that naturally
lack sufficient fuel or ignition sources to sustain fire, and thus fire is not considered

an evolutionary force. Examples are tundras and deserts.

e In fire-dependent ecosystems, fire is a fundamental disturbance, sustaining native

fauna and flora while occurring at the natural bounds set by seasonal climates, fuel
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Figure 1.3: Comparison of fire regimes under natural (lightning) and anthropogenic drivers in both fire-
dependent (e.g., savanna) and fire-sensitive (e.g., rainforest) Brazilian ecosystems. From Pivello et al.
(2021).

accumulation, ignitions and other natural factors (Hardesty et al., 2005). These
natural fires are often triggered by lightning and incandescent fallout from volcanic
eruptions (Glikson, 2013). Species in fire-dependent ecosystems have evolved with
fire and developed adaptations, such as thick barks, fire stimulated recruitment,
crown sprouting or below-ground reserve structures (Bowman et al., 2009). The
vast majority of ecosystems on Earth are fire-dependent (55%), including grasslands,

savannas, boreal, and Mediterranean forests.

In general, in fire-dependent ecosystems, the occurrence of fire tends to favour grasses
and herbaceous plants over woody species, promoting open environments. Conversely,
fire-sensitive ecosystems that do not see frequent fire support longer-lived species and

adaptations to fire will be rare (Figure 1.3).

However, altered fire regimes can considerably disturb these natural dynamics (Figure
1.3). In fire-dependent ecosystems, species are not simply adapted to fire but instead to
a set of environmental conditions that encompass the fire regime that, when altered, may
severely disrupt ecosystem services. For instance, high fire frequency favours herbaceous

plants that are fire-adapted and more resilient, to the detriment of woody species, which



leads to lower biodiversity and decreased aboveground biomass (Pivello et al., 2021).
Conversely, fire exclusion causes woody encroachment and an increase in aboveground
biomass, associated with acute biodiversity loss (Figure 1.3; Rosan et al., 2019; Abreu
et al., 2017). Additionally, altered fire regimes in fire-dependent ecosystems increase the
exposure and vulnerability of adjacent ecosystems that are not adapted to fire, such as

seasonally flooded forests (Bilbao et al., 2020).

In fire-sensitive ecosystems, where the fire return interval is estimated to be in the hun-
dreds or even thousands of years (Kauffman and Uhl, 1990), increased fire frequency leads
to high tree mortality and extensive damage to roots (Figure 1.3). In general, this leads
to an increasingly open environment that promotes fuel drying, which in turn makes the

forest even more susceptible to fires (Pivello et al., 2021).

In short, fire plays an important role in maintaining biodiversity in fire-dependent ecosys-
tems, where many plants, animals, and ecosystems depend on particular temporal and
spatial patterns of fire (Kelly et al., 2020), and is detrimental to ecosystem services and

biodiversity in fire-sensitive ecosystems.

1.2.2 The human component

Humans have shaped patterns of global burning for millennia (Bowman et al., 2020).
Initially, fire was used for warmth, cooking and hunting (Glikson, 2013). More recently,
as the transition from subsidence to industrial economies unfolded, forests turned into
agricultural or pastoral landscapes through the use of fire (Bowman et al., 2009), and with
increased landscape fragmentation the use of fire became utilitarian, for uses such as crop
enhancement, charcoal production, and smelting activities (Gillson et al., 2019). Humans
now directly influence fire regimes by modifying landscapes and fuel loads, by suppressing
natural ignitions whilst also being an ignition source, and indirectly by affecting the

climate (Figure 1.4).



Factors and conditions influencing wildfire occurrence

« Moisture

« Condition

» Vegetation type
» Soil organic content
o Continuity
« Amount

» Structure

IGNITION
SOURCES

Firebreaks o
Hazard reduction »

o Human activities
« Lightning
o Escaped fires

FIRE
MANAGEMENT

. FIRE

Pre-suppressions [ BEHAVIOUR
Suppressione / o Fireline intensity 1

@ Spotting

® Fire spread rate

® Flame height

Wind speed/direction
Air temperature o
Relative humidity «
Stability 4

Solar radiation,
Rainfall e

o Slope
® Aspect
& Elevation

IMPACT
MITIGATION

 Fire management
» Evacuation
* Recovery planning

IHlustration by Andrew Sullivan/CSIRO, 2021. GRID-Arendal/Studio Atlantis, 2021

Figure 1.4: A wildfire is the result of a complex interaction of biological, meteorological, physical, and
social factors that influence its likelihood, behaviour, duration, extent, and outcome (i.e., its severity
or impact). Changes in many of these factors are increasing the risk of wildfire globally (e.g., climate
change is increasing the frequency and severity of weather conducive to wildfire outbreaks, and changed
demographics in high-risk regions are increasing the potential impacts of wildfires). From UNEP (2022).

The beginning of the 20" century saw a decrease in global fire activity, mostly due to fire
suppression and elimination and highly modified and fragmented landscapes (Mouillot
and Field, 2005). In many fire-prone ecosystems, fire suppression and elimination has
homogenised and simplified landscapes, eroding their ability to recover from disturbance,
and setting the stage for larger and more intense fires (Gillson et al., 2019). Accordingly,
the latter half of the 20" century is marked by an increase in global burned areas that

are not spatially homogeneous, with regional fire regimes showing great differences in the



magnitude and direction of change (Mouillot and Field, 2005). Many ecosystems where
fire is historically absent or rare have burned recently, such as the Amazon rainforest
(Barlow et al., 2019). Tropical forests, in particular, saw an exponential increase in
biomass burning over the last few decades due to deforestation associated with agricultural

expansion (Mouillot and Field, 2005).

Additionally, anthropogenic climate change has led to increases in fire weather conditions
worldwide (Jones et al., 2022; Liu et al., 2022; Touma et al., 2021), driven mainly by
alterations in temperature and precipitation patterns. The last decades have been marked
by lengthened fire seasons (Jolly et al., 2015; Richardson et al., 2022) and an increasing
trend in global extreme fire weather (Jain et al., 2021). In turn, extended and severe
fire seasons contribute to higher levels of atmospheric aerosol concentrations, triggering

feedback mechanisms between fire and climate (Bevan et al., 2009; Cox et al., 2008).

Despite generalized aggravated fire danger due to climate change, the beginning of the
215 century saw a decrease in global burned areas, due to the substantial decrease in
fire activity over savanna and grassland ecosystems because of agricultural expansion and
intensification (Andela et al., 2017). In line with other studies (e.g. Jones et al., 2022;
Syphard et al., 2017; Kelley et al., 2019), this illustrates that the relationship between
fire and climate may be altered or even superseded by human activities. Nevertheless,
the strong association and feedback mechanisms between anomalous fire weather and
extreme fire behaviour suggest that anthropogenic climate change will impact future fire
regimes (Bowman et al., 2020; Flannigan et al., 2013). Indeed, future climate change is
projected to change global fire patterns (Moritz et al., 2012; Pechony and Shindell, 2010),
associated with the expansion of fire-prone areas worldwide (Senande-Rivera et al., 2022)

and a continued increase in fire weather conditions (Clarke et al., 2022; Abatzoglou et al.,

2019).

Alongside socioeconomic and environmental changes, anthropogenic climate change has
also contributed to a rise in extreme fires worldwide (Liu et al., 2022; UNEP, 2022).
Wildfires, defined as “unusual or extraordinary free-burning vegetation fires with nega-
tive impacts,” have a synergic relationship with climate change in which they are mu-
tually exacerbating: meteorological conditions favourable to wildfires are increasing over

many regions of the globe, while wildfires further contribute to climate change by emit-



ting massive amounts of greenhouse gases to the atmosphere and accelerating ecosystem
degradation (UNEP, 2022). Wildfires have been shown to be closely linked to extreme
fire weather conditions and future projections point to an increase in days conducive to
wildfire events by 20% to 50% in many fire-prone landscapes (Bowman et al., 2017). It is
also expected that wildfires will become longer and more intense in the future (Quilcaille

et al., 2023).

Over the last decades, fires have also been a substantial source of carbon dioxide, re-
leasing 2.2 Pg of carbon per year in the period of 1997 to 2016, representing almost a
quarter of global carbon emissions from fossil fuel combustion (van der Werf et al., 2017).
Around a fifth of this value is due to deforestation and agricultural practices (van der Werf
et al., 2017), estimated to contribute up to 19% of the total increased radiative forcing
since pre-industrial times (Bowman et al., 2009). While vegetation fires may see some of
the carbon re-captured due to post-fire recovery, permanent deforestation or burning of
organic deposits - such as peatlands - are net sources of carbon to the atmosphere (Bow-
man et al., 2020), further contributing to the previously mentioned feedback mechanism

between climate and fires.

Accordingly, anthropogenic activity influences fire over multiple temporal and spatial
scales. Considering the fire behaviour and regime triangles (Figure 1.1), humans now
directly or indirectly influence all its components by altering the amount, type, and con-
nectivity of fuel, the frequency of ignitions, and disrupting climate patterns. Currently,
there are very few environments that are not influenced by anthropogenic fires: around
93% of fire-sensitive ecosystems and 77% of fire-dependent ecosystems worldwide show
altered fire regimes where fire is thought to be occurring beyond natural bounds (Hard-
esty et al., 2005). Changes in historical fire activity threaten biodiversity worldwide,
particularly savannas, grasslands, shrublands and forests (Kelly et al., 2020). Moreover,
as climate changes and ecological thresholds are crossed, the relative dominance of species

will alter, both responding to and driving changes in fire conditions (Gillson et al., 2019).

1.3 Fire in Brazilian biomes

In the global context, Brazil is a major fire hotspot, along with northern Australia, central

and southern Africa, and Eurasia (Bowman et al., 2020). Amongst South American
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countries, Brazil is by far the largest contributor to the sub-continent’s total fire count,
representing around 57% of annual fires (Figure 1.5). Brazil is also the most affected
country in terms of total burned areas, with an annual average of 34.5 Mha over the
20012019 period, which represents roughly 4% of its territory (Bilbao et al., 2020). Over
the last decade, Brazil has experienced unprecedented wildfires (e.g. Libonati et al., 2020;
Silveira et al., 2020) with severe impacts on animal populations (e.g. Tomas et al., 2021)

and public health (e.g. Machado-Silva et al., 2020).
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Figure 1.5: Annual average active fire counts as detected by MODIS/AQUA sensor from 2003-2022 per
South American country. The average of all countries in South America (SA) is represented in a solid
black line. From Silva et al. (in press).

Nevertheless, the impacts of fire in Brazilian ecosystems differ greatly. Brazil is home
to several unique ecosystems, including some of the most important phytogeographical
domains in South America (Dionizio et al., 2018). There are six Brazilian biomes, as
defined by Instituto Brasileiro de Geografia e Estatistica (IBGE): the Amazon rainforest;
the savannas of Cerrado; the Atlantic Forest; the semi-arid lands of Caatinga; the Pantanal
wetlands; and Pampa. These ecosystems have very distinct relationships with fire (Figure
1.6): Cerrado, Pantanal and Pampa are fire-dependent; the Amazon and the Atlantic
Forest are fire-sensitive; and Caatinga is fire-independent. Accordingly, the occurrence

of fire will have a very different impact and role in each of these ecosystems, and these
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differences are to be kept in mind when studying fire activity in Brazil.
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Figure 1.6: Brazilian vegetation types classified as fire-dependent, fire-sensitive and fire-independent,
following Hardesty et al. (2005). Open vegetation types (grasslands, open savannas) are classified as
fire-dependent; forests (rainforests, seasonal forests, woodland savanna) are classified as fire-sensitive,
and xerophytic vegetation is classified as fire-independent. The inlay bars indicate the density of fire foci
in 2020 for each fire sensitivity class. From Pivello et al. (2021).

1.3.1 Cerrado, the Brazilian savanna

Cerrado is the second largest biome in South America covering around 2 million km? in
central Brazil (Figure 1.7). Cerrado is a highly heterogeneous landscape with 11 main
phytophysiognomic types (Ribeiro and Walter, 2008): grasslands (campo sujo, campo
limpo, campo rupestre); savanna formations (cerrado sensu stricto, parque de cerrado,
palmeiral, vereda); and forest formations (mata ciliar, mata de galeria, mata seca, cer-
radao). Cerrado is also the most floristically diverse savanna in the world (Myers et al.,
2000; Klink and Machado, 2005) with over 13,137 plant species, on par with the 13,214
plant species reported for the Amazon region (Overbeck et al., 2015). A high degree of
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endemism has been observed for plants and animals of Cerrado (Silva and Bates, 2002)
with around 4,800 species of plants and vertebrates unique to the biome (Strassburg et al.,

2016).

Figure 1.7: A typical Cerrado landscape in Chapada dos Guimaraes, Mato Grosso (MT), during the dry
season. Photo taken by the author.

Climate in Cerrado is markedly seasonal with an extended dry season from May to
September (Pivello, 2011) and, according to the Koppen climate classification, the pre-
vailing climate type is tropical seasonal (Aw) supporting a dry winter and rainy summer
(da Silva Junior et al., 2020). However, Cerrado is already showing significant changes
from its historical record. Since 1961, maximum and minimum temperatures have in-
creased by 2.2-4.0 °C and 2.4-2.8 °C, respectively, and relative humidity has decreased
by about 15% (Hofmann et al., 2021). The MATOPIBA region (the confluence of states
Maranhao — MA, Tocantins — TO, Piaui — PI, and Bahia — BA) shows temperature in-
creases at a rate of 0.3 °C per decade since 1981, with a warming rate of 0.45 °C per
decade after the turn of the 215 century, associated with decreasing rainfall, an increase

in dry day frequency, and drought (Marengo et al., 2022).

Additionally, recent studies point to a very degraded biome. Around 46% of Cerrado’s
native vegetation cover has been lost and only 19.8% remains undisturbed (Strassburg

et al., 2017). Despite falling annual deforestation rates since the 2000s (Lapola et al.,
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2014), around 93,000 km? of natural vegetation cover have been converted into agricul-
tural lands from 2002 to 2009, an indication that current deforestation rates are still
high and increasingly leading to landscape fragmentation and loss of ecosystem function
(Overbeck et al., 2015). Southern Cerrado has most of its territory now deprived of native
vegetation as a result of historical land conversion into agriculture and pasture lands since
the 1960s (Sano et al., 2020). Continuous stretches of intact and undisturbed Cerrado
are mostly located within the transitional area between Cerrado and the Amazon, com-
monly referred to as the Arc of Deforestation (Marques et al., 2020), or within Brazil’s
latest agricultural frontier, the MATOPIBA. Both these regions have seen high conver-
sion rates over the last few decades and, during 2013-2017, the mean deforestation rate in
MATOPIBA was 241% higher than any other region in the biome (Trigueiro et al., 2020).
Land conversion in Cerrado is mainly associated with human activities as a result of the
dramatic changes in land use promoted by large-scale agriculture (soybean, rice, corn, and
cotton monocultures), livestock ranging, and mineral extraction (Overbeck et al., 2015;

Klink and Machado, 2005).

Heavily contrasting with its neighbouring biome, the Amazon, less than 7% of Cerrado’s
present cover is under legal protection (Soares-Filho et al., 2014). Unlike the rainforest,
Cerrado does not have a Soy Moratorium (Soterroni et al., 2019), and there is also no
well-established and routinized deforestation surveillance program (Lapola et al., 2014).
Over the last decades, the ongoing economic development has been at the expense of
native cover and associated ecosystem services, including fire, severely disturbing and

threatening Cerrado’s unique landscapes.

1.3.1.1 Fire in Cerrado

As discussed above, Cerrado is considered a fire-dependent biome (Hardesty et al., 2005),
where fire has been a frequent and natural disturbance for millions of years (Mistry, 1998;
Simon et al., 2009). Fire is thus a key component in defining the biome’s physiognomy
and structure, influencing species abundance and diversity (Simon et al., 2009; Simon and
Pennington, 2012). Many species from Cerrado grasslands and savannas are fire-resistant,
which makes this biome very resilient to fire activity (Pivello, 2011): several plant species
have belowground woody organs that promote quick leaf and flower sprout after fire;

Cerrado’s typical twisted trees and shrubs have developed thick bark layers and fruit walls
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that protect their tissues and seeds from high temperatures; and belowground biomass
is at least two times higher than aboveground biomass. Fire further contributes to trait
variability in plants (Hoffmann et al., 2012a; de L. Dantas et al., 2013) and affects their
reproductive success by influencing seed germination and flowering (Fidelis and Blanco,
2014; Fidelis et al., 2022). It modifies competition among trees and herbaceous plants such
as grasses, shrubs, and lianas (Dionizio et al., 2018) and affects nutrient cycling (Nardoto
et al., 2006). Frequently burned sites in Cerrado tend to become grassy and open, as
most trees are killed or maintained in short stature by fire and ash deposition brings
nutrients to the surface soil (Pivello, 2011). Consequently, along with rain seasonality
and soil features, fire acts as one of the vegetation determinants in Cerrado (Lehmann

et al., 2014).

In Cerrado, lightning-induced ignitions primarily occur during the transition period be-
tween the rainy and dry seasons (Ramos-Neto and Pivello, 2000; Schumacher et al., 2022),
producing low-intensity fires constrained by soil and fuel moisture (Ramos-Neto and Piv-
ello, 2000; Alvarado et al., 2020), that trigger a positive feedback loop by favouring the
growth of grass species that is not to the detriment of tree species (Hoffmann et al., 2012a).
However, the vast majority of ignitions in the Cerrado are anthropogenic, leading to larger
and more intense fires that trigger changes to the floristic composition and community
structure of tree-shrub vegetation, favouring fire-resistant species and negatively impact-
ing fire-sensitive species (de Azevedo et al., 2020). Anthropogenic ignitions prevail in the
dry season and for a variety of reasons: in areas with native vegetation cover, fire is usu-
ally used as an inexpensive tool to clean up deforested or degraded areas (da Silva Junior
et al., 2020), whereas in small-scale agricultural areas, fire serves a diversity of purposes,
such as the management of species and landscapes, cattle raising upon native or exotic

pasturelands, and subsistence agriculture (Schmidt et al., 2007; Eloy et al., 2019).

On par with savannas worldwide (Shlisky et al., 2008; Archibald, 2016), human influence
has been disrupting fire regimes in Cerrado. Cerrado is responsible for more than half of
Brazil’s annual burned areas (Figure 1.8), burning vast areas every year (de Aratjo et al.,
2012; Bilbao et al., 2020) that mostly affect the native vegetation remnants (Oliveira et al.,
2022). Recent estimates show that around 3.4% of the biome burns annually (Alencar
et al., 2022), and, alongside the Amazon rainforest, Cerrado has the largest number of

fires country-wide (Pivello et al., 2021; da Silva Junior et al., 2020).
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Contribution of the Cerrado to Brazil’s annual burnt area, 2001-2019
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Figure 1.8: The inter-annual variability of burned area in Brazil from 2001-2019 is shown in grey and the
corresponding percentage from the Cerrado biome is shown in red. All panels use the MODIS MCD64A1
500 meter product. From UNEP (2022).

Alterations in Cerrado’s historical fire regime severely weakened the biome by limiting
regeneration capabilities (Santana et al., 2020; Rosan et al., 2019) and compromise Brazil’s
pledges to the Paris Agreement (da Silva Junior et al., 2020). In the period of 1999 to 2018,
Cerrado was responsible for emitting more than 2,500 Tg of carbon to the atmosphere,
second only to the Amazon, and these rates are not expected to decrease (da Silva Junior
et al., 2020). Moreover, a reduction in the biomass of fire-sensitive species may transform
Cerrado from a carbon sink into a source of carbon emissions (de Azevedo et al., 2020).
According to a study covering the period from 2005 to 2016, ozone emissions have also
been rising in Cerrado, reducing air quality and increasing regional health risks (Pope

et al., 2020).

1.3.2 The Pantanal wetlands

The Pantanal biome covers 179,300 km? across Brazil (78%), Bolivia (18%) and Paraguay
(4%), and is considered the largest continuous stretch of wetlands in the world (Tomas
et al., 2019). In Brazil, Pantanal is located within the states of Mato Grosso (MT; 35%)
and Mato Grosso do Sul (MS; 65%).

As the name suggests, Pantanal is a periodically flooded savanna located in the Upper
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Paraguay River Basin (UPRB) comprising around 41% of its territory (Junk et al., 2014).
Pantanal is characterized by an ever-changing boundary between land and water, where
vast areas change seasonally from terrestrial to aquatic systems (Figure 1.9; Alho and
Silva, 2012). Its landscape consists of a mosaic of floodable and non-floodable savan-
nas, grasslands, forests, open woodlands, and temporary or permanent aquatic habitats
(Tomas et al., 2019). This allows for a high biodiversity (Tomas et al., 2019; Junk et al.,
2011), where animals thrive with minimal competition due to a mismatch in the produc-

tion of food and other ecological resources (Alho and Silva, 2012).

Figure 1.9: A typical Pantanal landscape in the RPPN Sesc Pantanal, Mato Grosso (MT), during the
dry season. Photo taken by the author.

Pantanal is highly dependent on the highlands of Cerrado due to its river sources, and the
flood pulse in Pantanal is heavily influenced by the Amazon rain regime on the northern
Paraguay River and thus spreads from north to south, reaching the southern regions later
in the dry season (Guerra et al., 2020; Bergier et al., 2018). The biome has well-defined dry
and wet seasons: rainfall occurs in the austral summer (November to March), producing
a seasonal flood pulse (Tomas et al., 2019). During summer, concurrent with the rainy
season, the rivers overflow their banks and flood the lowlands, inundating around 70% of
the floodplain that remains flooded for around 4 to 8 months per year (Marengo et al.,

2015). Over the dry season, the Paraguay and Parand rivers withdraw into their banks,

17



partially draining the lowlands (Marengo et al., 2015).

However, in par with worldwide trends, the climatic patterns of Pantanal have been
changing. Current temperature trends in the biome are four times greater than the
average global warming (Libonati et al., 2022a), leading to the increased occurrence of
extreme heat events (Marengo et al., 2021a; Libonati et al., 2022a). Precipitation patterns
are altered, soil moisture is decreasing (Marques et al., 2021), and drought periods are
becoming more frequent, such as the event from 1961/1962 to 1971/1972 (Alho and Silva,
2012), or the historical drought affecting Pantanal since 2019 (Marengo et al., 2021b).
Since 1960, there is also a marked increase in the number of days without precipitation,

and a decrease in the available surface water during the dry season (Lazaro et al., 2020).

Moreover, Pantanal’s landscape has been changing rapidly. The native vegetation of the
plateau has been extensively replaced by mechanized agriculture since the 1970s, with a
predominance of grain monoculture (soybean, maize, and cotton) and sugarcane for the
production of biofuels (Guerra et al., 2020). Much like the Arc of Deforestation, Pantanal
also shows an “arc” with an increased probability of native vegetation loss: this arc of
vegetation starts on the plateaus of Cerrado and Amazon and continues inwards towards
the lowlands of Pantanal, across the transitional areas between biomes and comprising
non-flooded areas suitable for agriculture (Guerra et al., 2020). These transitional areas
are also those where anthropogenic expansion has been happening in previous years,
showing a clear pattern of agricultural expansion into non-flooding areas. The seasonally
flooded grasslands of Pantanal are used as pastures for cattle raising, an activity that has
been going on for two and a half centuries and represents the main economy in the region
(Damasceno-Junior, 2021). There are around 3,000 ranches in the Brazilian Pantanal,
but the numbers for Bolivia and Paraguay are not known (Tomas et al., 2019). In Brazil,
the states encompassing the UPRB, Mato Grosso do Sul and Mato Grosso, are the main
cattle producers in the country (respectively, producing 10% and 14% of the Brazilian
herd; Guerra et al., 2020).

Pantanal lacks protective legislation and law formulation is often undermined or weak-
ened given the strong influence of the politically powerful agribusiness sector (Schulz et al.,
2019). The Brazilian Pantanal is mostly comprised of private lands, around 93% of its

area, and only a very small part is protected (Tomas et al., 2019): strictly protected areas
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cover around 14,800 km? (5.71% of the biome); and private protected areas cover around
3,046 km? (1.7%). In the UPRB there are two UNESCO Biosphere Reserves contain-
ing protected and managed areas: the Pantanal Biosphere Reserve in Brazil (UNESCO,
2024b) and the El Chaco Biosphere Reserve in Paraguay (UNESCO, 2024).

1.3.2.1 Fire in Pantanal

As pointed out above, Pantanal is considered a fire-dependent biome, where both flood
and fire act as ecological filters, and the ecosystem is resilient if their historical patterns
do not change (Pivello et al., 2021; de Oliveira et al., 2014). Although the interaction
between flood and fire is not yet fully understood, they affect the structure of riparian
forests in Pantanal by regulating the abundance and composition of species (de Oliveira
et al., 2014; de S& Arruda et al., 2016). For instance, the occurrence of monodominant
vegetation types, such as the “Paratudal”, has been linked to the synergy between flood
and fire (Manrique-Pineda et al., 2021; Pott et al., 2011). Species along the riparian
forests of Pantanal have developed adaptations to both flood and fire (Junk, 2013), and

have been shown to maintain high functional diversity (de Oliveira et al., 2014).

Natural ignitions in the Pantanal occur between the dry and wet seasons, caused by light-
ning strikes (Pivello et al., 2021). However, a recent study has found that 83.3% of burned
areas in Pantanal are caused by humans and that natural-caused fire scars accounted for
only 5% of total fire events (Menezes et al., 2022). Fire is used as an inexpensive man-
agement tool for cattle raising in natural grasslands and savannas in Pantanal: during
the austral winter (which coincides with the dry season) fire is traditionally used to re-
move dead plant parts and kill pests, control shrubs, and promote resprouting of though
grasses before the rainy season (Alho and Silva, 2012; Damasceno-Junior, 2021). Accord-
ingly, where natural fires used to occur every 3-6 years, anthropogenic fires now increased
fire activity by 2-3 fold (Pivello et al., 2021). These anthropogenic fires often start in
grasslands, but due to favorable meteorological conditions spread to neighboring savannas

and forests (Alho and Silva, 2012).

From 2002 to 2010, Pantanal was the third Brazilian biome with the largest burned
areas (around 6%), behind Cerrado (73%) and the Amazon rainforest (14%; de Araijo
et al., 2012). In relative terms to its total area, Pantanal has the largest percentage of

burned areas over the 2001-2019 period (45%), of which 16.5% are considered wildfires
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that mostly occur in native vegetation remnants (Oliveira et al., 2022). Over the last two
decades, most fires occurred in grasslands and, while larger fires often occur in grasslands

and forests, smaller fires affect mostly croplands (Correa et al., 2022).

In 2020, Pantanal saw one of its most destructive fire season to date (Figure 1.10; Li-
bonati et al., 2020). Studies found that the 2020 fires were an interplay of extreme and
extraordinary meteorological conditions (Libonati et al., 2022a) and negligent use of fire
(Mataveli et al., 2021). Around a third of the biome was burnt (Libonati et al., 2020),
and these fires represent a 376% increase compared to the average annual burned area
of the last two decades (Garcia et al., 2021). The 2020 forest fires were responsible for
almost half of Pantanal’s carbon loss in 2020 (Barbosa et al., 2022).

20



Total 2020 burnt area in the Pantanal
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Figure 1.10: Total 2020 burnt area in the Pantanal using the ALARMES 500m resolution product.
Conservation units and Indigenous lands are shown in green and orange, respectively. The bottom
left graph shows Pantanal’s average Daily Severity Rating (DSR) from January to August each year,
estimated using the ERA5 reanalysis product (Libonati et al., 2020). DSR is a numeric rating of the

difficulty of controlling fires. From UNEP (2022).

1.4 Objectives and Thesis Structure

The initially defined purpose of this thesis was to evaluate fire and its drivers within the

Brazilian savannas. The main focus was accordingly the Cerrado biome, and the main

objectives were:

e to assess regional fire behaviour in the Brazilian Cerrado, considering several com-
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ponents of fire activity (such as extent, intensity, and individual fire scars).

e to shed light on the regional climatic and anthropogenic drivers of fire in Cerrado,

their interactions and mediating factors.

However, coinciding with the start of my doctoral programme, the summer of 2020 saw
a record-breaking fire season break out in the Pantanal. The magnitude and severity of
these events prompted the academic community to turn its attention to the region, in an
effort to provide much-needed information about its fire regimes and drivers. This was
well within the scope of my doctoral research, as I was performing similar analysis for the
neighbouring Cerrado biome. As such, part of this thesis also focuses on fire activity in

the flooded savannas of Pantanal, and its two other objectives are:

e to evaluate fire occurrence in a protected area of Pantanal severely hit by the 2020

fires, and reflect on associated fire management strategies.

e to study the influence of heatwaves on burned areas in tri-national Pantanal, and

provide future outlooks.
The structure of this thesis is as follows:

e Chapter 1 presents several concepts that will be employed throughout this thesis,
highlighting the role of fire as an essential Earth system disturbance, and provides a

literature review on fire in Brazilian biomes, focusing on the Cerrado and Pantanal.

e Chapter 2 addresses the regional diversity in fire behaviour in the Cerrado and
completes the biome’s ecoregional map with information on regional fire character-
istics. It is based on a scientific article published in the Journal of Environmental

Management.

e Chapter 3 investigates the regional climatic controls of fire activity within Cer-

rado’s ecoregions. These results are new and have not been published elsewhere.

e Chapter 4 presents two different studies that evaluated regional fire drivers in

Cerrado, including the anthropogenic component.

— Section 4.1 showcases the case study of the MATOPIBA region, Brazil’s
current agricultural frontier. This section is based on a conference proceeding

published in IEEE Xplore, which was awarded the Third Best Paper award in
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the LAGIRS 2020 Student Paper Competition.

— Section 4.2 employs an individual fire event dataset to further study the re-
gional strength of the fire-climate relationship along anthropogenic geograph-
ical gradients for different fire sizes. These results are new and have not been

published elsewhere.
e In Chapter 5 we shift focus from the Cerrado to the Pantanal biome.

— Section 5.1 shows the case study of the RPPN Sesc Pantanal, the largest pri-
vately held natural reserve in Brazil. This section is based on a scientific article

published in Environmental Science and Policy, and the European Geosciences

Union (EGU) also awarded the Roland Schlich Travel Grant for this study.

— Section 5.2 explores the synergy between fire and heatwaves in Pantanal. It
is based on a scientific article published in Journal of Environmental Manage-
ment, product of the CORDEX Central America and South America Online

Paper-Writing Workshop on Regional Climate Modeling.

e Finally, Chapter 6 concludes the main findings of this thesis and deliverables.
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Chapter 2
Putting fire in the ecoregional map

This chapter is based in the following scientific article: Silva, P. S., Nogueira, J., Ro-
drigues, J. A., Santos, F. L., Pereira, J. M., DaCamara, C. C., Daldegan, G. A., Pereira,

A. A., Peres, L. F., Schmidt, I. B., and Libonati, R. (2021). Putting fire on the map of

Brazilian savanna ecoregions. Journal of Environmental Management, 296:115098
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The Brazilian savanna (Cerrado) is considered the most floristically diverse savanna in
the world, home to more than seven thousand species. The region is a mosaic of savannas,
grasslands and forests whose unique biophysical and landscape attributes are on the basis
of a recent ecoregional map, paving the way to improved region-based strategies for land
management actions. However, as a fire-prone ecosystem, Cerrado owes much of its distri-
bution and ecological properties to the fire regime and contributes to an important parcel
of South America burned area. Accordingly, any attempt to use ecoregion geography as
a guide for management strategies should take fire into account, as an essential variable.
The main aim of this study is to complement the ecoregional map of the Cerrado with
information related to the fire component. Using remotely sensed information, we iden-
tify patterns and trends of fire frequency, intensity, seasonality, extent and scar size, and
combine this information for each ecoregion, relying on a simple classification that sum-
marizes the main fire characteristics over the last two decades. Results show a marked
north-south fire activity gradient, with increased contributions from MATOPIBA, the
latest agricultural frontier. Five ecoregions alone account for two thirds of yearly burned
area. More intense fires are found in the Arc of Deforestation and eastern ecoregions,
while ecoregions in MATOPIBA display decreasing fire intensity. An innovative analysis
of fire scars stratified by size class shows that infrequent large fires are responsible for the
majority of burned area. These large fires display positive trends over many ecoregions,
whereas smaller fires, albeit more frequent, have been decreasing in number. The final
fire classification scheme shows well defined spatially-aggregated groups, where trends are
found to be the key factor to evaluate fire within their regional contexts. Results pre-
sented here provide new insights to improve fire management strategies under a changing

climate.

2.1 Introduction

Fire is recognized as an essential component of the Earth system. Around 40% of the
world’s land surface, including grasslands, savannas, Mediterranean shrublands and boreal
forests, owe their distribution and ecological properties to the fire regime (Bond et al.,
2005). In recent decades, many aspects of the natural fire regime, such as frequency,

extent and seasonality, have been extensively modified by human activity. Meaningful
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advances in Earth observation technology in recent decades have allowed the compilation
of long-term fire datasets with reasonable spatial resolution and improved accuracy (Giglio
et al., 2016). Newly developed tools and methodologies allow distinguishing individual
fire events (Archibald and Roy, 2009; Balch et al., 2020; Oom et al., 2016) based on burn
date, and provide accurate information on burning location and duration (Andela et al.,
2019), fire shape complexity, orientation and elongation (Laurent et al., 2018; Nogueira
et al., 2017b), and other fire characteristics related to fire patch size (Artés et al., 2019;
Campagnolo et al., 2019; Hantson et al., 2015).

The Cerrado is the largest contributor to Brazil’s annual burned area (BA) (Silva et al.,
2019) and represents an important parcel of South America and even global BA (Bow-
man et al., 2020; Lizundia-Loiola et al., 2020). Recent studies highlight that Cerrado has
strong spatial variability in BA (Campagnolo et al., 2021; Rodrigues et al., 2019; San-
tos et al., 2020), hinting that unique fire patterns may emerge within the biome, based
on distinct landscape structure (Magalhaes et al., 2020; Song et al., 2018), regional cli-
mate (Marinho et al., 2020; Mistry, 1998; Ratter, 1997) and fire policies (Durigan, 2020;
Schmidt and Eloy, 2020). Contemporary fire patterns in Cerrado have been well doc-
umented based on field records (Alvarado et al., 2017; Coutinho, 1990; Gomes et al.,
2018; Stradic et al., 2018; Ramos-Neto and Pivello, 2000; Rissi et al., 2017). However,
in situ studies, given their limited geographical range, may present limited potential for
biome-wide extrapolation (de Arruda et al., 2018). A remote sensing approach fills this
gap and allows the characterization of fire attributes within Cerrado with larger spatial
coverage and temporal homogeneity compared to in situ methods (Chuvieco et al., 2008).
Using satellite-derived datasets, various studies have striven to characterize fire activity
in Cerrado (de Aratjo et al., 2012; de Oliveira-Junior et al., 2021; Mataveli et al., 2018;
Rodrigues et al., 2019), allowing an increased understanding of existing fire patterns and

behaviour.

A recent study partitioned Cerrado into 19 ecoregions, reflecting the environmental het-
erogeneity within the biome (Sano et al., 2019). These regions were classified based on
physical characteristics (elevation, rainfall, and soil), patterns of human occupation (land
use and land cover), and level of biodiversity conservation (conservation units and indige-
nous lands). The resulting classification allows the analysis of 19 unique ecoregions in

terms of biophysical characteristics, protected areas, environmental liability, and priori-
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ties for biodiversity conservation, paving the way to improved region-based strategies for
land management actions (Figure 2.1). However, this classification did not consider fire
activity, an undeniably important feature in Cerrado, as recognized by the authors of that

study.

Relying on the most up-to-date satellite-derived datasets of BA, fire size, fire duration and
fire intensity for 2001-2019, we mapped fire characteristics for each ecoregion of Cerrado.
Fire was characterized by means of seasonal and interannual variability of the fire features,
as well as their anomalies, frequency, and trends. Finally, as a guide to management and
conservation policies, we produced a new Cerrado fire classification and map, based on

BA, fire scar size, and fire intensity.

2.2 Data and methods

2.2.1 Study area

Despite being the most floristically diverse savanna in the world (Klink and Machado,
2005), with less than 3% of its original extent currently under strict protection (Ferreira
et al., 2020), Cerrado (Figure 2.1) rarely reaches a high level of attention within the in-
ternational community, especially when compared to its northern neighbour, the Amazon
forest (Colli et al., 2020). The Cerrado is the second largest biome in Brazil, covering
around 2 million km? (MMA, 2020). It has enormous importance for species conserva-
tion and the provision of ecosystem services, spanning three of the largest watersheds in
South America and contributing to 43% of Brazil’s surface water outside the Amazon
(Strassburg et al., 2017). It is one of the most important global biodiversity hotspots
(Klink and Machado, 2005; Overbeck et al., 2015), and relies on fire to shape its vegeta-
tion distribution, ecosystem functioning and ensure species survival (Abreu et al., 2017;
do Couto de Miranda et al., 2014; Durigan, 2020; Ribeiro and Walter, 1998). It is a mo-
saic of soil types and topographic settings, resulting in a variety of water dynamics and
different plant communities, including fire-resistant open grasslands and savannas, and
fire-sensitive riparian forests (Ribeiro and Walter, 1998). As in all savannas, the Cerrado
has high intra-annual variability in precipitation (Ratter, 1997), and a well-defined dry

season in winter, generally from May to October (de Aratjo et al., 2012; Grimm, 2011,
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Silva et al., 2019). Here, we define the dry season as lasting from June to October, while

May is a transitional month with very little fire activity.
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Figure 2.1: Cerrado distribution within Brazil (top left panel) with its 19 ecoregions with their names in
alphabetical order. Land cover and land use information from the MapBiomas Collection 5 (MapBiomas,
2020; Souza et al., 2020) is shown for the year 2019. The Cerrado main agrobusiness frontier, MATOPIBA,
is delimited in red, whereas the Amazonian Arc of Deforestation is striped brown.

The Cerrado has been severely disrupted, with land conversion occurring mostly since
the 1960’s in the southern portion of the region. Since the 2010’s, the newest agricultural
frontier is concentrated in northern Cerrado, particularly in MATOPIBA (Figure 2.1),
the territory encompassing the states of Maranhao—MA, Tocantins—TO, Piaui—PI and
Bahia—BA (Silva et al., 2020; Trigueiro et al., 2020). Eastern MATOPIBA partly overlaps
the Cerrado-Amazon transition region, the so-called Arc of Deforestation (Figure 2.1).
Characterized by uncontrolled deforestation and land conversion to industrial agriculture
(Marques et al., 2020), the Arc of Deforestation is the world’s largest savanna-forest

interface.
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2.2.2 MODIS burned area, individual fire characteristics and

fire radiative power products

We used three satellite-derived datasets; the MCDG64A1 collection 6 burned area prod-
uct (Giglio et al., 2018), the Global Fire Atlas database (Andela et al., 2019), and the
MCD14ML collection 6 fire radiative power product (Giglio et al., 2016).

Developed by the National Atmospheric Space Agency (NASA), MCD64A1 is a monthly
BA product derived from the MODIS (Moderate Resolution Imaging Spectroradiometer)
sensors aboard the Terra and Aqua satellites, at 500 m spatial resolution (Giglio et al.,
2018). Maps of BA in geographic projection (WGS 1984) covering the period 2001 to 2019
were obtained using the MODIS Reprojection Tool from NASA (Dwyer and Schmidt,
2006) to reproject the adjacent non-overlapping tiles of 10° by 10° (at the equator) with

global sinusoidal projection.

The Global Fire Atlas (GFA) is a global fire database derived from MCDG64A1 collection
6 that provides individual fire characteristics, such as timing (day of burn) and location
of ignition points, fire size (km?), fire duration (days), daily expansion (km?.day™?), fire
line length (km) and speed (km.day™), and direction of fire spread (Andela et al., 2019).
GFA classifies the individual events from daily MODIS data, based on a fire persistence
threshold that determines how long a fire may take to spread from one 500 m grid cell
into the next and to distinguish individual fires that are adjacent, but that occurred at
different times in the same fire season. This threshold is presented as the final and initial
date in the product. We obtained gridded 500 m layers over the study region from 2003

to 2018 to estimate fire size and day of burn.

Fire radiative power (FRP) is a measure of the instantaneous release of combustion energy
and has been used as an effective estimator of the fire intensity (Laurent et al., 2019;
Sperling et al., 2020). We use FRP data derived from NASA’s MODIS Aqua + Terra
Thermal Anomalies/Fire locations (collection 6) standard quality product (MCD14ML).
For 2001 to 2019, we downloaded data in shapefile format from the Fire Information for
Resource Management System (FIRMS, 2020). In order to minimize false alarms, only
pixels with confidence level above 50%, and of type 0 (presumed vegetation fires) are

analysed.
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Limitations of the datasets are related to uncertainties associated with satellite-derived
fire products. In the Cerrado, uncertainties in the MCD64A1 product are large over
the southern portion, consistent with small and fragmented fire scars associated with
pasture and croplands, whereas uncertainties in the north are generally small due to the
predominance of larger fires patches (Campagnolo et al., 2021; Rodrigues et al., 2019).
Moreover, the GFA database considers individual fire events greater than 21 ha, the
minimum fire size detected by MODIS sensors (Giglio et al., 2018) limiting the estimates
of fire size smaller than this threshold. However, the advantage of MODIS data for
mapping individual fire sizes is the daily temporal resolution, since the 16-day Landsat
return interval is often not enough to individualize scars with separate ignitions that
eventually coalesce into a single, large BA. This is a very common situation in savanna
and grassland landscapes (Andela et al., 2019; S& et al., 2003). Finally, the MODIS FRP
product is limited by detection above the threshold of 9-11 MW (Schroeder et al., 2010).
However, very low FRP occurs mainly away from the diurnal peak of fire activity in
Cerrado (between 15 and 18 hours local time) (Giglio, 2007), thus the effect of MODIS
FRP detection limit on the assessment of total landscape-scale FRP is negligible (Sperling
et al., 2020).

2.2.3 Statistical analysis

We considered the total accumulated monthly and annual BA (km?) for each of the 19
ecoregions (Figure 2.1). Following the approach of Sousa et al. (2015), we also estimated
the monthly Normalized Burned Area (NBA) for each ecoregion, defined as the ratio be-
tween the total amount of BA (km?) in each ecoregion and its respective total area (km?)
(Table 2.1, 2°¢ column). We also evaluated interannual BA variability, using standardized
anomalies based on the reference 19-year period (from 2001 to 2019). Based on previous
works (Pereira et al., 2017; Santos et al., 2020), single fire events from GFA were catego-
rized into four classes according to fire scar size: T (0.21-1 km?), 1T (1-10 km?), TIT (10-50
km?), and IV (> 50 km?). For each class of scar size, we calculated the respective total
number of fire events (N scars), BA (km?), and the distribution of the burn day (day of

year) of each individual fire event.

We also analysed interannual trends in BA, fire intensity and fire size through slopes of

linear regression for the study period. Given the short length of the time series, slopes
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were estimated using the Theil-Sen robust regression (Sen, 1968; Theil, 1950), and trend
significance was assessed with the two-tailed Mann-Kendall non-parametric test (Gilbert,

1987; Kendall, 1975; Mann, 1945).

2.2.4 Evaluating fire patterns by ecoregion

For each of the 19 ecoregions, we evaluated satellite-derived historical fire data to identify
similar fire patterns among ecoregions, considering the characteristics of the BA, fire
intensity and fire size. We stratified the NBA and FRP values according to percentiles 25
(p25) and 75 (p75) for ecoregion’s annual averages over the 2001-2019 period. Then, for
each ecoregion, the BA totals for each scar size class were aggregated, and the size class

with the largest contribution was chosen as the main contributor to the ecoregion’s total

BA.

Results from the above-described stratification were then represented by letters, leading
to a 3-letter combination coding each ecoregion characteristics in terms of burned area
(NBA), fire scar size, and fire intensity (FRP), respectively. The first uppercase letter
distinguishes among ecoregions of low (L, < p25), moderate (M, between p25 and p75),
and high (H, > p75) BA. The second lowercase letter indicates the scar type that most
contributed to the total BA: small scars (s, 0.21-10 km?) and big scars (b, > 10 km?).
The third lowercase letter denotes fire intensity characteristics, namely low (I, < p25),
moderate (m, between p25 and p75) and high (h, > p75). Finally, positive (4) or negative
(-) signs are added to indicate increasing and decreasing trends of BA over the 2001
2019 period, as estimated from the MCD64A1 product. A schematic description of the

classification is provided in Supplementary Material: Table 2.2.

2.3 Results

2.3.1 Burned area patterns

Four ecoregions burn, on average, more than 8% of their area each year (Figure 2.2a). In
particular, the yearly BA in Bananal is twice that of the remaining ecoregions, with at
least 24% of its area burning annually (equivalent to 16,114 km? per year), mostly during

the dry season (23.4%). The highest five out of 19 ecoregions account for, on average,

32



67.4% of yearly BA in Cerrado, which translates to 81,522 km? per year (Figure 2.2b).
Conversely, the lowest five ecoregions just account for 2.7% of the yearly BA on average,
about 3,305 km? per year. Spatial patterns of average yearly contributions to the total
BA in Cerrado (Figure 2.2b) show higher yearly contributions in the central-northern
region and lower values in the south. Accordingly, ecoregions with BA classified as high
(i.e. > p75, with NBA > 8%) are located in central and northern Cerrado, those classified
with BA as low (i.e. < p25, with NBA < 2.3%) concentrate in the eastern and south-
eastern Cerrado, and the remaining ecoregions, classified as moderate, occur mostly in
the southern part (Supplementary Material: Figure 2.11a). There is a marked spatial
contrast in central-eastern Cerrado, where several ecoregions with high BA occur side by

side with others with BA classified as low.

The dry season (June to October) accounts for more than 90% of the annual BA in
all ecoregions in 2001-2019 (Figure 2.2a), except Chapadao do Sao Francisco (89.6%),
Costeiro (85.9%), Jequitinhonha (85.2%), Parand Guimaraes (85.1%), Basaltos do Parana
(82.3%), Chapada dos Parecis (78.2%) and Floresta de Cocais (73.6%). The months
of August to October account for at least 64% of the BA, but six ecoregions (Alto de
Sao Francisco, Paracatu, Complexo Bodoquena, Parana Guimaraes, Jequitinhonha and
Depressao Carstica de Sao Francisco) show an even shorter window with most fire activity
occurring within a 2-month period (Figure 2.2¢). The case of Alto Parnaiba is worth
noting since, although 90.2% of the BA occurs during the dry season, there is a secondary
peak in March (Figure 2.2c). A similar pattern is observed in Chapada dos Parecis, where

BA is also recorded earlier in the year, from February to March.
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Figure 2.2: a) Average normalized burned area (NBA) per year (dark grey bars) and dry season (light
grey bars, representing months from June to October), with correspondent annual NBA variance (black
whiskers); b) Ecoregion yearly contribution (%) to Cerrado’s total BA during the 2001-2019 period; c)
Heatmap of average monthly normalized burned area (NBA, %).

In 2001-2019 (Figure 2.3), most ecoregions display positive BA anomalies in 2007 and
2010 (18 and 14 ecoregions, respectively). The former was the most severe fire year for the
biome, and only Costeiro did not show a positive anomaly, consistent with very low annual
BA. Although not as widespread as in 2007, 2010 shows comparatively high anomaly val-
ues in the western Cerrado and recorded the highest anomaly in Parand Guimaraes. The
year 2012 displays high positive anomalies in the ecoregions that encompass MATOPIBA.
Conversely, many ecoregions show negative anomalies in 2009 and 2018 (11 ecoregions in

both years), mostly over the central Cerrado.

Burned area trends show an overall decrease in most ecoregions (Supplementary Material:
Figure 2.9a), significant at the 5% level for Basaltos do Parand, Chapada dos Parecis,
Depressao Cuiabana and Costeiro. All ecoregions in the Arc of Deforestation display
non-significant negative trends, except for Bananal and Floresta de Cocais, with non-

significant positive trends, which were also found in Planalto Central and Alto Parnaiba.
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Figure 2.3: Standardized anomaly of BA in each ecoregion of Cerrado from 2001 to 2019.

2.3.2 Fire intensity

Ecoregions present large spatial heterogeneity in fire intensity (Figure 2.4). The five
regions classified with high fire intensity (i.e. > p75, with FRP > 63.7 MW) border
other biomes, with Chapadao do Sao Francisco, Parnagua and Depressao Céarstica do

Sao Francisco being located in the border with the Caatinga biome, and Chapada dos
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Parecis and Bananal in the border with Amazonia (Figure 2.4a, Supplementary Material:
Figure 2.11¢). Chapada dos Parecis recorded the maximum value of fire intensity in a
single event, reaching 11,334 MW in September 2003. Conversely, ecoregions with low fire
intensity (i.e. < p25, with FRP < 42 MW) occur in Alto Sdo Francisco, Planalto Central,
Vao do Parana, Costeiro, and Complexo Bodoquena (Figure 2.4a). The heavy tails in
FRP distributions in most regions show that a great majority of fires are predominantly

of low intensity.

Most ecoregions show marked seasonality in fire intensity (Figure 2.4b), with higher values
towards the end of the dry season (in September and October). Alto Parnaiba and
Chapada dos Parecis recorded BA values at the beginning of the year, which were not
detected as active fires by the FRP product, suggesting that those relatively large BA

correspond to fires with very low intensity.

Fire intensity trends show significant increase over Basaltos do Parana, Paracatu, Parana
Guimaraes and Planalto Central (Supplementary Material: Figure 2.9b). Northern ecore-
gions (Alto Parnaiba, Costeiro and Floresta de Cocais) show a decreasing FRP over 2001
2019. Interannual variability (Supplementary Material: Figure 2.10) displays a peak in
total annual FRP in 2007 and 2010 for many ecoregions, namely Araguaia Tocantins and
Bananal, further confirming the two years as extremely severe for these ecoregions. Yearly
FRP values closely track those of BA, with very high coefficients of determination (R? >

0.8) in the vast majority (14) of ecoregions.
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Figure 2.4: a) Fire Radiative Power (FRP values in MW) per ecoregion for the 2001-2019 period; colours
represent the fire intensity classes (low: < 42 MW; moderate: 42-64 MW; and high: > 64 MW) and
black diamonds the 99! percentile of the FRP distribution. b) Monthly means of FRP values (MW)
averaged over 2001-2019 for each ecoregion.

2.3.3 Fire size patterns

Big scars (> 10 km?) occur mainly in northern ecoregions (Figure 2.5) and represent 20%

(class IIT) and 10% (class IV) of the total number of fire scars, respectively. Although

infrequent, they account for almost 90% of the total BA in the Cerrado. Conversely, small

scars (< 10 km?) are very common over the biome, and are much more evenly spread out

over most ecoregions (Figure 2.5); however their contribution to the biome total BA is

small (10%).
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Figure 2.5: Spatial distribution of fire size classes (I: 0.21-1 km?; II: 1-10 km?; III: 10-50 km? and IV:
> 50 km?) and all classes (Total), derived from GFA over the period of 2003-2018.

All ecoregions show that more than 80% of their scars belong to the small class (Figure
2.6). At least half of the total BA in ecoregions results from big scars. The exceptions
are Floresta dos Cocais, Basaltos do Parand and Costeiro that, along with Alto Sao
Francisco, show a higher frequency of small scars that have a larger contribution to their
total BA. By contrast, class IV scars represent more than 50% of the total BA in Araguaia
Tocantins, Depressao Cuiabana, Complexo Bodoquena, Bananal and Depressao Carstica
do Sao Francisco. These regions burn extensively every year (Figure 2.2a), suggesting that
a very small number of big events is responsible for most of the Cerrado BA, a typical
pattern for fire-prone environments (Campagnolo et al., 2021; Oom et al., 2016). The
biggest disparity was found in Bananal, where 7% of the class IV scars account for 70%
of its total BA. In turn, Basaltos do Parand, Planalto Central and Chapada dos Parecis

have many scars, but contribute much less to the total BA in the Cerrado.
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Figure 2.6: Frequency (%) of the number of fire scars (bottom bars) and the corresponding total BA (top
bars) over the 2003-2018 period according to fire size class (I: 0.21-1 km?; II: 1-10 km?; III: 10-50 km?
and IV: > 50 km?).

There are considerable differences in fire seasonality when evaluating by fire size (Figure
2.7). Overall, during the study period most fires occur in the dry season, and infrequent
big fires show much less scattering than the remaining classes, concentrating mostly in
August and September. Fires in classes I, IT and III start to occur before the start of the
dry season. This is particularly pronounced in Chapada dos Parecis, Basaltos do Parana
and, to a lesser extent, in Parand Guimaraes, where there is a marked contrast between
large scars and the remaining size classes. In many ecoregions (Alto Parnaiba, Chapada
dos Parecis, Chapadao do Sao Francisco, Depressao Carstica do Sao Francisco, Floresta
de Cocais, Parand Guimaraes and Planalto Central) small fires keep occurring after the

end of the dry season.
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Figure 2.7: Distribution of burn date (in julian day) according to fire size class (I: 0.21-1 km?; II: 1-10
km?; III: 10-50 km? and IV: > 50 km?) for each ecoregion, considering the period from 2003 to 2018.
Dry season between June and October is shaded in grey.

When stratified by scar size (Supplementary Material: Figure 2.9¢-f), NBA rates of change
and spatial patterns of trends deviate markedly from the total NBA (Figure 2.9a). Annual
NBA trends of class I fire patches show that almost all ecoregions display a decreasing
rate, except for Complexo da Bodoquena. Class II fires show significant negative trends
in Basaltos do Parana, Chapada dos Parecis, Chapadao do Sao Francisco, Costeiro and
Jequitinhonha. In turn, classes III and IV fire trends are positive over the central and
north-western ecoregions, albeit non-significant. The most pronounced increase in NBA
for class IV fire patches is seen over the Bananal ecoregion, while the highest positive

rates of change for class III patches occur in Alto Parnaiba.
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2.3.4 Putting fire on the ecoregional map

As described in Methods, the ecoregions were classified according to characteristics in the
BA (Low, Moderate, High), fire size scar (small and big), and fire intensity (low, moderate,
high). As shown in Figure 2.8 and described in Supplementary Material: Table 2.2, when
the different characteristics were assigned to the ecoregions, we obtained the following

nine fire classes: Hbh, Hbm, Msm, Mbh, Mbm, Mbl, Lbh, Lbm, and Lsl.

Results show well-defined groups of similar fire characteristics over Cerrado (Figure 2.8).
Ecoregions classified as Hbh and Hbm are spatially aggregated over central-northern Cer-
rado. However, these ecoregions present distinct BA trends: although classified as Hbm,
Alto Parnaiba and Araguaia Tocantins show opposite trends; and a similar contrast is
observed in ecoregions classified as Hbh with Bananal presenting a positive trend and neg-
ative trends being displayed by Chapadao do Sao Francisco and Parnagua. The contrast
of Depressao Carstica do Sao Francisco, the only ecoregion classified as Lbh, with the
neighbouring Hbh ecoregions is worth being noted in what respects to BA even though
they share similar characteristics in scar size and fire intensity. Ecoregions with low BA
(Lbh, Lbm and Lsl) are also spatially aggregated in eastern Cerrado. The same does
not happen with ecoregions of medium BA (Msm, Mbh, Mbm and Mbl), with patches
spreading mostly over southern and south-western Cerrado and two ecoregions located in

the northern part.
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Figure 2.8: Cerrado ecoregional map updated with main fire characteristics in each ecoregion. Spatial
distributions of each fire characteristic are illustrated in Supplementary Material: Figure 2.11. A descrip-
tion of each fire class (represented in the colour bar) is provided in the Supplementary Material: Table
2.2. Plus and minus signs denote respectively, increasing and decreasing BA trends during the 2001-2019
period.

2.4 Discussion

2.4.1 Understanding the patterns of fire variability

The spatial heterogeneity of fire patterns within the Cerrado translate into considerable
regional disparities in BA, fire intensity and distribution of fire size classes. Other param-
eters, such as fire seasonality, are consistent throughout the biome. The vast majority
of ecoregions show increased fire activity and intensity from June to October, covering
the Cerrado dry season (de Aradjo et al., 2012; Silva et al., 2019). Although ignitions by
lightning take place mainly at the transition between rainy and dry season (Ramos-Neto
and Pivello, 2000), most ignitions are anthropogenic and fire is used mainly during the dry

season for a variety of reasons, such as the management of species (Schmidt et al., 2007)
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and landscapes, cattle raising upon native or exotic pasturelands, subsistence and indus-
trial agriculture (Eloy et al., 2019). The annual cycle of fire intensity is controlled by fuel
availability (Oliveira et al., 2015; Wooster et al., 2005). In Cerrado, the growing period
preceding the dry season tends to modulate the fire activity by affecting the accumulation
of fine fuels (Krawchuk and Moritz, 2011) and, especially, fuel moisture (Nogueira et al.,
2017a; Alvarado et al., 2020), which are also influenced by the hydrological regime, fire
return interval and extent of area burned (Oliveira et al., 2021). Rate of fire spread is
limited by high fuel moisture in the rainy season and early-dry season, and therefore fire
intensity is low and fire size is small. Throughout the dry season, the fuel becomes drier
and more intense fires potentially will spread more widely, depending on the landscape
fragmentation level (Pyne et al., 1996). This explains the marked peak in fire intensity at
the end of the dry season, in September and October, which extend into November. High
FRP values towards the end of the dry season are consistent with a significant increase
in fuel curing, leading to higher fire intensity, extent and severity in open savannas (Rissi
et al., 2017; Rodrigues et al., 2021; dos Santos et al., 2021). These late dry season wildfires
commonly affect fire-sensitive vegetation, such as riparian forests, with high severity and
negative impacts (Flores et al., 2020). However, the relationship between fire size and
FRP in savannas and grasslands is complex, depending on the spatial fuel continuity, fuel
load, fire season and moisture content (Laurent et al., 2019). Most active fires display
low intensity, regardless of land cover and use and, therefore, location parameters of the
FRP distribution, such as the mean or the median, are not adequate to characterize the
different fire intensity distributions, differences only becoming apparent in the high quan-
tiles (Hernandez et al., 2015; Luo et al., 2017; Oliveira et al., 2015), which better reflect
heterogeneity in land use and land cover, landscape fragmentation, and land management
across ecoregions (Libonati et al., 2021). In addition, when evaluating the distribution of
burn dates by fire scar size (Figure 2.7), significant differences in seasonal cycles emerge
between those classified as big (classes III and IV) and small (classes I and II) scars. Big
scars (namely, class IV) have a narrow window of occurrence when compared to that of
small scars, more evenly spread out during the year, in many cases preceding or continu-
ing after the dry season. This behaviour is consistent throughout ecoregions and entails
that major fire events in Cerrado are fairly concentrated in a 2-3 month period within

the dry season.
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Fire activity in Cerrado also displays marked interannual variability associated with large-
scale patterns of atmospheric variability. As the year with most extensive burning in the
biome over the last two decades, 2007 is characterized by a severe drought induced by a
La Nina event (de Aratjo et al., 2012). In 2010, a strong positive phase of the Atlantic
Multidecadal Oscillation (AMO) induced record drought conditions over the eastern and
southern Amazonia, and adjacent western Cerrado ecoregions (Andreoli et al., 2017) that
reflected in high values of BA in almost all ecoregions. The extensive burning in 2012 in
north-eastern ecoregions (Silva et al., 2020) is also in line with an extreme drought (Cunha
et al., 2019; Jimenez et al., 2019; Marengo et al., 2013) which may have been aggravated
by increased deforestation rates and incentives for land conversion resulting from changes
to the Brazilian Forest Code that also took place in this year (federal law 12.651/2012).
Conversely, the negative anomalies of BA in 2009 are associated to severe flooding, which
occurred in western and central Amazonia and the adjacent Cerrado (Marengo et al.,
2012), and the global BA minimum since 1997 that was recorded in 2018 (Blunden and
Arndt, 2019) relates to the wet conditions induced by the weak La Nifia/neutral pattern
early in the year. However, years such as these, marked by increased precipitation and
flood events, lead to higher biomass production and thus to a higher availability of fuel

to burn in the following years (Schmidt and Eloy, 2020).

Large BA totals are found in parts of MATOPIBA, where most of the Cerrado native
vegetation remains. This region has been experiencing high rates of deforestation and land
conversion to agriculture and pasture (Spera et al., 2016), in which fire is widely used as
an inexpensive and effective tool (Reddington et al., 2015; Zalles et al., 2019). Currently,
48% of Brazil’s total soybean production comes from the Cerrado, and almost a quarter
of this production area is located in MATOPIBA, mainly in the plateaus of the Chapadao
do Sao Francisco and Alto Parnaiba (Santos et al., 2020). Unlike in Amazon where the
Soy Moratorium between producers and the government prohibits the buying of soybean
grown on recently deforested lands (Soterroni et al., 2019), the last undisturbed remnants
of MATOPIBA are not protected by a consistent agreement but are indeed the target
of governmental incentives for deforestation (Pitta and Vega, 2017). Within the study
period, around 10% of the area of these two ecoregions burned annually (Figure 2.2a) and
an increase in fire activity and ecosystem disturbance is expected with further agricultural

expansion in MATOPIBA (Soterroni et al., 2019). For instance, Depressao Cérstica do
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Sao Francisco, Chapadao do Sao Francisco and Parnagua, three eastern ecoregions partly
located in MATOPIBA, also show high fire intensities, and are considered at risk of
very extensive land conversion between 2021 and 2050 (Soterroni et al., 2019). Partly
located in MATOPIBA, Araguaia Tocantins is the highest contributing ecoregion to the
Cerrado total BA (Figure 2.2b). This ecoregion encompasses both the Xerente Indigenous
Land, Jalapao State Park and most of the Serra Geral do Tocantins protected area, lands
that had high fire activity until the implementation of a pilot project for integrated
fire management in 2015 (de Moraes Falleiro et al., 2016; Schmidt et al., 2016), and
preliminary results point to a change of spatial fire patterns in some conservation units
(Mistry et al., 2019). However, the fire management program is restricted to protected
areas, possibly limiting its impacts on fire patterns at the regional level. With low fire
intensity and negligible BA that averages about 18 km? per year in the study period,
Costeiro is an exception to the overall ecological and economical context of MATOPIBA
(Supplementary Material: Table 2.1). This ecoregion is covered by sand dunes and low

density of vegetation, which virtually does not burn (Frangoso et al., 2015).

With intense fires and particularly high fire incidence, and with large extents of its area
burning annually, Bananal is practically all within the Araguaia National Park and In-
digenous Land. This ecoregion has the highest percentage of protected areas (46.3%) and
of extremely high priority areas (26.8%) of all Cerrado ecoregions (Sano et al., 2019),
an important feature since fire occurrence in these areas involves a complex dynamics of
ownership land conflicts. Chapada dos Parecis, an ecoregion located within the Arc of
Deforestation has recurrent, intense fires and displays the maximum recorded value of fire
intensity in a single event. This ecoregion has high spatial discrepancies with large extents
of savanna and forest in its western region (Gomes et al., 2018) and high anthropogenic
use in the eastern region (Marques et al., 2020), especially due to soybean expansion in
Mato Grosso state. Chapada dos Parecis and Alto Parnaiba show significant fire activity
in March, most likely related to soil preparation for planting crops. Given that these fires
occur during the Cerrado wet season (November to May), the scarce fuel after vegetation

conversion and high relative humidity do not allow high intensity fires.

A very distinct picture is found in most of the southern ecoregions, with lower contri-
butions to the BA in the Cerrado, smaller scars with low FRP values, associated with

extensive areas of agriculture and pastures. Basaltos do Parana and Parand Guimaraes
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show predominantly small fire scars: these are heavily deforested ecoregions where fire is
mainly used for agricultural management. Large fire scars in these ecoregions are found
within Indigenous Lands (Daldegan et al., 2019), where extensive areas of native veg-
etation remain and fire is traditionally used for many practices, including for hunting,
for stimulating fructification, for managing biomass accumulation in grasslands, among
others (de Moraes Falleiro et al., 2016). Parand Guimaraes has not been subject to recent
agricultural expansion, as it has been widely explored by farmers since the 1960s (Sano
et al., 2020), given its highly fertile soils. Similarly, Basaltos do Parand is a traditional
agricultural region where fire is still used for cropland management, especially in already
consolidated and historical lands producing sugarcane, soybean and maize (de Andrade
et al., 2020; Loarie et al., 2011). Sugarcane production in this ecoregion has been ex-
panding prompted by the biofuels market (Loarie et al., 2011). Many ecoregions in the
southern Cerrado show negative BA trends, but increasing fire intensity, suggesting that
agricultural activities historically developed in these regions have replaced the native veg-
etation with croplands and planted pastures, which tend to have small but intense fires
in highly fragmented landscapes, unsuitable to the spread of large fires (Magalhaes et al.,
2020).

Recent advances in agricultural expansion may explain negative BA trends over most
ecoregions (Supplementary Material: Figure 2.9a). Fire activity tied to deforestation
was high in earlier years. Later, controlled use of fire in agricultural landscapes led to a
decrease in BA (de Oliveira et al., 2017; Eloy et al., 2019). Human activity was pinpointed
as a driver of long-term global trends in BA (Andela et al., 2019), and similar trends due to
land use change were found in the USA, Indonesia, and Australia (Bird et al., 2016; Field
et al., 2016; Grégoire et al., 2013; Syphard et al., 2017; Taylor et al., 2016). Our results
are also in line with those obtained using data derived from the Global Fire Emissions
Database (GFED), where BA is found to be increasing over the north-eastern Cerrado
and decreasing in the south (Andela et al., 2017; Chen et al., 2013; Forkel et al., 2019).
However, BA trends vary substantially when the analysis is stratified by fire scar size. The
observed distinct trends among fire size classes depend on regional underlying controls,
such as local climate, population density, urban-rural interface, and fire management
practices (Forkel et al., 2019; Hantson et al., 2015). Large scars occur mainly in northern

ecoregions and in transitional areas between biomes, marked by high deforestation rates
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and land conversion, such as the Arc of Deforestation and MATOPIBA. In the northern
ecoregions, the landscape is less fragmented and land clearing has intensified since 2002

as croplands expanded to MATOPIBA.

It may be argued that ecoregional differences in fire size and fire seasonality patterns
should be also viewed in light of the recent paradigm shift from a no-fire policy (Durigan
and Ratter, 2016) to an Integrated Fire Management program (IFM), that is occurring
in the Cerrado (Schmidt et al., 2018). However, according to the National Center for the
Prevention and Fighting of Forest Fires - PREVFOGO, less than 125,000 km? are under
IFM, therefore these changes are likely not enough to generate changes in fire patterns in

any of the ecoregions.

2.4.2 Fire in the context of the ecoregional map and limitations

The proposed stratification of ecoregions into fire classes is especially pertinent, given
the number and substantial variability of ecosystem types within Cerrado. The nine
distinct combinations of fire characteristics obtained, namely Hbm, Hbh, Mbm, Mbh,
Mbl, Msm, Lbm, Lbh and Lsl, reflect the natural constraints in the types of fire patterns
present (Archibald et al., 2013). Large extensions of BA (Hbm, Hbh) are distributed
over central-northern ecoregions, which currently concentrate most of the remnants of
native Cerrado vegetation, and have been under high anthropogenic pressure (Alencar
et al., 2020). Systematic fire activity, as seen in these regions during 2001-2019, may
severely disrupt ecosystem functions. Conversely, ecoregions with low amounts of BA
(Lbm, Lbh and Lsl) are located along the eastern and south-eastern portions of the
biome, which have been historically occupied for longer periods. South-eastern ecoregions
have considerably less native vegetation cover, a high level of landscape fragmentation
and less land susceptible to burn (Souza et al., 2020). In the central-eastern Cerrado
several ecoregions featuring high values of BA are side by side with others displaying low
values, under very distinct regional contexts: Depressao Carstica de Sao Francisco (Lbh)
concentrates small landholder parcels dedicated to cattle ranching and subsistence farming
and has distinct socio-economics characteristics compared to Chapadao do Sao Francisco
(Hbh), an ecoregion dominated by commodity-driven and large-scale farms (IMAFLORA,
2018). Ecoregions with moderate BA (Mbm, Mbh, Mbl and Msm) have relatively more

recent economic development (da Rosa et al., 2016) and exhibit high deforestation rates
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from 2000 to 2008 (PPCDAm and PPCerrado, 2020). Basaltos do Parand is an exception
to that pattern, given that it is a traditional agricultural region with high landscape
fragmentation that prevents the spread of large fires. Interestingly, Basaltos do Parana
and Floresta de Cocais, which have very distinct regional contexts, share the same fire
classification (Msm). However, Floresta de Cocais is characterized by medium NBA values
and an increasing BA trend, because it is an area of agricultural expansion in MATOPIBA

(de Aratjo et al., 2019).

It’s worth noting that when evaluating fire activity within ecoregions, we are driving our
classification by biophysical parameters that ensure similar ecosystem types, and not by
clusters of similar fire characteristics. This assumes homogeneity within ecoregions that
vary significantly in size, and may mask patterns within. Sano’s ecoregions have been
defined based on rainfall patterns, topography and land cover, variables that have been
shown to closely relate to fire activity (Libonati et al., 2015; Silva et al., 2019; Pausas and
Ribeiro, 2013; Bowman et al., 2020), and thus we believe the assumption of similar fire
features within ecoregions to be reasonable. Nevertheless, a proper evaluation of these
drivers and of regional fire regimes in Cerrado would require that fire features drive the
classification, which may or may not correspond to the ecoregional map. This, however,
is beyond the scope of this work where the main goal was to assess fire in the context of

predefined Cerrado ecoregions.

2.5 Conclusion

We stratified the temporal and spatial characteristics of fire patterns in the ecoregions of
Cerrado into nine classes of fire activity and added this information to the ecoregional
map of Cerrado. Information includes the main components of fire activity, namely BA,
fire intensity and fire size in regions with homogeneous biophysical and anthropogenic
characteristics. An innovative approach classifying fire scars into distinct size classes
revealed a diversity of fire patterns previously masked by generalized analysis, providing
crucial and novel insights into the regional understanding of fire activity. By highlighting
the differences in fire activity among the ecoregions and per fire size, our approach will be
of use for decision-makers when planning locally-sensitive fire management and emergency

actions, and when designing strategies to reduce emissions without compromising local
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biodiversity.

Although restricted to a period of 19 years due to satellite data availability, our analysis
provides critical insights into regional fire activity in the Cerrado biome, at a time when
both climate and land use are steadily changing. This is a crucial aspect, since fire activity
in the Cerrado is closely linked to regional climate patterns (Libonati et al., 2015; Silva
et al., 2019), and the biome is expected to become drier (Bldzquez and Silvina, 2020)
and warmer (Feron et al., 2019), further promoting conditions favourable to increased fire
activity (Page et al., 2017). Fire seasons are also expected to expand (Flannigan et al.,
2013) and fire danger may reach critical values much more frequently (Silva et al., 2016).
Under these scenarios, disruptions in the historical fire regime may lead to an increase
in BA over the Cerrado (Silva et al., 2019), with substantial and possibly irreversible
consequences, including changes in ecological community composition (Krawchuk et al.,

2009) and biome distribution (Lapola et al., 2009; Oyama and Nobre, 2003).

Considering ongoing and expected future agricultural expansion, particularly in
MATOPIBA, consistent and robust environmental strategies are urgently needed to pre-
vent further degradation of the Cerrado (Lahsen et al., 2016) and ensure the protection
of native vegetation remnants (Soterroni et al., 2019). Thus, since neither climate nor
the socioeconomic conditions in the Cerrado biome are expected to remain stable in the
future, fire patterns are very likely to continue changing. Further research on realistic
and adequate representation of fire patterns at a regional level is necessary to improve

understanding of how the Cerrado ecosystems may respond to future changes.
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2.6 Supplementary Material
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Figure 2.9: Trends of a) Burned area (NBA, %), b) Fire intensity (FRP, MW) and burned area per fire
scar size (NBA, %) for the classes: ¢) I (0.21-1 km?), d) IT (1-10 km?), e) III (10-50 km?) and f) IV (>
50 km?) classes. NBA and FRP trends are estimated for the 2001-2019 period, whereas burned area fire
size trends from 2003 to 2018. Dotted cells mean statistical significance at the 5% level (see Methods).
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Figure 2.10: Interannual variability of yearly burned area (BA, km?, black lines) and Fire Radiative
Power (FRP, GW, grey lines) from 2001 to 2019. Values in the top right corner show coefficient of
determination from simple linear regression between the two products.
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Figure 2.11: Spatial distribution of a) Burned Area, b) Fire scar sizes and c) Fire intensity, that lead
to Figure 2.8. Burned area and Fire intensity classes (a and b) are based on first and third quartiles
(low: below the 25" percentile; high: above the 75" percentile; moderate: between the 25" and 750
percentiles); and the Fire scar size which most contributed to the total burned area (middle panel) was
stratified in: small scars and medium-large (big) scars.
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Table 2.1: Area of each ecoregion (Area, km?), and average and standard deviations of natural (Natural
landcover, %) and anthropogenic (Anthropogenic landcover, %) landcover over the 2001-2018 period,
estimated using the MapBiomas Collection 4.1 product (MapBiomas, 2020; Souza et al., 2020). Last
column shows correspondent total burned area (BA, km?) using the MCD64A1 product from 2001 to
2019.

Ecoregion Area Natural Anthropogenic BA
(km?®) [ landcover (%) | landcover (%) | (km?)
Alto Parnaiba 167,985 87.8 + 4.2 12.2 +£ 4.2 360,071
Alto Sao Francisco 81,664 395 £ 1.3 60.5 + 1.3 16,535
Araguaia Tocantins 285,579 64.0 £ 2.9 36.0 £ 2.9 475,711
Bananal 67,140 87.7 £ 1.8 123 £ 1.8 306,606
Basaltos do Parana 140,313 20.2 + 0.6 79.8 &+ 0.6 83,680
Bico do Papagaio 53,855 71.8 £ 3.7 28.2 £ 3.7 68,128
Chapada dos Parecis | 137,047 66.1 + 2.7 33.9 + 2.7 123,222
Chapadsio do 5a0 118,630 76.7 £ 5.1 23.3 £ 5.1 211,848
Francisco
Complexo Bodoquena | 40,372 51.7+ 1.9 483 + 1.9 35,543
Costeiro 8,858 86.3 =+ 0.6 13.7 £ 0.6 333
Depressao Cérsticado | o o | 640 4 18 358+ 18 | 22842
Sao Francisco
Depressao Cuiabana 45,179 65.6 £ 3.5 344+ 3.5 64,127
Floresta de Cocais 74,808 85.6 £ 3.8 144 + 3.8 44,282
Jequitinhonha 39,182 67.4 + 3.0 32.6 £ 3.0 6,878
Paracatu 93,626 522 £ 2.3 47.8 + 2.3 33,418
Parana Guimaraes 364,524 32.5 £0.9 67.5 + 0.9 194,674
Parnagua 46,003 90.5 + 1.1 95+ 1.1 78,248
Planalto Central 175,622 442 + 1.1 55.8 £ 1.1 153,349
Vao do Parana 20,615 46.9 + 3.7 53.1 £ 3.7 16,201
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Table 2.2: Description of each obtained fire class as described in Methods, using a 3-letter sequence (first
column); long description of sequence (second column); criterions used to describe such sequence (third
column); and lastly, ecoregions belonging to each sequence and its trends (fourth column). Percentiles
are represented by p25 (25" percentile) and p75 (75" percentile).

Type Description Criterion Ecoregion (trends in BA)
H High burned area ecoregion
High burned area, big NBA > p75;
Alto Parnaiba (+)
Hbm  scars and moderate fire scars > 10 km?;
Araguaia Tocantins (-)
intensity p25 < FRP < p75
High burned area, big =~ NBA > p75; Bananal (+)
Hbh  scars and high fire scars > 10 km?; Chapadao do Sao Francisco (-)
intensity FRP > p75 Parnagud (-)
M Moderate burned area ecoregion
Moderate burned area, p25 < NBA < p75; Bico do Papagaio (-)
Mbm  big scars and moderate scars > 10 km?; Depressao Cuiabana (-)
fire intensity p25 < FRP < p75  Parand Guimaraes (-)
Moderate burned area, p25 < NBA < p75;
Mbh  big scars and high fire  scars > 10 km?; Chapada dos Parecis (-)
intensity FRP > p75
Moderate burned area, p25 < NBA < p75; Complexo Bodoquena (-)
Mbl  big scars and low fire scars > 10 km?; Planalto Central (+)
intensity FRP < p25 Vao do Parana (-)
Moderate burned area, p25 < NBA < p75;
Basaltos do Parand (-)
Msm  small scars and scars < 10 km?;
Floresta de Cocais (+)
moderate fire intensity  p25 < FRP < p75
L Low burned area ecoregion
Low burned area, big NBA < p25;
Jequitinhonha (-)
Lbm  scars and moderate scars > 10 km?;
Paracatu (-)
fire intensity p25 < FRP < p75
Low burned area, NBA < p25;
Lbh big scars and high scars > 10 km2; Depressao Cérstica do Sao Francisco (—)
fire intensity FRP > p75
Low burned area, NBA < p25;
Alto Sao Francisco (-)
Lsl small scars and low scars < 10 km?;

fire intensity

FRP < p25

23

Costeiro (-)
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Chapter 3

Understanding regional fire-climate

dynamics
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Fire activity in the Brazilian savanna (Cerrado) is heavily constrained by climate, however
the climate modes that lead to extreme fire seasons are not yet well understood. Climate
conditions during the fire season determine fire weather, but climate patterns prior to the
fire season months may also modulate fuel availability and condition. In the context of
a changing climate, understanding the climatic patterns that lead to extreme fire events,
and their mediating factors, is crucial to build resilient landscapes and inform decision-
making. Studies worldwide have shown that these fire-climate dynamics vary significantly
per ecosystem and in this study, we propose to uncover the nature of these relationships
for Cerrado. We evaluate the regional temperature and precipitation patterns that lead
to severe and mild fire seasons in the ecoregions of Cerrado. We identify two periods
that show contrasting behaviours in both extremes: the concurrent climate conditions
during the fire season months (August to October) and pre-conditions during the austral
autumn (March to May). Albeit with noteworthy regional discrepancies, in general we
find that severe fire seasons are preceded by hot and dry conditions during the austral
autumn, and associated with hot and dry conditions during the fire season months. Mild
fire seasons see the opposite pattern, with colder and wetter conditions both during and
prior to the fire season. We further investigate the climate modes that lead to extreme
fire activity in each month of the fire season and find that, over most ecoregions, early fire
season burned areas are influenced by pre-conditions during the austral autumn, whereas
late fire season burned areas rely on concurrent favourable meteorological conditions.
These results contribute to the understanding of the regional fire-climate dynamics of the
second largest biome in South America, and provide a starting point for possible regional
fire outlooks. We further provide regionally tailored information that, considering recent

Brazilian policies, may prove useful for fire management.

3.1 Introduction

Climate is one of the main drivers of fire activity worldwide (Jones et al., 2022; Bedia
et al., 2015). Weather conditions favourable to fire, commonly referred to as fire weather
conditions, generally include high air temperatures, low soil moisture and air humidity,
accompanied by strong winds, that provide appropriate conditions for fires to occur and

spread (IPCC, 2021; Aldersley et al., 2011). The single or concurrent occurrence of
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extreme events, such as droughts and heatwaves (Zscheischler and Seneviratne, 2017),
is also linked with severe fire seasons, such as the Pantanal 2020 fires (Libonati et al.,
2022b,a) or the Australian 2019/2020 bushfires (Abram et al., 2021; Squire et al., 2021).
Additionally, climate modulates fuel amount and availability through direct and indirect

effects on vegetation (Pausas and Ribeiro, 2013; Krawchuk and Moritz, 2011).

Within the Brazilian Cerrado, fire is a crucial feature. This savanna-like landscape covers
2 million km?, and is the largest contributor to Brazil’s and South America’s annual
burned area (UNEP, 2022; Bilbao et al., 2020). As a fire-dependent biome, Cerrado
relies on its natural fire regime to maintain the ecosystem’s functioning and structure
(Pivello et al., 2021) and has been shown to sustain high pyrodiversity (Silva et al., 2021).
Biome-wide studies point out that interannual burned area variability in Cerrado can be
explained through precipitation (Libonati et al., 2015) and fire danger indexes (Li et al.,
2021b; Silva et al., 2019; Nogueira et al., 2017a). However, this may not be the case
at the smaller scales, as local studies have found that the drivers of fire highly depend
on regional context. Large fires in Cerrado have been associated with high wind speeds
and compound hot-dry conditions, with considerable discrepancies in the importance of
these drivers regionally (Li et al., 2021a; Libonati et al., 2022a). For instance, the vapour
pressure deficit (VPD) is the main driver of fire spread and fire intensity in Cerrado’s
grasslands, forests and savanna regions, whereas fine fuels influence combustion rates and
carbon emissions (Gomes et al., 2020). In turn, burned areas in mountainous regions
of Cerrado, have been shown to be sparsely correlated with concurrent precipitation but
better explained by drought during the dry season (Alvarado et al., 2017). Similarly,
Conciani et al. (2021) found that, for three protected areas within Cerrado, precipitation
did not explain the interannual variability of burned areas but, when considering human
factors such as land use management and agropastoral activities, the variance explained

increased substantially.

These relationships become increasingly complex when considering regions with high an-
thropogenic activity, such as the Arc of Deforestation and Brazil’s latest agricultural
frontier, MATOPIBA, the confluence of states Maranhao (MA), Tocantins (TO), Piauf
(PI), and Bahia (BA). In the Upper Xingu basin, stretching across both the Amazon and
Cerrado biomes, the concurrence of air dryness and low precipitation drives fire occurrence

(Ribeiro et al., 2022). In the state of Tocantins, de Andrade et al. (2021) have shown that
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burned areas are positively correlated with the duration of the dry season and negatively
correlated with total rainfall, while Santana et al. (2020) pointed out that the synergies
between fire recurrence in the Araguaia National Park and biophysical variables, including
the enhanced vegetation index (EVI), gross primary production (GPP), and land surface
temperature (LST), strongly depend on land cover type. Silva et al. (2020) found that,
while a fire danger index explains 52% of interannual variability of the total burned area
in MATOPIBA, the relationship between the fire danger index and regional burned area
varied greatly when considering MATOPIBA’s 41 microregions.

Accordingly, while helpful, large-scale assessments of fire-climate relationships mask dis-
tinct regional patterns. Indeed, worldwide, fire-climate dynamics have been shown to
highly depend on geographical location (Zubkova et al., 2019; Syphard et al., 2017). Al-
though the currently available literature on the drivers of fire in Cerrado hints at complex
relationships between climate and fire activity with high geographical variation, a com-
prehensive study on the regional climate controls of fire activity is lacking for the Cerrado
biome. In this study, we provide a novel assessment of regional fire-climate relationships
considering Cerrado’s ecoregions. We first assess the climatic conditions that lead to ex-
treme fire seasons, and then dive on the specific climate modes that influence each month

of the fire season.

3.2 Data

2.1 Study area

We partition Cerrado into 19 ecoregions as proposed by Sano et al. (2019) (Figure 3.1).
These ecoregions are unique in terms of landscape characteristics and were defined based
on their physical attributes (elevation, rainfall, and soil), land use types, land cover classes
and conservation status (protected areas and indigenous territories). Silva et al. (2021)
studied fire behaviours within each ecoregion using several fire parameters (e.g. burned
area, fire intensity, and size of individual fire events), and further updated the ecoregional
map with regional fire characteristics. For the purposes of this study, we only considered
ecoregions that burn regularly. As such, the five ecoregions classified as low-burned areas

in Silva et al. (2021), namely: Alto Sao Francisco, Depressao Carstica do Sao Francisco,
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Jequitinhonha, Paracatu, and Costeiro, were not considered in the present study.
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Figure 3.1: Cerrado’s location within Brazil (dark grey) and South America (light grey). The transition
zone between the Cerrado and Amazon biomes, the Arc of Deforestation, is hatched and MATOPIBA,
defined here as the intersection of states Maranhao, Tocantins, Piaui and Bahia, with Cerrado, is marked
by a solid black line. Cerrado’s 19 ecoregions (Sano et al., 2019) are shown and numbered, with the
respective names listed in the column on the right. Cerrado’s ecoregions are further categorized into 5
classes based on their geographical location within Cerrado: north (red); orange (central-west); yellow
(central-east); west (light blue); and south (dark blue). Finally, ecoregions not considered in this study
are numbered but shown in dark grey.

2.2 Datasets and pre-processing

Burned area was obtained from the Moderate Resolution Imaging Spectroradiometer
(MODIS) MCD64A1 Collection 6.1 product (Giglio et al., 2018), for the 2001-2023 pe-
riod. Using the Fuoco server from the University of Maryland, the Win05-07 tiles were
merged to obtain data for South America. Data were then reassigned to a binary classi-
fication according to unburnt/burnt pixels. Monthly and yearly sums of burned areas at
500-meter spatial resolution were computed over each ecoregion. The MODIS MCD64A1
product is known to perform well over the Brazilian savanna, but uncertainties are larger

in southern Cerrado due to the prevalence of smaller and scattered fire scars (Campagnolo
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et al., 2021; Rodrigues et al., 2019).

Daily surface temperature and hourly total precipitation were downloaded from the Eu-
ropean Centre for Medium-Range Weather Forecasts’ (ECMWF) ERA5 reanalysis (Hers-
bach et al., 2020), at a 0.25° x 0.25° spatial resolution for the 2001-2023 period. Daily
precipitation totals were computed. All data was masked per each ecoregion and spatial

means were computed.

3.3 Methods

3.3.1 Composite analysis of extreme years

The fire season in Cerrado is fairly constant throughout ecoregions, with most annual
burned area occurring during the austral summer from August to October (Silva et al.,
2021), thus the annual fire regime is heavily constrained by fires in this period. As such,
this study focuses on extreme fire seasons, defined as the months of August, September,

and October (ASO).

To analyse the climatic conditions that lead to extreme fire season years, we followed
the approach proposed by Pereira et al. (2013). We obtained, for each ecoregion, the
top(bottom) burned area years, defined as those above(below) the 75 (25) percentile of
fire season burned areas over 2001-2023, henceforth referred to as severe(mild) fire years.
Severe and mild fire years per ecoregion are shown in Supplementary Material: Figure

3.7.

A composite analysis was performed to compare climatic conditions associated to se-
vere and mild years. Composites consist of monthly averages over the years that define
the severe and mild classes, per ecoregion, and composite anomalies are computed by
subtracting the monthly average of the full time series (2001-2023). This analysis al-
lowed to pinpoint two 3-month period that may, to some extent, influence burned ar-
eas during the fire season: pre-conditions during the austral autumn (defined as March,
April, and May; MAM); and the concurrent conditions of the fire season (ASO). Seasonal
means(accumulated values) of temperature(precipitation) were estimated for these two
periods, and composite anomalies computed in a similar manner to that previously ex-

plained. Standardized anomalies were also estimated by further dividing the composite
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anomalies by the corresponding standard deviation.

A similar procedure was employed to study the climatic conditions associated with se-
vere/mild fire years per month of the fire season (ASO). For each month (August, Septem-
ber, and October), severe and mild fire years were defined in the same way as previously
described for the fire season: by means of the 75% (severe) and 25" (mild) percentile of
the 2001-2023 time series (shown in Supplementary Material: Figure 3.7). We further
compute seasonal means(sums) of temperature(precipitation) during the austral autumn
(MAM) to assess the influence of pre-conditioned climate on severe/mild burned areas of
each month of the fire season, and use the corresponding monthly mean(sum) of temper-

ature(precipitation) to evaluate the influence of concurrent climate conditions.

3.3.2 Modelling regional fire-climate relationships

We investigated the regional relationship between fire and climate in each ecoregion

through linear models that predict burned area (BA):

BAzﬁo—FﬂlXCl—}—ﬂQXCQ—FEE (31)

where € is the error of the regression, BA is the predictand, C; and Cy are the two
predictors (standardized values of either temperature or precipitation), that respectively
represent concurrent conditions during the fire season (ASO) and pre-conditions during
the austral autumn (MAM), and (g, 81, and (s are the regression coefficients. The signif-
icance of each predictor was evaluated through the corresponding p-values and considered
significant if below the 5% confidence level. The adjusted coefficient of determination (R?)
provided the total variance explained by the model. Regression models given by Equation
3.1 were also used to predict annual values of burned area in each individual month of the
fire season (months of August, September, and October). The Variance Inflation Factor
(VIF) was computed to measure multicollinearity amongst predictors, with VIF values

above 5 requiring re-assessment of predictors (Montgomery et al., 2012).

61



3.4 Results

3.4.1 Seasonal climate and burned area patterns

Temperature and precipitation patterns vary considerably within ecoregions according to
the vast latitudinal extent of the Cerrado (Figure 3.2). Nevertheless, while the annual
cycle of precipitation is somewhat similar throughout the Cerrado, there are very distinct

regional temperature patterns.

With the exception of Planalto Central, northern (Alto Parnaiba and Floresta de Cocais)
and central-western (Araguaia Tocantins, Bananal, and Bico do Papagaio) ecoregions have
unimodal annual cycles of temperature, growing steadily from April to September, when
the annual maxima are reached. On the other hand, Planalto Central (north), much like
central-eastern ecoregions (Chapadao do Sao Francisco, Parnagud, and Vao do Parana),
experiences abrupt temperature increases from July onwards, reaching the annual maxima
around September. These ecoregions, along with Depressao Cuiabana (west), also show
a bimodal temperature distribution, with a secondary peak around April and May. Cha-
pada dos Parecis (west), shows a steady increase in monthly temperatures from February
onwards, peaking in September, and followed by an abrupt drop from October to January.
Lastly, southern ecoregions present a unimodal cycle that is substantially different from
that of northern and central-western ecoregions, with annual maxima from September to

March, and a sudden drop in monthly temperatures from April to August.
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Figure 3.2: Seasonal cycles of burned area (left-hand axis in black pertaining to the grey bars, km?),
precipitation (right-hand axis in blue pertaining to the blue curve, mm) and temperature (right-hand
axis in red pertaining to the red curve, °C) for the evaluated ecoregions. Values represent an average of
monthly burned area and precipitation(temperature) totals(averages) over the 2001-2023 period. The
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Figure 3.2 (cont.): share of fire season (ASO) burned areas in yearly burned areas in shown in the top
right of each panel, and ecoregions are categorized geographically, according to Figure 3.1: north, central-
west, central-east, west, and south; and the corresponding category is shown in the top right corner of
each subplot.

Albeit with slight spatial discrepancies, in general Cerrado shows a marked dry season
that spans from May to September. With the exception of southern ecoregions (Basaltos
do Parand, Parand Guimaraes, and Complexo Bodoquena) that see rainfall throughout
the entire year, the austral winter months of June, July, and August, have virtually zero
precipitation. Nevertheless, Floresta de Cocais, the northernmost ecoregion, shows a
different annual precipitation cycle as its dry season seems to start later in August and

last until November, peaking during March.

In general, the majority of burned areas occur during the months of August, September,
and October (ASO). The fire season represents 51% to 92% of annual burned areas in
Cerrado’s ecoregions. With the exception of Basaltos do Parand (57%) and Chapada dos
Parecis (51%), fire season (ASO) burned areas represent at least two-thirds of annual
burned areas. Peaks in burned area occur in September for all ecoregions, with the
exceptions of Complexo Bodoquena and Chapada dos Parecis, which see a peak in burned
area one month earlier in August, and Bico do Papagaio, which sees a burned area peak

one month later in October.

We then evaluated the interannual variability of yearly and fire season amounts of burned
area per ecoregion. Severe and mild years based on fire season burned areas are high-
lighted in Figure 3.3. Although extreme years vary greatly amongst ecoregions, there are
noteworthy temporal and spatial patterns. The years 2007 and 2010 are marked as severe
for all ecoregions considered, except for 2010 in Complexo Bodoquena. Ecoregions located
in northern and central Cerrado (namely, Alto Parnaiba, Araguaia Tocantins, Bananal,
Bico do Papagaio, Chapadao do Sao Francisco, Floresta de Cocais, Parnagud, Planalto
Central, and Vao do Parana) all show 2012 as a severe year, whereas central-eastern
ecoregions (Chapadao do Sao Francisco, Parnagud, and Vao do Parana) have 2010, 2011

and 2012 in common as severe fire years.
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Figure 3.3: Interannual variability of yearly (dashed curves) and fire season (grey bars) burned areas per
ecoregion. Coloured bars represent years of severe (red) and mild (green) fire seasons, defined as those
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Figure 3.3 (cont.): above(below) percentile 75(25) of the 2001-2023 time series. Values for the 25" and
75t percentiles are show below the title of each panel, and ecoregions are categorized geographically,
according to Figure 3.1: north; central-west; central-east; west; and south; the corresponding category is
shown in the top right corner of each subplot.

3.4.2 Analysis of extreme fire seasons
3.4.2.1 Monthly anomalies

Monthly anomalies for extreme fire-year composites find contrasting patterns in temper-
ature and precipitation during severe and mild fire seasons (Figure 3.4). Nevertheless,

there are very distinct seasonal patterns amongst Cerrado’s ecoregions.

Northern ecoregions (Alto Parnaiba and Floresta de Cocais) show systematic posi-
tive(negative) temperature anomalies throughout most of the year for severe(mild) fire
seasons. Precipitation differs substantially for severe and mild fire seasons during autumn
(MAM), and slightly by the end of the fire season (ASO) in October. During most of the

fire season (ASO) precipitation anomalies are similar for both severe and mild fire years.

Central-western ecoregions (Araguaia Tocantins, Bananal, Planalto Central, and Bico do
Papagaio) have two marked periods with contrasting temperature anomalies for severe
and mild fire seasons: in autumn (MAM), and in the months of September and October,
where positive(negative) temperature anomalies are found for severe(mild) fire seasons.
During autumn (MAM) precipitation anomalies are also largely different between severe
and mild fire seasons, and then again by the end of the fire season (ASO) in October. As
with northern ecoregions, the onset of the fire season (ASO) in August and September
is marked by very similar rainfall conditions during both severe and mild fire seasons.
The described patterns are less pronounced in Bico do Papagaio than in the remaining

central-western ecoregions.

66



—— Severe === Mild
Temperature (°C) Precipitation (mm)
Autumn Fire season Autumn Fire season
1 PER St Ry
Alto P S~ oo -
Parnaiba SN 7T <
=059 T TTTSeee__emmmgmmmmT S ,/ —25 -
1 \_/_\__/\ 50 TS N
Floresta _ . N ~~——-___
is | --777 N e N L g <
de Cocais o B
o
-14 -50
50 o
X 0.5 4 S S s
Araguaia 0.0 S~ 0 & S, - N
Tocantins 7 . - T - = -
-0.5 4 N T e L
" \\4’ _50
14 o~ RS
25 LN N
B “ 2 N
- h S P
Bananal o — —— — o R _ /(\\_
————— ~ - =
1 e RN -25 A \/
=1 '~
14
~ 25 .
Planalto L ~ S N = e - \_/\
Central 7 S~ S ) D 7 \/ oot
o S, -25 - \\//
Bi d - /\/\;—'\ 25 A .
icodo | < T > B o . N S 4 _
Papagaio Seo -7 L ==
-0.5 4 = -25 4 L
.
y
0s{ s 50
. T~————_ T . i /\ ————————— /’3/\
Parnagud 0.0 +—————~4—S~————====2222S s o Nt
== = >\/ <
-0.5 1 N N
_50 4
/,\\\\ \ ,/\\
~ 05 7 / y ,”“"\ at 25 1 \ o~ VS
Chapaddodo / ST S /s o \ e _ {
S&o Francisco )/ S | N A X N
-0.5 4 W -25 - \ \
31 e M ey 254 N\ .
Vao dq 0.0 S _ <« == o AN Y
Parana \/ == — N /. N
-0.5 Vo= -25 N\
0.5 4 2 4
Chapad_a 0.0 S~ S Rttt S o ommm——me I _--=
dos Parecis ™ /C -------- - < 7 ~—== % ~—~
A 4 ’
-0.5 - N =25 - /
J
. 0.5 4 . A 25 4 N
Depressao ,«/\,( % N . -{\/ S . B
Cuiabana ™ N NN = < —_— —
-0.5 N/ RNt -25 -
50
14
Parana N S T . AN - e -
Guimaréaes T TNl T T TN ~ 3 Z--~ o’ = S
-1 Ny
_50 4
25 - - e
os4 === N - —— oS - - N
Complexo £ N \ e o P N
Bodoquena _0'5 | S \\ /)\/~\ _____ - X S = T 7
’ =25 oL
1 .. 25
Basaltos . 7 et o _ e . .
do Parana N === S=— — 07TT= = > <
-1 -25 - .
S 9 A 5§ N § 5 95 Q9 24 S 9 A & N S 5 O Q9 & AN o
T 0 0 L PSS X 35 g & o5 9 T g & & » 35S =< 3 &5 & o
S <9 S Y5 S < v © F q S ¢ § < &S g & o 2 4

Figure 3.4: Monthly anomalies of temperature (left-hand panel; red; °C) and precipitation (right-hand
panel; blue; mm) for composites of severe (solid curves) and mild (dashed curves) years in Cerrado’s
ecoregions. Severe(mild) years are defined as those where fire season burned areas exceed(fall behind) the
750 (25th) percentile of fire season burned areas over the 2001-2023 period. Two noteworthy 3-month
periods are highlighted: the austral autumn (March, April, and May - MAM; light grey); and the fire
season (August, September, and October - ASO; dark grey).

Conversely, central-eastern ecoregions (Parnagud, Chapadao do Sao Francisco, and Vao
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do Parana) do not show considerable differences in temperature values between severe
and mild fire seasons, except during February, August, and November, when mild(severe)
fire seasons are marked by positive(negative) temperature anomalies. Patterns in pre-
cipitation anomalies are not as clear as in previous ecoregions, with not-so-well-defined
positive(negative) precipitation anomalies for mild(severe) fire seasons in autumn and
during the month of October. Nonetheless, there is a pattern in the final months of the
year, during the months of November and December, where severe(mild) fire seasons are

associated with positive(negative) precipitation anomalies.

Western ecoregions (Chapada dos Parecis and Depressdo Cuiabana) show similar be-
haviour for temperature anomalies during autumn (MAM), when severe(mild) fire sea-
sons show positive(negative) temperature anomalies, but a very distinct behaviour during
the fire season (ASO): while Depressao Cuiabana shows contrasting behaviours of posi-
tive(negative) temperature anomalies during severe(mild) fire seasons, Chapada dos Pare-
cis has no discernible pattern. In the case of precipitation, anomalies for both severe and
mild fire seasons are similar along the two western ecoregions: no contrasting anomalies
throughout the years for composites of severe and mild fire seasons, except during early

autumn (MAM) in March.

Lastly, southern ecoregions (Parand Guimaraes, Complexo Bodoquena, and Basaltos do
Parand) present very distinct temperature anomaly patterns. Complexo Bodoquena and
Basaltos do Parana only show considerable differences between severe and mild fire sea-
sons during August and September, whereas Parana Guimaraes has a similar behaviour
as western ecoregions: contrasting temperature anomalies during autumn (MAM) and
the entirety of the fire season months (ASO). The fire season months (ASO) are marked
by positive(negative) precipitation anomalies for mild(severe) fire seasons, and Complexo
Bodoquena and Basaltos do Parana also show the same behaviour in precipitation anoma-

lies for March.

3.4.2.2 Anomalies prior and during the fire season

The previous analysis allowed to pinpoint two distinct 3-month periods where, in gen-
eral, there are contrasting temperature and precipitation anomalies for severe and mild
fire seasons: the austral autumn (MAM) representing pre-conditions; and the concur-

rent conditions of the fire season (ASO). Figure 3.5 summarizes the temperature and
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precipitation anomalies during both these periods for severe and mild fire seasons.

Pre — conditions Concurrent conditions
(autumn) (fire season)
Temperature Precipitation Temperature Precipitation

Alto Parnaiba 13.9 -14.5

North

Floresta de Cocais -10.4
Araguaia Tocantins

Bananal

Planalto Central

Central-W

Bico do Papagaio

Parnagua

Chapaddo do Sao Francisco

Central-E

Vao do Parana

-0.1 -0.1 32.3 -5.9

Chapada dos Parecis 0.2 -0.1 -11.6 -23.3

West

Depressao Cuiabana

Parana Guimaraes

Complexo Bodoquena

South

Basaltos do Parana 7

Mild Severe Mild Severe Mild Severe Mild Severe
4 R g
-1 0 1

Figure 3.5: Seasonal anomalies of temperature and precipitation for composites of extreme years along
Cerrado’s ecoregions for pre-conditions (autumn - MAM) and the concurrent conditions (fire season -
ASO). Colours(numbers) represent standardized(absolute) anomalies of temperature (T, °C) and precip-
itation (P, mm). Anomalies are in respect to seasonal averaged temperatures and aggregated precipitation
over the considered periods. Ecoregions are categorized geographically, according to Figure 3.1: north,
central-west (Central-W), central-east (Central-E), west, and south.

During autumn (MAM), with the exception of Bico do Papagaio, all northern and central-
western ecoregions show very distinct temperature anomalies, where severe(mild) fire sea-
sons are marked by positive(negative) temperature anomalies. The remaining ecoregions
show very low standardized temperature anomalies of the same signal, with the exception

of the southern ecoregion Parand Guimaraes. Standardized temperature anomalies are
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higher in central-western ecoregions, namely Araguaia Tocantins, Bananal, and Planalto
Central, along with Floresta de Cocais located in northern Cerrado, and Depressao Cuia-
bana located in western Cerrado. Conversely, all ecoregions have contrasting behaviours
in precipitation anomalies: severe(mild) fire seasons are associated with negative(positive)
precipitation anomalies. Vao do Parana is the sole exception, with negative precipitation
anomalies for both severe and mild fire seasons. Standardized anomalies are higher in

western ecoregions, and Parand Guimaraes.

During the fire season (ASO), there are contrasting temperature and precipitation pat-
terns for northern, central-western, and southern ecoregions: severe(mild) fire seasons are
associated with positive(negative) temperature anomalies and negative(positive) precipi-
tation anomalies. On the other hand, central-eastern ecoregions have very low standard-
ized and absolute temperature anomalies during this period and often of the same signal.
Regarding precipitation, central-eastern ecoregions show contrasting anomalies, with neg-
ative(positive) anomalies for severe(mild) fire seasons, where standardized anomalies for
mild fire seasons are relatively high and standardized anomalies for severe fire seasons
are very low. In the case of western ecoregions, Chapada dos Parecis and Depressao
Cuiabana have very distinct climate patterns during the fire season (ASO): Chapada
dos Parecis has very low standardized anomalies for both temperature and precipitation,
and negative precipitation anomalies for both severe and mild fire seasons; on the other
hand, Depressao Cuiabana has contrasting patterns for both temperature and precipita-
tion, where severe(mild) fire seasons are associated with positive(negative) temperature

anomalies and negative(positive) precipitation anomalies.

3.4.2.3 Fire-climate models

The strength of the relationship between yearly values of temperature and precipitation
and yearly fire season burned areas is assessed by fitting bivariate linear models using
temperature or precipitation values over the austral autumn (MAM) and the fire season

(ASO) as predictors of annual fire season burned areas (Table 3.1).

The strength of these relationships varies greatly along Cerrado’s ecoregions, with adjusted
R? values ranging from 5% to 60% for temperature and from 7% to 41% for precipitation.
In general, temperature models perform best for northern and central-western ecoregions,

whereas precipitation models achieve higher coefficients of determination for northern and
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western ecoregions.

In the case of temperature models, pre-conditions during autumn (MAM) are significant
for only three ecoregions: Alto Parnaiba (north), Araguaia Tocantins (central-west), and
Planalto Central (central-west). Additionally, concurrent conditions during the fire season
(ASO) are significant in three ecoregions: Floresta de Cocais (north), Bananal (central-
west), and Planalto Central (central-west). Planalto Central is thus the sole ecoregion
where both predictors are significant but, as seen by the standardized regression coef-
ficients, pre-conditions during autumn (MAM) have a slightly larger impact in yearly

burned areas than concurrent temperatures during the fire season (ASO).

For precipitation models, all northern and western ecoregions, along with Complexo
Bodoquena, show that pre-conditions in autumn (MAM) are significant when modelling
yearly fire season burned areas. Conversely, only Complexo Bodoquena (south) achieves
significance for concurrent rainfall during the fire season (ASO) and both predictors seem

to translate in a similar amount of yearly burned area.

3.4.3 Analysis on a monthly basis for months of the fire season
3.4.3.1 Anomalies prior and during the fire season months

Given the lack of significance of pre-conditions during autumn (MAM) in modelling yearly
fire season burned areas, and the contrasting patterns found for this period in the com-
posite analysis, we investigated whether evaluating the entirety of the fire season could
mask distinct monthly controls. Accordingly, we performed the same analysis, but using
instead severe and mild composites of: August burned areas; September burned areas; and
October burned areas. We then evaluate temperature and precipitation for pre-conditions
during autumn (MAM) and the concurrent conditions of each month. Figure 3.6 shows
temperature and precipitation anomalies for pre-conditions during autumn (MAM) and
concurrent conditions of each month (either August, September, or October) for compos-
ites of severe and mild years of each month of the fire season (either August, September,

or October; see Methods).

Severe(mild) Augusts are in general associated with positive(negative) temperature
anomalies and negative(positive) precipitation anomalies during autumn (MAM). Only

four ecoregions show no contrast during autumn (MAM) between severe and mild Au-
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gusts, namely: Chapada dos Parecis (west), Complexo Bodoquena (south), and Basaltos
do Parand (south), in the case of temperature; and Vao do Parana (central-east) and
Basaltos do Parana (south), in the case of precipitation. Severe(mild) Augusts are also
associated with concurrent negative(positive) rainfall anomalies. Concurrent temperature
anomalies do not present a consistent behavior, with only southern and central-western
ecoregions (excepting Planalto Central), and Floresta de Cocais (north), showing posi-
tive(negative) temperature anomalies for severe(mild) Augusts. The remaining ecoregions
either show the opposite pattern with negative(positive) temperature anomalies for se-

vere(mild) Augusts or there is no contrasting behaviour between August extremes.

In general, severe(mild) Septembers are marked by positive(negative) temperature and
negative(positive) precipitation anomalies, during both autumn (MAM) and September.
Nevertheless, in autumn (MAM), two southern ecoregions show the opposite tempera-
ture pattern, and three other ecoregions, namely Bico do Papagaio (central-west), Vao
do Parana (central-east), and Chapada dos Parecis (west), show no contrasting temper-
ature pattern for both severe and mild Septembers. Likewise, Bananal (central-west)
and all southern ecoregions show no contrasting precipitation anomalies for severe and
mild Septembers during autumn (MAM). When looking at concurrent temperature and
precipitation anomalies, only Chapadao do Sao Francisco (central-east) shows a distinct
pattern, with opposite temperature patterns and no diverging behaviour for severe and

mild September in precipitation anomalies.

Lastly, severe and mild Octobers are associated with strong and contrasting concurrent
anomalies in both temperature and precipitation. Only Chapada dos Parecis (west) and
Parand Guimaraes (south) have no contrasting temperature and precipitation patterns,
respectively. Both concurrent temperature and precipitation anomalies seem to be more
pronounced for northern and central (both west and east) ecoregions. On the other hand,
severe and mild Octobers obtain much lower temperature and precipitation anomalies
during autumn (MAM) and three ecoregions do not show contrasting patterns for ei-
ther climate variable. Nevertheless, the northern and western ecoregions, along with
Vao do Parana (central-east), Parand Guimaraes (south), and Complexo Bodoquena
(south), show positive(negative) temperature anomalies and negative(positive) precipi-

tation anomalies for severe(mild) Octobers.
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3.4.3.2 Fire-climate models

Similarly to the analysis for extreme fire seasons, we further fit bivariate linear models
that consider the pre-conditions during autumn (MAM) and the concurrent conditions
of the evaluated month, for both temperature and precipitation, as predictor of yearly
burned areas in each of the months of the fire season: August, September and October

(Table 3.2, 3.3 and 3.4, respectively).

Models fitted for October burned areas using temperature as predictor achieve coefficients
of determination that range from 15% to 70%. Concurrent temperatures in October are
significant for all ecoregions excepting Chapada dos Parecis (west), whereas pre-conditions
during autumn (MAM) are not significant for any of the evaluated ecoregions. In the case
of precipitation models for October, in which explained variance ranges from 14% to 50%,

4(8) ecoregions show significance for (pre-)concurrent conditions.

Conversely, for temperature models of August and September burned areas, the explained
variance is generally lower than that obtained for October burned areas, ranging from 7%
to 58% and 4% to 51%, respectively. Nevertheless, in the case of August(September), 5(4)
ecoregions show pre-conditions during autumn (MAM) as a significant predictor, and 4(6)
ecoregions obtain the same result for concurrent conditions during August(September).
Considering precipitation, models fitted for August(September) show coefficients of de-
termination ranging from 8% to 46%(12% to 59%), and show significant regression coef-
ficients for pre-conditions over 7(4) ecoregions, whereas 3(7) show concurrent rainfall in

August(September) as significant.

3.5 Discussion

Seasonal precipitation patterns are similar throughout the Cerrado biome, with a marked
dry season that peaks during the austral winter from June to August. There are, however,
very distinct regional temperature patterns. In agreement with previous studies (Silva
et al., 2021), our findings indicate that the vast majority of yearly burned areas occur
within a 3-month period from August to October, which has often been considered as
Cerrado’s fire season. Throughout the vast majority of ecoregions, the fire season coincides

with peaks in temperature, and with the transition from the austral winter (June, July,
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Table 3.2: Bivariate linear models to predict annual burned areas for each month of the fire season (either August, September, or October) using pre-conditions
during autumn (MAM) and concurrent conditions (either August, September, or October) of temperature or precipitation. Goodness-of-fit is evaluated through
the Adjusted R? (%). Coefficients 3, and 33 correspond to the regression coefficients associated with concurrent conditions (either during August, September, or
October) and pre-conditions during autumn (MAM), respectively, and are accompanied by the associated significance, where * denotes significant relationships
below the 5% level and ** denotes relationships below the 10% level. The intercept of the regression is shown as Sy, and the Variance Inflation Factor (VIF) for
both predictors is depicted as well. Ecoregions are categorized geographically, according to Figure 3.1: north, central-west (Central-W), central-east (Central-E),
west, and south.

August
Temperature Precipitation
Adjusted Adjusted
R? 631 65 fo | VIF R? B B2 Bo | VIF
North Alto Parnaiba 47 -1765  * 2470 * 4322 1.5 39 -920 ** | -1617 * 4322 1.0
Floresta de Cocais 36 188  ** 35 228 | 2.3 29 -115 -135  ** | 228 1.0
Araguaia Tocantins 55 -886 ** | 2500 * 5106 1.1 46 -1242  * -1600 * 5106 1.0
Central-W Bananal 52 -491 1740 * 3151 1.2 28 -469 -1022  * 3151 1.0
Planalto Central 34 104 513 * 1314 1.0 30 -360  ** -317  ** | 1314 1.0
Bico do Papagaio 10 -154 231 1003 1.5 22 -145 =247 ** | 1003 1.0
Parnagua 58 -420 * 245 * 637 1.0 16 -149 -186 637 1.0
Central-E | Chapadao do Sao Francisco 34 -648 * 422  ** 1 1575 | 1.0 26 -409 -529 * 1575 | 1.0
Vao do Parana 7 -15 30 121 1.0 8 -21 -29 121 1.0
West Chapada dos Parecis 15 -136 373 1454 | 1.0 36 S350 *¥* | 485 * 1454 | 1.0
Depressdao Cuiabana 3 -57 30 1071 | 1.0 29 -154  ** | -140 ** | 1071 | 1.0
Parand Guimaraes 8 164 301 2524 | 1.0 31 -486  * -b44  * 2524 | 1.0
South Complexo Bodoquena 25 404 * 254 795 1.0 29 -441  * -463  * 795 1.2
Basaltos do Parana 16 157  ** -61 871 1.0 17 -172 ¥ 14 871 1.0
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Table 3.4: As in Table 3.2 but for October.

October
Temperature Precipitation
Adjusted Adjusted
B B2 Bo | VIF B B2 Bo | VIF
R?2 R?2
Alto Parnaiba 70 1106 46 2502 | 1.1 49 -849 * -220 2502 | 1.1
North
Floresta de Cocais 51 347 44 632 1.3 34 -187  ** | 216 * 632 1.0
Araguaia Tocantins 60 1846 -328 2878 | 1.1 35 -1512  * 459 2878 | 1.3
Bananal 53 1042 -406  ** | 1768 | 1.1 29 -797 % 408 1768 | 1.1
Central-W
Planalto Central 47 972 60 1382 | 1.0 31 -829 * 85 1382 | 1.2
Bico do Papagaio 62 207 -1 266 1.1 16 -81 -59 266 1.0
Parnagua 33 431 -90 1067 | 1.2 14 -280 21 1067 | 1.5
Central-E | Chapadao do Sao Francisco 51 1162 -427 2403 | 1.1 50 -1352  * 662 * | 2403 | 1.6
Vao do Parana 41 86 9 168 1.1 31 -86 * 21 168 1.4
West Chapada dos Parecis 15 22 87 287 1.0 30 -16 -131 * 287 1.0
es
Depressao Cuiabana 32 135 71 176 1.0 33 -63 -142  * 176 1.0
Parand Guimaraes 33 316 74 745 1.0 22 -148 -205 745 1.1
South Complexo Bodoquena 28 99 44 134 1.0 33 -135  * S79 0 k| 134 | 1.2
Basaltos do Parand 27 133 0 312 1.2 30 -123 % -57 312 1.0
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and August) to spring (September, October, and November), which marks the start of
the first rains in September and October. On the other hand, the months immediately
prior to the fire season, June and July, are marked by the virtual absence of rainfall,
with the exception of the southern ecoregions and the northernmost ecoregion (Floresta
de Cocais). This slight mismatch between the fire season and the peak of the dry season

in Cerrado has been reported previously (Silva et al., 2019; Alvarado et al., 2017).

This diversity in seasonal climate over Cerrado hints at distinct regional climate-fire rela-
tionships. An analysis of temperature and precipitation anomalies during severe and mild
fire seasons provided an initial assessment of these regional interactions. Indeed, climate
patterns during severe and mild fire seasons vary considerably along Cerrado’s ecoregions,
with similar patterns often aligning geographically. This spatial agreement might be due
to a similar climate, but also that contiguous ecoregions may share the same extreme
years. Precipitation patterns during extreme years are much more similar along Cer-
rado’s ecoregions than those of temperature. Severe and mild fire seasons generally see
large and contrasting precipitation anomalies during the austral autumn (March, May,
and April). In the case of temperature anomalies, northern ecoregions show contrasting
anomalies for extreme fire seasons throughout the entire year, while central-western ecore-
gions have two separate 3-month periods where discrepancies between severe and mild fire
seasons are more pronounced: pre-conditions during the austral autumn and the concur-
rent conditions of the fire season. Central-eastern and western ecoregions present no clear
distinction in temperature anomalies between severe and mild fire seasons throughout
the year, with the exception of Depressao Cuiabana. Lastly, southern ecoregions show

differences in temperature anomalies during the fire season only.

Nevertheless, most ecoregions show contrasting behaviours between severe and mild fire
seasons to some extent during two distinct 3-month periods: the austral autumn from
March to May; and the fire season months from August to October. Severe fire seasons
show negative precipitation anomalies during the austral autumn in all ecoregions, which
contrasts with positive anomalies during mild fire seasons. In the case of northern and
central-western ecoregions, where 3 of the highest burning ecoregions are located (Alto
Parnaiba, Araguaia Tocantins, and Bananal), temperature anomalies are also consistently
high in this period during severe fire seasons. The austral autumn coincides with the

growing season over most of Cerrado (Arantes et al., 2016), and it has been reported for
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several regions (e.g. Abram et al., 2021; Pereira et al., 2013) that hot and dry conditions
during the growing season impact vegetation growth and health, resulting in dry fuel loads
that, when exposed to favourable fire weather during the fire season, are more susceptible

to burn.

However, these results for extreme fire seasons mask distinct monthly dynamics. In gen-
eral, burned areas during the early fire season in August are much more constrained by
pre-conditions of temperature and precipitation during the austral autumn, whereas late
fire season burned areas in October rely on concurrent favourable climate conditions. This
dynamic may be explained by the mediator effect of vegetation. In August, fuel moisture
levels are generally high (Ramos-Neto and Pivello, 2000), hindering the occurrence of
large burned areas even with favourable concurrent fire weather conditions; however, if
fuel conditions deteriorate due to exposure to hot and dry weather during the growing
season, it will be more susceptible to burning. On the other hand, by the end of the
fire season vegetation stress is, in general, quite high due to several months of prolonged
hot and dry conditions. September and October usually see the first rains, and their oc-
currence seems to be determinant for extreme burned areas during these months. These
results are in line with previous assessments suggesting that fire activity in Cerrado is
moisture-dependent (Alvarado et al., 2017), and that seasonal fire activity increases with

a rapid drying of grasses or herbaceous fuel (Nogueira et al., 2017a).

The importance of climate conditions during the austral autumn in preconditioning fuel
dryness during the fire season months provides an opportunity for early warning of burned
areas in August. In the case of high-burning ecoregions, such as Alto Parnaiba, Araguaia
Tocantins, and Bananal, bivariate models show that both temperature and precipitation
during the austral autumn influence the interannual variability of early fire season burned
areas in August. The other two ecoregions that make up the top 5 high burning ecoregions
in Cerrado (Silva et al., 2021), Parnagud and Chapadao do Sao Francisco, also show
importance for temperature and precipitation during the austral autumn, respectively.
This means that monitoring climate conditions during the autumn months may provide a
useful outlook for early fire season burned areas, as a measure of the fuel dryness during
the fire season. On the other hand, results also show that for all ecoregions, and for both
temperature and precipitation, the months immediately prior to the fire season (June and

July) do not seem to be relevant to either severe or mild fire seasons. In the context of fire

80



management, this assessment may assist in scheduling and defining the proper time and
place for prescribed burning, a technique that is increasingly used to manage fuel loads in
Cerrado landscapes (Schmidt et al., 2018). Controlled burns for agriculture also benefit
from this outlook, as many large fires in Cerrado are agricultural burns that, often due

to fire weather and stressed vegetation conditions, escalate to uncontrolled wildfires.

When looking at fire season burned areas, we find high regional variability in the explained
variance of fire-climate models using either temperature or precipitation. However, when
looking at bivariate models per month of the fire season, we find that August-burned areas
are often linked with climate conditions prior to the fire season, whereas October-burned
areas are associated with concurrent conditions. September seems to be a transitional
month, where both pre-conditioned and concurrent climate may play a role. The pri-
mary aim of using bivariate models in this study was to explore relationships between
regional fire activity and climate variables during and prior to the fire season. However,
the very low coefficients of determination obtained with either temperature or precipita-
tion, suggest that these variables may not be suitable for predictive purposes. Neverthe-
less, previous biome-wide studies found that precipitation can successfully model fire in
Cerrado (Libonati et al., 2015; Mataveli et al., 2018). Given that the top 5 ecoregions
contribute to, on average, 68% of Cerrado’s yearly burned areas (Silva et al., 2021), it
may be that, when fitting models to total burned areas in the biome, these models mostly
reflect the fire-climate relationships within the highest burning ecoregions. In this study,
the best-performing models are indeed those of the highest burning ecoregions, such as
Araguaia Tocantins and Bananal. Furthermore, several other studies have shown that
meteorological fire danger indices are successful in predicting interannual burned areas
in Cerrado (Silva et al., 2019; Nogueira et al., 2017a). These complex indices take into
account several other meteorological variables (such as relative humidity and wind speed),
and mathematically reflect the influence of climate on several components of fire activity,
such as fuel combustibility and fire spread. Additionally, the fact that both temperature
and precipitation models perform worst when predicting August and September burned
areas, in comparison to October burned areas, may reflect the importance of the mediating
factors during these months (such as vegetation availability and condition, as previously

hypothesized) and that they must be considered as well in modelling efforts.

Understanding the climatic drivers of burned areas in the biome, and their mediating
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factors, is crucial in light of ongoing and future climate change: there has been a steady
increase in temperatures over the last 40 years in Cerrado (Marengo et al., 2022; Hofmann
et al., 2021), and less rainfall during the dry season (Bldzquez and Silvina, 2020; Zappa
et al., 2021). As the highest contributor to Brazil’s annual burned areas (UNEP, 2022),
Cerrado is also responsible for a large portion of greenhouse gas (GHG) emissions. In
the period of 1999 to 2018, Cerrado was responsible for emitting more than 2,500 Tg of
carbon to the atmosphere, second only to the Amazon, and these rates are not expected
to decrease (da Silva Junior et al., 2020). Brazil is amongst the largest carbon emit-
ters worldwide (UNEP, 2023) and plays a crucial role in combating climate change. On
October 2023, Brazil made the first adjustment of its Nationally Determined Contribu-
tion (NDC) to the Paris Agreement, pledging to cut GHG emissions by half in 2030 and
achieve carbon neutrality by 2050. Lowering fire emissions in Cerrado is a crucial step to
achieve these goals, that must be achieved through appropriate fire management policies.
With this study, we hope to provide regionally tailored information to assist in drafting

these policies and inform decision-making.

Moreover, as shown for biomes worldwide, while climate acts as an enabler of fire, it
does not preclude the importance of other bioclimatic and human controls (Jones et al.,
2022). Over South America, in particular, the prevalence of anthropogenic burning now
dominates extensive regions across the continent, not only altering natural fire regimes
in fire-prone regions such as Cerrado, but also inducing fires in fire-sensitive ecosystems
(Libonati et al., 2021; Pereira et al., 2022). Ignitions in Cerrado are predominately an-
thropogenic (Schumacher et al., 2022), often associated with agricultural, land conver-
sion, or traditional practices (Eloy et al., 2019; Durigan and Ratter, 2016). Moreover,
socio-economic factors vary greatly amongst Cerrado’s ecoregions: southern Cerrado is
characterized by severely altered landscapes and agricultural lands; while its northern
region holds the last remnants of native vegetation cover and has high deforestation rates
over the last few decades (Sano et al., 2019; Trigueiro et al., 2020). Relationships between
land use and fire in Cerrado have been shown to be quite complex and highly dependable
on regional context (Silva et al., 2020), and may, to a certain extent, explain the high re-
gional variability of climate’s influence on burned areas found in this study. As such, next
steps in evaluating regional drivers of fire in Cerrado should include the anthropogenic

component.
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3.6 Conclusion

Fire weather is considered to be the dominant control in burned areas worldwide (Jones
et al., 2022) and in this study, we provide a first assessment of regional fire-climate dy-
namics throughout the Brazilian Cerrado. We analyse the climatic conditions (as eval-
uated through temperature and precipitation) that lead to severe and mild fire seasons
in Cerrado’s ecoregions. Results show that there is high variability within the biome,
but ecoregions with similar patterns align geographically. In general, we find contrasting
behaviours in both temperature and precipitation for severe and mild fire season during
two distinct 3-month periods: the pre-conditions during the austral autumn; and the
concurrent conditions of the fire season. Ecoregions that burn the most show the largest
contrasting behaviours during these periods and are also those for which bivariate mod-
els of temperature or precipitation perform best in predicting annual fire season burned

areas.

We further assess the influence of pre-conditions during the austral autumn and concurrent
conditions during the fire season in severe and mild years for each of the fire season months.
For many ecoregions, we find that early fire season burned areas are constrained by pre-
conditions during the austral autumn, whereas late fire season burned areas are linked to
concurrent climate conditions. Severe(mild) burned areas in August are associated with
hot and dry(cold and wet) conditions during the austral autumn, and severe(mild) burned
areas in October are associated with hot and dry(cold and wet) concurrent conditions.
September is an intermediate month, seemingly influenced by both pre-conditions and

concurrent climate.

We hypothesize that the mediating effect of vegetation plays a crucial role in explaining
these patterns. Hot and dry conditions during the growing season affect vegetation health
and lead to highly curated fuel loads that are more susceptible to burning during the fire
season. Moreover, these results provide important information for fire management strate-
gies, as we show that fire season months have different climatic constraints. Monitoring
meteorological conditions during the austral autumn may provide useful outlooks for early
fire season burned areas, while late fire season burned areas require a closer monitoring
on concurrent meteorological conditions. Understanding the importance and dynamics of

the mediating effect of vegetation in the fire-climate relationship is thus essential to bet-
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ter inform fire management in the Cerrado biome. As a severely disturbed biome that is
subject to high anthropogenic pressure, future assessments of regional drivers in Cerrado

should also consider the human influence on fire activity.

3.7 Supplementary Material
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Figure 3.7: Severe (red) and mild (green) fire years defined as those above and below the 75" and 25"
percentile of burned areas over the 2001-2023 period, respectively. Each subplot represents the severe
and mild fire years estimated using: fire season (ASO) burned areas; burned areas during the month of
August; burned areas during the month of September; and burned areas during the month of October.

84



Chapter 4

The role of anthropogenic activity
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4.1 The case of the MATOPIBA region

This section is based in the following conference proceeding: Silva, P., Rodrigues, J.,
Santos, F., Pereira, A., Nogueira, J., DaCamara, C., and Libonati, R. (2020). Drivers
Of Burned Area Patterns In Cerrado: The Case Of Matopiba Region. 2020 IEEE Latin
American GRSS & ISPRS Remote Sensing Conference (LAGIRS)

The Brazilian savanna (Cerrado) is one of the most important biodiversity hotspots in the
world. Being a fire-dependent biome, its structure and vegetation dynamics are shaped
by and rely on the natural occurring fire regime. Over the last decades, Cerrado has been
increasingly threatened by accelerated land cover changes, namely the uncontrolled and
intense use of fire for land expansion. This is particularly seen in Brazil’s new agricultural
frontier in northeastern Cerrado: the MATOPIBA region. Changes in MATOPIBAs fire
regime resulting from this rapid expansion are still poorly understood. Here we use
satellite-derived datasets to analyze burned area patterns in MATOPIBA over the last
18 years, at the microregions level. We further evaluate the role of climate and land
use in spatial and temporal burned area variability and assess their trends in the last
two decades. Results show an increased contribution of MATOPIBA to Cerrado’s total
burned area over the last few years: Maranhao and Tocantins present the highest values of
total burned area with some microregions burning more than twice its area over the study
period. Climate is shown to play a relevant role in MATOPIBA’s fire activity, explaining
52% of the interannual variance, whereas land use and burned area were found to have
more complex interactions that are highly dependent on the regional context. Lastly,
climate and land use drivers are found to have an overall increasing trend over the last

two decades, whereas burned area trends show much heterogeneity within MATOPIBA.

4.1.1 Introduction

Fire events are complex disturbances that influence vegetation dynamics, biodiversity and
ecosystem services, particularly in fire-dependent biomes such as the Brazilian savannas
(Cerrado) (Hardesty et al., 2005). Cerrado is one of the most important global biodiversity
hotspots and is increasingly threatened partly due to a lack of a consistent fire policy

(Durigan and Ratter, 2016). This fire-prone biome relies on fire to shape its vegetation
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distribution and composition and burns regularly constrained to the annual and seasonal
climatological conditions. Nevertheless, changes in the fire regime consequent of future

aggravation of climate conditions might lead to irreversible damage.

While climate has been shown to strongly influence fire activity in Cerrado (Silva et al.,
2019; Hoffmann et al., 2012b), anthropogenic action plays a preponderant role: over the
last decades, most human-induced ignitions have been found to be due to increases in
land use management, expansion for livestock and agriculture (Song et al., 2018). The
uncontrolled and intense use of fire has contributed to accelerate land cover changes
(Lapola et al., 2014) and to disrupt natural spatial patterns of fire events in this biome.

The role of human activity is particularly relevant in Brazil’s new agricultural frontier,

the northern region of Cerrado known as MATOPIBA (de Miranda et al., 2014).

Satellite-derived datasets have proven a useful tool to understand changes in the fire
regimes, particularly in Brazil where field records are costly and irregular. These datasets
provide long-term burned area information with reasonable spatial resolution, improved
accuracy, higher spatial coverage and temporal homogeneity. They allow a comprehensive
characterization of systematic spatial and temporal burned area patterns, improving the
understanding of fire activity in Cerrado (Rodrigues et al., 2019; Nogueira et al., 2017a;
Libonati et al., 2015).

Here, we explored the burned area patterns in Cerrado over the last 18 years, in the
context of regional climate variations and anthropogenic drivers. Land use and a purely
climate-driven fire danger index are evaluated as drivers of spatial burned area patterns.
We focused on the MATOPIBA region, given its importance as the new agricultural
frontier, and perform our study at the microregions level, as defined by the Brazilian
Institute of Statistics and Geography (IBGE). Understanding regional fire regimes can

provide useful information to trigger appropriate fire management and policy decisions.

4.1.2 Methods
4.1.2.1 Study area

Our study area is the MATOPIBA region, considered here the IBGE’s microregions that
compose the Maranhao (MA), Tocantins (TO), Piaui (PI) and Bahia (BA) states that

are included in the geographical extension of Cerrado. IBGE’s microregions are groups of
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municipalities with common geographical characteristics (IBGE, 1990). In our analysis,
MATOPIBA contains 41 microregions in a 0.25° regular grid by nearest-neighbor interpo-
lation, totalizing 709,508 km? of extension (Figure 4.1), which represents 35% of Cerrado

biome.

Although the agricultural frontier in MATOPIBA exists since the 1980’s, it began to
rapidly expand after the agri-food crisis of 2007/2008 (Pereira and Pauli, 2016). This
region is highly sought by businesses given the cheap labor, inefficient supervision and

arable land. The main cultures are corn, soybean, and cotton (Sano et al., 2010).
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Figure 4.1: Spatial distribution of the 41 microregions from MATOPIBA in the Cerrado biome.

4.1.2.2 MCD64 satellite burned area (SBA) product

We used the MCD64A1 Burned Area BA version (collection 6, C6) product (Giglio et al.,
2018) derived from MODIS sensors developed by the National Atmospheric Space Agency
(NASA). The algorithm of the C6 is based on multiple stages, using time series composites
and conditional thresholds (Giglio et al., 2018) to estimate the monthly SBA at 500m of

spatial resolution from 2000 to present. The adjacent non-overlapping tiles of 10 degrees
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square (at the equator) for the study area were downloaded in HDF4 file format. Tiles
of the Burn Date layers were mosaicked and remapped using the Modis Reprojection
Tool from NASA (Dwyer and Schmidt, 2006). This product was already validated in the
Cerrado biome and has been shown to accurately identify burned areas, particularly in

northern Cerrado (Rodrigues et al., 2019).

4.1.2.3 Datasets of drivers on SBA patterns

As drivers, we evaluated land use (LU) and climate (CL) effects. LU was evaluated using
Mapbiomas v.3.1 (MapBiomas, 2019), a dataset developed by a collaborative network
of experts in Brazilian biomes. Mapbiomas uses a machine learning method (Random
Forest) to perform a pixel by pixel classification based on an annual mosaic from Landsat
satellite images at 30m spatial resolution with a median value in each year. The training of
this algorithm uses balanced samples and in post-classificatory images, temporal, spatial,
frequency and gap filling filters are applied (MapBiomas, 2019). LU is divided in six
classes (Farming, Pasture, Agriculture, Annual and Perennial Crop, Semi-Perennial Crop
and Mosaic of Agriculture and Pasture), and data was downloaded in GeoTIFF format

and stored in WGS84 datum from 2001 to 2017.

To account for the effects of CL, we used the Canadian Forest Fire Weather Index (FWI)
System (van Wagner, 1987). The FWI system consists of six components that account
for the effects of fuel moisture and wind on fire behavior and has been shown to be highly
adaptable and accurately replicate fire danger conditions in diverse ecosystems around the
world (Pinto et al., 2018; Taylor et al., 2016). The first three FWI components are fuel
moisture codes: the Fine Fuel Moisture Code (FFMC), the Duff Moisture Code (DMC),
and the Drought Code (DC). High values indicate dry fuels and only DC has memory. The
remaining three components are: the Initial Spread Index (ISI), the Build-up Index (BUI)
and the Fire Weather Index (FWI), which are fire behavior indices whose values rise as the
fire danger increases. They represent, respectively, the rate of fire spread, the fuel available
for combustion and the frontal fire intensity. FWI components are estimated with daily
values at 18 UTC of air temperature, air relative humidity, wind speed, and previous

24-hour precipitation. Meteorological data from the European Centre for Medium-Range

Weather Forecasts’ (ECMWEF) ERA5 reanalysis product (C3S, 2017) were employed.
In this study, we use the Daily Severity Rating (DSR), an extension of the FWT system,
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consisting of a numeric rating that indicates the difficulty to control fires, more accurately
reflecting the expected efforts required for fire suppression. Computation of DSR requires
applying a power relation emphasizing higher FWI values. Silva et al. (2019) showed that
71% of the interannual variability of SBA in Cerrado can be explained using the DSR.

4.1.2.4 Statistical analysis

Accumulated monthly SBA values were estimated for each microregion to evaluate the
trends of interannual SBA and drivers over the 2001-2018 period. As proposed in previous
works (Rodrigues et al., 2019; Nogueira et al., 2017a) we analyzed SBA in Cerrado’s dry
season: June, July, August, September, and October (JJASO), when there is highest fire

incidence in this biome.

Relationships between interannual SBA and anthropogenic drivers were evaluated through

the determination coefficient and corresponding p-value from simple linear regression.

For the trend analysis, we used the non-parametric Theil-Sen regression (Theil, 1950;
Sen, 1968), a robust estimator insensitive to outliers with a breakdown point of about
29.3% in regards to that of simple linear regression. The statistical significance of the
trends was evaluated by the two-tailed Mann-Kendall non-parametric test (Mann, 1945;
Kendall, 1975). The test assumes that when no trend is present, the observations are
not serially correlated over time. Hence, we detrended each time series by subtracting its
corresponding Theil-Sen regression equation and evaluated for autocorrelation between
ranks (Hamed and Rao, 1998). The modified Mann-Kendall test accounts for the effects
of serial correlation in data and was applied to the detrended time series that showed to

be serially correlated.

4.1.3 Results and Discussion
4.1.3.1 Temporal and spatial distribution of SBA

Over the last 18 years, MATOPIBA accounted for approximately 58% of burned area
in the Cerrado biome (Figure 4.2), a significant amount considering that MATOPIBA
accounts for 35% of this biome’s area. Its contribution is relatively constant: around
half of Cerrado’s total SBA. The SBA in MATOPIBA was lowest at the beginning of the
century (= 53%) compared to that of the last few years (=~ 61%), hinting at increased
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importance in Cerrado’s total burned area.
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Figure 4.2: Burned area (km?) in MATOPIBA (dark grey) and Cerrado (light grey) for the dry season
from 2001 to 2018. Numbers above dark grey bars reflect the percentage of burned area in MATOPIBA
in regards to that of Cerrado’s in each year.

The highest contribution (= 71%) of MATOPIBA to the total burned area in Cerrado
was observed in 2012, whereas the lowest (=~ 49%) were in the years 2003, 2004 and 2006
(Figure 4.2). Its highest SBA values are in the years 2007, 2010 and 2012, coinciding with
those of Cerrado. These were years of drought events in Brazil: the dry season months of
2007 saw anomalous precipitation values, below the average for Cerrado (Mataveli et al.,
2018); a similar case was found for 2010 (Mataveli et al., 2018; Marengo et al., 2017),
a year also known for a widespread drought in the Amazon rainforest (Marengo et al.,
2011); lastly, northeast Brazil was also found to be in severe drought in 2012 (Marengo
et al., 2013). Drought-fire interactions are often associated with major fire activity events
(Brando et al., 2014), and several studies have pinpointed the inverse relationship between
burned area and precipitation in Cerrado (Nogueira et al., 2017a; Libonati et al., 2015),

where seasonal fire activity increases with a rapid drying of fuel.

The highest SBA counts are represented by microregions localized in the Tocantins (TO)
state, accounting for, on average, 50% of MATOPIBA’s total burned area over the 18
years. The remaining microregions in the other states account for approximately 23%

(MA), 13% (PI) and 14% (BA) of total burned area in MATOPIBA. There are six mi-

croregions that burned more than twice its area over the 18 years, all within the 15 largest
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microregions of MATOPIBA (with over 20,000 km?). Of these, only Alto Parnaiba Pi-
auiense/PI(3) is not located in TO or MA. Jalapao/TO(27) achieved the highest SBA
value, burning more than thrice its area (332%) over the study period, a concerning figure,

given that it is the largest microregion in MATOPIBA (with 53,507 km?).

4.1.3.2 Drivers of spatial burned area patterns

To assess the influence of CL and LU in spatial SBA trends, we evaluated coefficients of
determination derived from simple linear regression (Figure 4.3). The linear relationship
of SBA and CL is that of positive slope for all microregions, meaning that when CL in-
creases, SBA increases as well. CL significantly explains on average 52% of MATOPIBA’s
interannual variance (p-value below 0.001) and more than 25% in most microregions (25
out of 41). Furthermore, CL explains at least half the interannual variance in six microre-
gions and, of these, only Rio Formoso/TO(37) is amongst those with the highest burned
area. The remaining five microregions with the highest burned area values, identified in
the previous section, have coefficients of determination in the range 6%—22%, suggesting

that climate is not the main driver in these microregions but rather an aggravating factor.
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Figure 4.3: Coefficient of determination values between SBA and CL/LU (upper/lower figure) for
MATOPIBA from 2001 to 2018/2017, respectively. Values close to 1(0) indicate a high(low) relation
between SBA and CL/LU. The filled(empty) circles represent significance below the 5(10)% level.

Microregions presenting higher correlation with CL are mostly located in the northern
region of MATOPIBA, where the larger areas of native vegetation (savanna) are located
and might have not yet been disrupted by anthropogenic activity. Low values obtained
for the coefficients of determination might suggest that MATOPIBA is shifting from a

climate-controlled historical fire season to a disturbed regime.

On the other hand, SBA and LU present different relationships depending on microregion,
resulting in an overall non-significant low coefficient of determination for MATOPIBA

(1.4% with a p-value of 0.65). The relationship between SBA and LU is much more
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complex than that of SBA and CL, as it is highly dependable on the type of land use
change. The use of fire to expand the agricultural frontier has been characterized by
two stages: the use of fire to clear native vegetation into arable land, in which case
burned area increases; and the use of controlled and seasonal fire in the harvest season
and to clear the agricultural fields, in which case burned area decreases. Accordingly,
when performing simple linear regression using LU as a predictor of burned area, distinct
signals were found. All microregions in BA obtained a negative slope, indicating an inverse
relationship: the higher the land use, the lower the SBA; which is in accordance with BA
being a heavily deforested state with most of its area used for agriculture. Oppositely,
microregions in MA presented mostly positive slopes, confirming the clearing of native
vegetation discussed previously, and subsequent higher burned areas. However, the vast
majority of these relationships are not significant at the 5/10% level. LU only explains
more than 25% of the variance in two microregions, significantly at the 5% level: Bom
Jesus da Lapa/BA(11) and Chapadas do Alto Itapecuru/MA(14). Chapadas do Extremo
Sul Piauiense/PI(15) closely follows with R? = 0.24, equally significant at the 5% level.
Moreover, when looking at Chapadas do Alto Itapecuru/MA(14), CL explains 54% and
LU explains 27%, suggesting that this region is heavily influenced by these two drivers.

The remaining of MATOPIBA, although substantially influenced by CL and, in the case
of some microregions, LU as well, might be also constrained to other drivers not studied
here. We hypothesize that population density, urban area, fuel availability and topog-
raphy might play a significant role in SBA variability as well as fire management and

environmental policies.

4.1.3.3 Trends of spatial burned area patterns

Opposite SBA trends are found within MATOPIBA (Figure 4.4, top figure): MA presents
an overall significant positive trend, whereas BA shows a negative trend; the remaining
states (TO and PI) show contrasting patterns within their borders. Consequently, when
analyzing SBA trends for the entirety of the MATOPIBA no conclusion can be drawn,
which is not the case for both the CL and LU drivers (Figure 4.4, middle and bottom
figures) that present significant positive trends in the region below the 5% significance

level.
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Figure 4.4: Trends of SBA, CL and LU for the study region over 2001-2018. Warmer(cooler) colors

represent an upward(downward) trend and filled(empty) circles represent significance below the 5(10)%
level.
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When evaluating at the state level the only state presenting a significant SBA trend
was MA, with a positive trend over the last 18 years (p-value of 0.003). Accordingly,
significant positive SBA trends are found within central MA, consistent with significant
positive LU trends: amongst the four states, Maranhao presents the highest amount of
Cerrado’s native vegetation and it has been increasingly cleared over the study period for
agricultural purposes. Southern MA and western PI show predominantly non-significant
positive trends, which is consistent with increased agricultural expansion over the study

period (Bolfe et al., 2017).

Northwestern TO, limiting the Cerrado and Amazon biomes, presents predominantly
negative SBA trends and significant positive LU trends. This region is part of the Arc
of Deforestation, an area characterized by historical deforestation and, accordingly, these
microregions were, at the beginning of our study period, mostly deforested. Although our
results show a continued agricultural expansion over the 2001-2018 period, fire activity
in these microregions is controlled and used mainly for agricultural practices, consistent

with the negative trends of SBA.

Although mostly not statistically significant, BA shows decreasing SBA trends. This
region has also seen substantial agricultural expansion over the last few years: data from
GITE - EMBRAPA shows that Barreiras/BA(8) and Santa Maria da Vitoria/BA(39)
were amongst the microregions with the highest production of cotton, corn and soy in
2012 (Pereira and Pauli, 2016). However, when looking at LU trends, significant negative
trends are found in eastern BA microregions. These microregions are in the transition
between the Cerrado and Caatinga biomes, the latter is a semiarid ecosystem characterized
by a long dry season. Given its longer period without rain, along with disadvantageous
topography, the expansion of agricultural land use in Caatinga is difficult (Mingoti et al.,
2014). It’s worth noting that these microregions in BA showing significant decreasing
trends, along with Chapadas do Extremo Sul Piauiense/PI(15), show minor variations
along the 18 years of data (decreases of the normalized burned area around 0.1%-1.4%).
Moreover, excluding Guanambi/BA(23), they do not have high LU percentages (average
over the 17 years: range 3%—14%).

Overall, microregions that present significant LU positive trends above 0.45 are amongst

those with the highest deforestation rates (Garcia and Filho, 2018) but also those with

96



highest growth and concentration of annual cropland area in this century (Lorensini et al.,

2015), that have been previously subject to human-driven change.

Lastly, CL presents positive trends for all microregions, some of them significant at the
5/10% level (17 out of 41). This indicates fire danger (and thus climate conditions fa-
vorable for fire activity) has been increasing over the last 18 years. This is in agreement
with the analysis of increased temperature and decreased precipitation and moisture over
the last decades for Brazil (de Barros Soares et al., 2017). Furthermore, when looking at
historical data from 1989 onwards these trends not only obtain higher absolute values, as
all microregions in MATOPIBA present significant values below the 5% level, except for
northern MA. A positive CL trend reflects changes in meteorological parameters (namely
increased temperature and lower relative humidity) that might have profound effects on
the seasonality of fire activity and vegetation phenology. This takes special relevance in
light of future projections for the Brazilian Cerrado that show increased fire danger under
several climate change scenarios for the 215 century (Silva et al., 2019), suggesting that

this historical positive CL trend over Cerrado will most likely be kept.

4.1.4 Conclusions

MATOPIBA’s importance in the context of fire activity in Cerrado is not to be disregarded
as we found that this region represents more than half the annual burned area of the
Brazilian savanna. Maranhao and Tocantins states have the highest contributions to this
value, contributing to 73% of MATOPIBA’s total burned area over 2001-2018. Burned
area totals also showed that some microregions burned more than twice its area over the

study period.

SBA was found to be significantly constrained by climate and we hypothesize that an-
thropogenic drivers (including those not evaluated in this work, such as urban areas,
deforestation, fuel availability, fire management, environmental policies and population
density) play a substantial role in short term SBA trends. It’s worth emphasizing that
climate provides conditions for burning, but fire events are always dependent on ignition,
which in Brazil is known to be almost certainly human. Land use did not prove to be
a relevant factor in the vast majority of MATOPIBA, which leads us to conclude that

the human-driven component of burned area must be further evaluated. This driver was
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also found to be very complex to analyze its influence on burned area given the high

dependence on the regional context.

Overall trends in MATOPIBA of CL and LU have been of increase over the 2001-2018
period; SBA, however, presented very distinct trends within the study region. Although
constrained to administrative areas, this study provides useful information to characterize

each microregion and contribute for improved and more adequate policy measures.
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4.2 Human activity influences regional fire-climate
dynamics

Favourable meteorological conditions are crucial for fire to occur and spread, and climate
has a modulating effect on fuel availability and condition. Human activity is also hy-
pothesised to play a considerable role in fire activity in the Brazilian savannas (Cerrado),
given its socio-economic context. However, how anthropogenic activity factors into fire-
climate dynamics is still poorly understood. Here, we explore how anthropogenic activity,
evaluated through land use, deforestation, and population, influences regional fire-climate
relationships. We employ a novel approach based on individual fire scars and stratify
fires into two classes: mild fires, which correspond to the vast majority of fires (95%);
and extreme fires that, albeit infrequent (top 5%), contribute to a large portion of total
burned area. We find that the performance of fire-climate models varies significantly per
ecoregion and fire size, suggesting different driving factors. Indeed, in the case of mild
fires, fire-climate models perform worst in ecoregions with fractions of anthropogenic land
use below ~ 36%, deforested fraction below =~ 37%, and population above = 800,000
people. These ecoregions are, incidentally, those located in the Arc of Deforestation and
MATOPIBA. On the other hand, in ecoregions with a larger anthropogenic footprint,
fire-climate models perform best. These results suggest that, in the case of mild fires,
climate may not be the main driver of interannual variability in areas of anthropogenic
expansion. In the case of extreme fires, we find no clear patterns between the strength
of regional fire-climate relationship with anthropogenic variables, suggesting that climate
may be the main environmental control. These results pave the way to a better under-
standing of the regional fire-climate-human relationships in Cerrado, and show that these
relationships depend on individual fire characteristics. This study reinforces the need to
consider individual fires when studying fire drivers, and reflect on the scale on which these

controls act.

4.2.1 Introduction

Anthropogenic activity is changing fire regimes worldwide (Pereira et al., 2022; Bowman
et al., 2020). Recent declines in global burned area have been attributed to human activity

(Andela et al., 2017; Lasslop and Kloster, 2017) and, in some regions, human influence on
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fire regimes might even override the relationship between fire and climate (Jones et al.,
2022; Syphard et al., 2017; Aldersley et al., 2011). Anthropogenic activity influences
fire in a variety of ways, both directly and indirectly impacting several aspects of fire
regimes (Bowman et al., 2011; Kelly et al., 2023; Keeley and Pausas, 2019). Across vast
areas of the globe, humans are now the primary ignition source, altering the amount
and seasonality of fires (Ganteaume and Syphard, 2018; Balch et al., 2017; Archibald,
2016). These human-ignited fires have been shown to increase extreme fire behaviour and
severely impact ecosystem functioning (Hantson et al., 2022; Archibald, 2016). Humans
also affect fire extent and intensity through land management by modifying vegetation
structure and composition which influences fuel combustibility and continuity. Moreover,
anthropogenic climate change is disturbing weather patterns and worsening fire weather
conditions worldwide (Richardson et al., 2022; Jain et al., 2021; Abatzoglou et al., 2019).
These recent human-driven changes in climate have been linked to increases in the length
of fire season (Jolly et al., 2015) and are projected to contribute to extreme fire weather

over the 21% century (Touma et al., 2021).

Nevertheless, the manner in which humans impact fire activity varies considerably around
the globe. For instance, it has been shown that human activity in temperate regions
leads to less fires, whereas in tropical ecosystems human presence enhances fire activity
(Lasslop and Kloster, 2017). In the tropical savannas of Brazil — Cerrado — fire is
a crucial feature. This savanna-like biome is the largest contributor to Brazil’s annual
burned area (UNEP, 2022; Mataveli et al., 2018) and, as a fire-dependent biome, it relies
on its natural fire regime to maintain the ecosystem’s functioning and structure (Pivello
et al., 2021). However, climate change together with the recent drastic changes to its
landscape (Schmidt and Eloy, 2020; Strassburg et al., 2017), have disrupted the historical
fire regime, leading to high pyrodiversity (Kelly et al., 2023) and very distinct regional
fire behaviours (Silva et al., 2021). There is also a severe north-south contrast on total
burned area trends (Andela et al., 2017; Silva et al., 2021; Jones et al., 2022) and, while
the number of smaller fires seems to be decreasing, larger fires are increasing (Silva et al.,

2021).

These regional variations in fire activity hint at distinct regional drivers of fire activity.
While several studies have highlighted the role of climate (Li et al., 2021b; Silva et al.,

2019; Nogueira et al., 2017a), studying the human constraints of fire activity in Cerrado is
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much more complex. Spanning 2 million km?, Cerrado has very diverse landscapes where
human presence and influence vary significantly. Cerrado harbours the last agricultural
frontier of Brazil - MATOPIBA (the confluence of states, Maranhao - MA, Tocantins -
TO, Piaui - PI, and Bahia - BA), where there is active deforestation (Trigueiro et al.,
2020), and most of the native vegetation of Cerrado remains (Strassburg et al., 2017).
Within MATOPIBA, relationships between anthropic land use and fire were found to
be very complex, and often altogether opposite, due to interactions between fire with
deforestation and agriculture (Silva et al., 2020). There is also emerging evidence that
regions with high landscape fragmentation and agricultural fraction are linked with lower
burned areas (Rosan et al., 2022; Rodrigues et al., 2019), whereas larger burned areas
occur where native vegetation cover remains (Silva et al., 2021; Campagnolo et al., 2021).
Ribeiro et al. (2024) further found that burned areas in the Amazon-Cerrado transition,
commonly referred to as the Arc of Deforestation, are linked to changes in land use,

particularly forest and savanna conversion to agriculture and pasture.

The direct assessment of human influence on fire activity is lacking in Cerrado, with only
a few studies evaluating these relationships locally (e.g. Conciani et al., 2021). More re-
cently, Segura-Garcia et al. (2024) showed that human presence shapes the relationship
between climate and burned areas in the natural vegetation of Cerrado. They found
that, for grid cells with high anthropogenic land use, there is little to no influence of
climate in natural burned areas, whereas where anthropogenic land use was lower than
40%, increased temperature and vapour pressure deficit (VPD) led to larger burned ar-
eas. Additionally, global studies also provide preliminary insights on how humans may
influence fire within Cerrado. Population density seems to be negatively correlated with
burned areas over the biome (Jones et al., 2022; Forkel et al., 2019), and Andela et al.
(2017) found that livestock density and cropland fraction are also negatively correlated
with burned areas. Kelley et al. (2019) showed that fires in tropical savannas have the
highest sensitivity to human suppression and ignitions, and Forkel et al. (2019) found

that land cover is one of the most important predictors of burned areas in Cerrado.

However, it has been suggested that metrics that are often employed to study fire, such
as total burned areas or fire severity, fail to capture human impacts that are essential to a
better understanding of human-fire interactions (Shuman et al., 2022). Alternatively, in-

dividual fire data derived from remote sensed pixel-level burned area has recently emerged
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as an important source of information (e.g. Andela et al., 2019; Laurent et al., 2018; Artés
et al., 2019). These datasets contribute to a better understanding of fire patterns and
provide crucial information (such as fire count, size, and spread) to assess the driving
factors that influence fire activity worldwide (e.g. Hantson et al., 2015; Andela et al.,
2022). In the case of Cerrado, previous works revealed very distinct spatial and temporal
patterns for different fire size across the region (Silva et al., 2021; Campagnolo et al., 2021;
Rodrigues et al., 2019; Santos et al., 2021). In particular, these works hypothesize that
spatial variability in the occurrence of distinct fire sizes may be linked to both climate and
human activity: while the prevalence of smaller fires in the historical agricultural fron-
tier may be associated to agricultural practices, larger fires within the areas of ongoing

agricultural expansion occur alongside high rates of deforestation and land conversion.

Here, we build on this evidence, and propose a paradigm shift from traditional analysis
of driving factors that influence fire activity in Cerrado. We question whether fires of
different size have distinct relationships with climate and anthropogenic activity. To do
so, we evaluate regional climatic and anthropogenic drivers of fire in Cerrado’s ecoregions
using individual fire events, instead of total burned area. For each ecoregion, we classify
individual fires as mild and extreme, and assess the influence of climate (as evaluated
based on a meteorological fire danger index) and anthropogenic drivers (namely land use,

deforestation, and population) on each class during the 2001-2023 period.

4.2.2 Data and methods
4.2.2.1 Study area

We partition Cerrado into 19 ecoregions as proposed by Sano et al. (2019). These ecore-
gions are unique in terms of landscape characteristics and were defined based on their
physical attributes (elevation, rainfall, and soil), land use types, land cover classes and

conservation status (protected areas and indigenous territories).

4.2.3 Datasets and pre-processing

Information on individual fire events was obtained from the Global Fire Atlas (GFA)
from January 2003 to November 2018 (Andela et al., 2019). GFA derives individual fire
characteristics from the MODIS MCDG64A1 Collection 6 burned area product (Giglio et al.,
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2018), including timing (day of burn) and location of ignition points, fire size (km?), fire
duration (days), daily expansion (km?.day™!), fire line length (km) and speed (km.day™),
and direction of fire spread. For the purposes of this study, we restricted to individual

fire size.

Climate was characterized through a meteorological fire danger index based on the Cana-
dian Fire Weather Index System (CFWIS; Figure 4.5). CFWIS relies on daily values of
temperature, relative humidity, wind speed, and daily precipitation to estimate 7 sub-
indices that describe different characteristics of fire occurrence and behaviour (van Wag-
ner, 1987). Based on CFWIS, the Daily Severity Rating (DSR) is a numerical represen-
tation of the difficulty of controlling fires that reflects the expected effort required for fire
suppression. DSR has been shown to adequately describe burned areas in Cerrado before
(Silva et al., 2019). Data was obtained from the Copernicus Emergency Management
Service available in Copernicus’ Climate Data Store (Copernicus Climate Change Ser-
vice, 2019). This global dataset uses meteorological fields from historical simulations
of the ERA5 reanalysis to compute CFWIS’s indices from 1940 onwards, in a regular
0.25° x 0.25° grid (Vitolo et al., 2020). We use daily DSR data from the consolidated
dataset and system version 4.1 for the 20032018 period.

Anthropogenic land use was evaluated using the MapBiomas Collection 7 product, a
Brazilian platform of annual land use and land cover (LULC) mapping (Figure 4.5; Map-
Biomas, 2023). We obtained yearly maps from 2003 to 2018 and selected landcover classes
associated with anthropic use, namely: Pasture, Soybean, Sugar cane, Rice, Cotton, Other
Temporary Crops, Coffee, Citrus, Other Perennial Crops, Forest Plantation, Mosaic of
Uses, Urban Area, Mining, and Aquaculture. For each ecoregion, we then obtained the

anthropogenic land use fraction per year of the time series.

Deforestation rates were obtained from the PRODES project (Figure 4.5; INPE, 2024)
available through the Terrabrasilis platform (Assis et al., 2019). The PRODES product
results of visual interpretation of satellite imagery at 30-meter resolution and consid-
ers deforestation to be suppression of native vegetation cover, regardless of future use.
PRODES has bi-annual data from 2002 to 2012, and yearly deforestation rates from 2013
to 2023. The year 2000 aggregates total deforested area up to this point in time. We used

total deforested areas by 2000 and the annual rates to estimate the deforested fraction of
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each ecoregion for all available years from 2003-2018.

Finally, to account for population we rely on annual official population estimates per
county between 2003 and 2018 (Figure 4.5; IBGE, 2019). We aggregated all counties

within each ecoregion.

Average fire season DSR Average fraction of anthropogenic Average deforested fraction Average populace
over 2003-2018 land use over 2003-2018 over 2003-2018 over 2003-2018

% 100 000 people

Figure 4.5: Spatial variability of the climatic and anthropogenic variables employed in this study. From
left to right: average fire season DSR over 2003-2018 (shades of blue); average fractions of anthropogenic
land use (%) over 2003-2018 (shades of orange); average deforested fraction (%) over 2003-2018 (shades
of green); and average populace (people) over 20032018 (shades of grey).

4.2.3.1 Methods
Classes of fire size

Silva et al. (2019) found that the DSR successfully models annual burned areas during
the fire season (defined as August to October) in Cerrado. We use this as a starting
point to study regional fire-climate relationships within the biome, and thus this study
focuses only on fire season fires. Accordingly, for each year from 2003 to 2018, individual
fire events were filtered to those occurring only in months of August, September, and

October.

Then, fire season fires were stratified into two classes based on a threshold of fire size:
mild fires, defined as individual fire events with burned areas below the threshold; and
extreme fires, defined as individual fire events with burned area equal or greater than the
threshold. The chosen threshold was the 95" percentile of fire size considering all fire

season fires over the 2003-2018 period.

Fire-climate models
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By means of simple linear regression, the fire season averaged DSR is used as a predic-
tor of the annual fire season burned areas per class over the 2003-2018 period. As the
distribution of burned areas is often right skewed, yearly totals are log-transformed us-
ing the decimal logarithm. As an example, in the case of mild fires, the predictand is
the decimal logarithm of total yearly burned area from all mild fires from 2003 to 2018.
Goodness-of-fit is assessed through the coefficient of determination (R?) and relationships

are considered significant if below the 5% level.
Anthropogenic component

Following methods proposed in Syphard et al. (2017), we attempt to explain the regional
variation in the strength of fire-climate relationships using anthropogenic variables. To do
so, for each ecoregion and each fire class (mild and extreme), we compared the variance
explained (R?) by the fire-climate models with the following anthropogenic characteris-
tics: average fraction of anthropogenic land use over the 2003-2018 period (%); average
deforested fraction over the 2003-2018 period (%); and total population. In the case of
population, data was considerably right skewed and was log-transformed using again the

decimal logarithm.

We further employed the non-parametric Kruskal-Wallis test by ranks (Kruskal and Wallis,
1952), to find a threshold value on which two independent samples are statistically differ-
ent. In the context of this paper, we wanted to test whether there were any two groups
of ecoregions that are significantly different based on the strength of their fire-model re-
lationship. These two groups are defined with a threshold value from the anthropogenic
variables, i.e., a threshold value for anthropogenic land use, deforestation, and popula-
tion. We iteratively tested threshold values of each anthropogenic variable considering
the full range of possible values and defined a minimum sample size of 5 (i.e., each group
defined by the threshold needs to have at least 5 ecoregions, but the two groups may
have a different sample size). The Kruskal-Wallis test then determines whether these two
groups originate from the same distribution. For each anthropogenic variable, we selected
the threshold value associated with a p-value below 0.05. If there is more than a single
significant threshold value, we selected firstly based on the lowest p-value, then by the

sample size of each group: we preferred groups with similar sample sizes.
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4.2.4 Results

Extreme fires account for more than 50% of total burned areas during the fire season in
10 out of 19 ecoregions over the 20032018 period (Figure 4.6). The highest values are
found in Chapada dos Parecis and Complexo Bodoquena, where extreme fires represent
on average 69% and 66% of total fire season burned areas, respectively. On the other
hand, Costeiro and Basaltos do Parand show the lowest contribution of extreme fires with
29% and 34%, respectively. Nevertheless, the extent of extreme fires varies significantly
amongst ecoregions. For instance, in the case of Costeiro extreme fires are those above

3.6 km?, which greatly contrasts with extreme fires in Bananal which extend above 106.8

km?.
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Figure 4.6: Contribution of each fire class to total burned area (%). Mild(extreme) fires are shown in
yellow(red) and the associated values are shown in black(white). The 95" percentile (P95) of fire size
are listed at the right-hand side of the plot.

We find that there is high spatial variability in the strength of the fire-climate relationship,
as evaluated through simple linear regression using fire season averaged DSR to predict
the interannual variability of mild and extreme fires during the fire season (Table 4.1).
Variance explained ranges from 0% to 79% in the case of mild fires, and 5% to 75%

in the case of extreme fires. Nevertheless, the vast majority of ecoregions present a
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significant (below the 5% significance level) relationship, with only 3 and 5 ecoregions
showing non-significant regression coefficients for mild and extreme fires, respectively.
Complexo Bodoquena, Costeiro, and Jequitinhonha, have non-significant relationships for
both mild and extreme fires; Depressao Carstica do Sao Francisco presents a significant
relationship for mild fires but non-significant for extreme fires, and Vao do Parana shows
the opposite result. Some ecoregions have considerably lower coefficients of determination
for mild than extreme fires: Bananal, Basaltos do Paranda, Bico do Papagaio, Chapada

dos Parecis, and Chapadao do Sao Francisco.

Table 4.1: Goodness of fit (as evaluated through the coefficients of determination — R?) of simple regression
models using fire season averaged DSR to predict interannual burned areas of mild, extreme, and total
fire events during the fire season, for each of the 19 ecoregions of Cerrado.

Mild | Extreme | Total
Alto Parnaiba 51.8 51.2 53.6
Alto Sao Francisco 45.0 31.6 38.2
Araguaia Tocantins 55.8 59.1 60.8
Bananal 27.7 58.1 57.6
Basaltos do Paran4 44.4 75.5 64.9
Bico do Papagaio 50.3 71.0 67.9
Chapada dos Parecis 25.1 71.2 65.8
Chapadao do Sao Francisco 26.6 48.5 42.3
Complexo Bodoquena 16.7 8.2 24.2
Costeiro 0.0 13.9 1.1
Depressao Carstica do Sao Francisco | 28.1 6.1 25.1
Depressao Cuiabana 54.0 51.9 70.1
Floresta de Cocais 55.6 43.4 53.9
Jequitinhonha 24.0 5.1 27.9
Paracatu 59.3 44.1 61.9
Parand Guimaraes 79.2 73.6 76.1
Parnagud 37.5 35.3 38.2
Planalto Central 67.3 58.4 66.7
Vao do Parana 43.9 24.2 53.6

We then associated the regional fire-climate coefficients of Table 4.1 with their corre-
sponding anthropogenic characteristics, namely: the average fraction of anthropogenic

land use and deforestation during the 2003-2018 period, and decimal logarithm of aver-
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age population during the same period (Figure 4.7). In the case of mild fires, ecoregions
with larger anthropogenic land use, deforestation, and population, seem to show larger
variance explained by climate. On the other hand, ecoregions with a lesser anthropogenic
footprint, present lower coefficients of determination of the fire-climate models. Ecore-
gions within MATOPIBA and the Arc of Deforestation appear clustered, as they have
the lowest amounts of anthropogenic land use and deforestation. Regarding population,
the relationship between the variance explained by fire-climate models and the decimal
logarithm of population appears linear. Accordingly, the impact of population increase
in the strength of fire-climate relationships decreases as population values rise.

Average fraction of anthropogenic Average deforested fraction Decimal logarithm of average populace
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Figure 4.7: Comparing the coefficients of determination (R?; %) of each regional fire-climate model for
both mild and extreme classes of fire, and their corresponding anthropogenic characteristics, namely:
average fraction of anthropogenic land use over 2003-2018 (%); average deforested fraction over 2003—
2018 (%); and the decimal logarithmic of average populace over the 20032018 period. Ecoregions located
in the MATOPIBA and Arc of Deforestation regions are shown in yellow markers, and crosses represent
non-significant fire-climate models (with p-values below the 5% level).

In the case of extreme fires, no patterns are evident. The strength of fire-climate relation-
ships does not seem to be linked to any of the anthropogenic variables considered. This is

confirmed when looking for threshold values of anthropogenic variables that significantly
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differentiate between two groups of ecoregions, based on the strength of their fire-climate
relationship (Supplementary Material: Tables 4.2, 4.3 and 4.4). We find that extreme fires
do not show significant threshold values for any anthropogenic variables, whereas mild
fires do (Figure 4.8). Ecoregions below the 35%-37% threshold of anthropogenic land
use show weaker fire-climate relationships, while the opposite stands for ecoregions above
the threshold value. For deforestation, ecoregions with a deforested fraction below 37%—
38% have less variance explained by climate than those above that threshold. Finally,
ecoregions with population higher(lower) than ~ 800,000 people have stronger(weaker)

fire-climate relationships.

Average fraction of anthropogenic Average deforested fraction Decimal logarithm of average
land use over 2003-2018 (%) over 2003-2018 (%) populace over 2003-2018
100 100 100
p-value = 0.03 p-value = 0.01 p-value = 0.001
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Figure 4.8: Results of the threshold analysis for mild fires by means of the Kruskal-Wallis test statistic,
for each anthropogenic variable. From left to right: average fraction of anthropogenic land use over
2003-2018 (%); average deforested fraction over 2003-2018 (%); and the decimal logarithmic of average
populace over the 2003-2018 period. For simplicity, we chose the threshold value of 36% in the case of
anthropogenic land use (where it ranged between 35%—37%; Supplementary Material: Table 4.2), and
37% in the case of deforested fraction (ranging from 37%-38%; Supplementary Material: Table 4.3).
Boxplots represent the distribution of ecoregions below and above the threshold value, and the p-value
for the Kruskal-Wallis test is shown in green.

4.2.5 Discussion

The influence of climate on mild and extreme fires varies considerably amongst ecoregions.
Considering only significant model results (below the 5% significance level), we find high
geographical variation in the strength of the fire-climate relationship, ranging from 25.1%

to 79.2% and 31.6% to 75.5%, for mild and extreme fires, respectively.

4.2.5.1 Mild fires

This variation in the strength of the fire-climate relationship for mild fires is associated

with anthropogenic variables. Ecoregions with less anthropogenic land use, deforested
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areas, and population have weaker fire-climate relationships. On the other hand, in
ecoregions where human presence is more prominent, the variance explained by climate

is higher.

In the case of anthropogenic land use and deforestation, there is a clear clustering of
ecoregions located within the agricultural frontiers of MATOPIBA and the Arc of Defor-
estation. These ecoregions are characterized by weaker fire-climate models compared to
the remaining ecoregions, which entails that climate is not the main driver of mild fires.
In the case of population, albeit there is no geographical clustering, there is a seemingly
linear relationship between the variance explained by climate and the decimal logarithm
of total population. This suggests a non-linear relationship between population and the
strength of climate in explaining interannual burned areas. This is not unexpected, as
the non-linear relationship between population and fire activity has been documented
elsewhere: for instance, in Africa, it has been found that human ignitions increase lin-
early with population density up to a threshold, from which ignition number decreases
as humans start to live in closer proximity to each other (Archibald, 2016). We also find

that for population values below &~ 800,000 people, fire-climate models perform worse.

These results are to be analyzed within the current and historical socioeconomic context of
Cerrado. Fires in Cerrado are predominately of human origin (Schumacher et al., 2022).
However, how humans use fire varies considerably along its 19 ecoregions. Ecoregions
located within MATOPIBA and the Arc of Deforestation contain the last remnants of
native vegetation, and are areas of ongoing agricultural expansion, marked by high defor-
estation rates (Trigueiro et al., 2020). Here, fire is often used as an inexpensive tool to
clean up deforested or degraded areas (Schmidt and Eloy, 2020), and these deforestation
fires are typically small (Andela et al., 2022). Conversely, the remaining ecoregions of
Cerrado are located in the southern part of the biome, the historical agricultural frontier
during the 1960s (Sano et al., 2020), which is now a highly fragmented landscape cov-
ered by agricultural and pasture lands, and mostly deprived of native vegetation cover
(Trigueiro et al., 2020). In small-scale agricultural areas of Cerrado, fire serves a diversity
of purposes, such as the management of species and landscapes, cattle raising upon native
or exotic pasturelands, and subsistence agriculture (Eloy et al., 2019; Moura et al., 2019).
The vast majority of fires in these ecoregions are small due to land fragmentation and lack

of fuel continuity, and seem to be decreasing over the last two decades (Silva et al., 2021).
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Indeed, recent declines in burned areas over savanna ecosystems, including the Cerrado,
have been attributed to agricultural expansion and intensification, where shifts to more

capital-intensive agriculture led to fewer and smaller fires (Andela et al., 2017).

It is possible that, in ecoregions where there is ongoing anthropogenic expansion, fire-
climate models perform worse because the interannual variability in mild fires is not so
much influenced by meteorological fire danger, as by socioeconomic and political factors.
On the other hand, in ecoregions that have been exposed to human pressure for far longer,
and are not subject to ongoing land use transition, meteorological fire danger may play a

more critical role in the interannual variability of burned areas.

These results may seem to contrast with those of Segura-Garcia et al. (2024), where
the authors found that in areas of higher human presence, the climate had little to no
effect on natural burned areas. However, two key differences are worth pointing out:
while Segura-Garcia et al. (2024) evaluated total burned areas in natural vegetation, in
the present study we do not differentiate between fires occurring in natural or anthropic
areas and instead classify by fire size. By considering all fires, we are considering added
dynamics between fire and human activity, such as using fire for agricultural management
in pastures and croplands. We build on this previous study with the novel information
that regional fire-climate relationships and their interaction with anthropogenic activity

in Cerrado differ based on fire size.

4.2.5.2 Extreme fires

In the case of extreme fires, the variation in the fire-climate relationship was not as-
sociated with any of the anthropogenic variables considered in this study and, for some
ecoregions, the coefficient of determination of the fire-climate relationship was higher than
that obtained for mild fires. The occurrence of extreme fires in Cerrado (Li et al., 2021a)
and worldwide (e.g. Libonati et al., 2022b; Ramos et al., 2023; Deb et al., 2020; Wang
et al., 2015) has been linked to severe fire weather and extreme, often compounded, mete-
orological events (such as drought and heatwaves). The role of favourable meteorological
conditions on extreme and unusual fires has been well documented (UNEP, 2022), and
is a necessary condition for large fires by directly influencing fire spread and indirectly
impacting fuel amount and condition. Nonetheless, most extreme fires in Cerrado are a

result of human-ignited fires, either for agricultural purposes or deforestation, that spread
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to neighbouring areas and turn into uncontrolled wildfires (Schmidt and Eloy, 2020).

We also find that the extent of extreme fires seems constrained by land fragmentation.
Results show relatively smaller extreme fire sizes in ecoregions with the largest amount
of anthropic land use, such as Basaltos do Parand (5.6 km?), Alto Sao Francisco (13.3
km?), and Parana Guimaraes (22.1 km?). On the other hand, several ecoregions with low
anthropic land use show similar extents for extreme fires, such as Floresta de Cocais (10.1
km?), Alto Parnaiba (21.2 km?), and Bico do Papagaio (22.5 km?). In this case, there
is high fuel continuity, which implies land fragmentation is not a limiting factor for large

fires.

In accordance with previous studies (Silva et al., 2021), we also find that a small number
of total fires is responsible for the vast majority of burned areas within Cerrado. During
the fire season, the top 5% of fires correspond to at least 29% of burned areas over the
study period, and in 10 ecoregions they amount to more than 50% of total burned areas.
In Chapada dos Parecis and Complexo Bodoquena, ecoregions bordering the Amazon
and Pantanal, respectively, the top 5% of fire events are responsible for more than 66%
of burned areas. These extreme fires consume large extents, spreading through both fire-
dependent and fire-sensitive vegetation and severely impacting the ecosystem (Durigan

and Ratter, 2016; Schmidt et al., 2018).

4.2.5.3 Implications

Previous studies have relied on total burned areas to explain and quantify controls of
fire activity worldwide (e.g. Andela et al., 2017; Jones et al., 2022). In environments
dominated by large fires, that constitute the vast majority of burned areas, such as the
Cerrado, we argue that this approach mainly reflects the drivers of infrequent and extreme
fire events. Our results show that when fitting simple regression models to total burned
areas, regardless of fire size, the goodness-of-fit changes significantly compared to that
obtained for mild and extreme fires only (Table 4.1). Accordingly, using total burned
areas to study the climatic controls of fire may mask distinct dynamics that are dependent

on individual fire characteristics.

Additionally, biome-wide results for Cerrado showed that the DSR explains 71% of the

interannual variability of burned areas (Silva et al., 2019). Here, we find overall weaker fire-
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climate models using the same predictor, and the strength of the model varies significantly
by ecoregion and by class of fire (Table 4.1). Given the high spatial heterogeneity in fire
behaviour within Cerrado (Silva et al., 2021), it is expected that the controlling factors
of fire activity also vary. Indeed, the influence of climate in annual burned areas varies
considerably amongst Cerrado’s 19 ecoregions and depends on fire size, reflecting distinct
socioeconomic contexts. However, it may also be that different drivers act on different
spatial scales: human influence on fire activity may be better captured at smaller spatial
scales (e.g. local to regional), than that of climate, which may perform best at larger

spatial scales (e.g. ecosystem to global).

For this reason, when assessing anthropogenic drivers, the use of an individual fire
database, such as the GFA employed in this study, provides an opportunity to further ex-
plore fire-human relationships. Previous studies have used similar databases of individual
fire events to classify fires based on their individual attributes and underlying human and
natural controls (e.g. Andela et al., 2022). Such a classification is lacking for the Cerrado.
Still, our results provide an initial assessment of climatic and anthropogenic drivers based

on individual fire attributes that hint at distinct anthropogenic controls based on fire size.

These results have important implications for fire management, as it is essential that fire
management policies consider the human factor, and its regionally diverse interactions
with fire. Given that the majority of ignitions in Cerrado are human, increased public
awareness and public policies are needed to reduce the number of human-started wild-
fires. Likewise, given the undeniable importance of climate in modelling burned areas in
Cerrado, fire policies must also be drafted in light of ongoing changes in climate and the

projected increases in meteorological fire danger (Silva et al., 2016).

Assessing regional fire and its bioclimatic and human controls is essential to inform the
next generation of fire models. Although the majority of global fire models now include
the human component to a certain extent (Rabin et al., 2017), the relationship between
fire and humans is often simplistic and generically applied throughout the globe (Ford
et al., 2021). However, interactions between humans and fire are very diverse and highly
dependent on regional context (Jones et al., 2022; Kelley et al., 2019). Studies have
highlighted the need to assess regional interactions between fire and its bioclimatic and

socioeconomic controls to improve predictive fire models (Andela et al., 2017; Forkel et al.,

113



2019).

These relationships are heterogeneous over space and time and require regular reassess-
ment as human impacts on the ecosystem evolve driven, for example, by politics, economy,
or climate change. Indeed, future predictions point to very distinct burned area trends
driven by changing climatic and socioeconomic patterns (Wu et al., 2021). Further studies
are also needed to assess the role of anthropogenic activity directly on regional fires in
Cerrado. Although the present study hints at possible regional human influence in the
case of mild fire events, we do not directly compare or evaluate the relationship between
fire and anthropogenic variables (e.g. through a linear regression model, as employed
for fire-climate models). The reason is that the anthropogenic variables considered here
(namely, land use, deforestation, and population) have very strong trends throughout the

time series, making any linear modelling approach inappropriate.

Moreover, the lack of a national fire database with attribution of ignition sources is a
major hindering factor to studying anthropogenic drivers of fire occurrence in the Brazilian
Cerrado. Global satellite-derived estimates can help fill some of these gaps, and products
on individual fire events, such as the GFA employed in this study, further allow fire events
to be classified based on their individual attributes and tested for different controls of fire
activity. However, these products are limited to the last two decades, and are also known
to underestimate small fires (Ramo et al., 2021; Boschetti et al., 2019; Randerson et al.,
2012) that, in Cerrado, possibly constitute the vast majority of fire events (Silva et al.,
2021). Improved national intelligence, along with satellite-derived products with a longer
time series and thinner spatial resolutions, are thus essential to better study and inform

on the historical and current fire drivers in the Brazilian Cerrado.

4.2.6 Conclusions

This study provides a novel assessment of the climatic and anthropogenic drivers of re-
gional fire activity in Cerrado’s ecoregions. Using information on individual fires, we
classify fires into mild and extreme fire events. We find that the definition of extreme
event varies regionally, ranging from events extending 3.6 km? to 106.8 km?. Albeit in
smaller numbers, these extreme fires are responsible for the majority of burned areas over

most ecoregions. The strength of the fire-climate relationships shows high geographical
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variation and in many cases it is stronger for extreme fires. Fire-climate models perform
worse for mild fires in areas of anthropogenic expansion, entailing that climate is not the
main driver of fire in these regions. On the other hand, extreme fires seem to be con-
strained mainly by climatic conditions and show no geographical gradient with any of the

anthropogenic variables considered in this study.

Our results highlight that fire in Cerrado has very distinct regional controls and further
show how these relationships may differ based on individual fire size. We reflect on the
need to consider the distinct spatial scales at which fire drivers act, and move away from a
single driver perspective. We provide the first analysis of fire-climate-human relationships
in Cerrado based on individual fire attributes, and illustrate how the use of total burned
areas to study drivers of fire may mask distinct fire-climate-human dynamics that rely on
more detailed information. This is especially true in biomes as large as the Cerrado, with

a large variety of regional fire dynamics and diverse socioeconomic contexts.

Understanding how anthropogenic activities can directly or indirectly influence fire activ-
ity at the regional level is crucial, not only to support decision-making in fire management

but also to improve fire modelling efforts.
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4.2.7 Supplementary Material

Table 4.2: Results of the iterative analysis to find a threshold value for average fraction of anthropogenic
land use over 2003-2018 (%), in which two groups of ecoregions have statistically different strengths of
the fire-climate relationship, for the mild and extreme fire classes. For each threshold value, the Kruskal-
Wallis (KW) test statistic and associated p-value are shown, along with the number of ecoregions that
are below (N <) or above (N >) the threshold. Threshold values that yielded significant results below
the 5% level are highlighted in grey, and those chosen as the best threshold values are in bold. For more
information on selection criteria see Methods.

Mild Extreme
Threshold KW KW N ecoregions | N ecoregions KW KW N ecoregions | N ecoregions
statistic | p-value < threshold > threshold statistic | p-value < threshold > threshold
19 0.42 0.52 5 14 0.42 0.52 5 14
20 0.42 0.52 5 14 0.42 0.52 5 14
21 0.42 0.52 5 14 0.42 0.52 5 14
22 0.42 0.52 5 14 0.42 0.52 5 14
23 0.42 0.52 5 14 0.42 0.52 5 14
24 0.42 0.52 5 14 0.42 0.52 5 14
25 1.11 0.29 6 13 0.38 0.54 6 13
26 1.11 0.29 6 13 0.38 0.54 6 13
27 1.11 0.29 6 13 0.38 0.54 6 13
28 1.97 0.16 8 11 0.68 0.41 8 11
29 1.97 0.16 8 11 0.68 0.41 8 11
30 1.97 0.16 8 11 0.68 0.41 8 11
31 2.67 0.10 9 10 2.16 0.14 9 10
32 2.67 0.10 9 10 2.16 0.14 9 10
33 2.67 0.10 9 10 2.16 0.14 9 10
34 2.67 0.10 9 10 2.16 0.14 9 10
35 4.51 0.03 10 9 0.81 0.37 10 9
36 4.51 0.03 10 9 0.81 0.37 10 9
37 4.51 0.03 10 9 0.81 0.37 10 9
38 1.83 0.18 12 7 0.11 0.74 12 7
39 1.83 0.18 12 7 0.11 0.74 12 7
40 1.83 0.18 12 7 0.11 0.74 12 7
41 1.83 0.18 12 7 0.11 0.74 12 7
42 1.83 0.18 12 7 0.11 0.74 12 7
43 1.83 0.18 12 7 0.11 0.74 12 7
44 1.83 0.18 12 7 0.11 0.74 12 7
45 1.83 0.18 12 7 0.11 0.74 12 7
46 1.83 0.18 12 7 0.11 0.74 12 7
47 1.83 0.18 12 7 0.11 0.74 12 7
48 1.83 0.18 12 7 0.11 0.74 12 7
49 0.62 0.43 13 6 0.19 0.66 13 6
50 0.62 0.43 13 6 0.19 0.66 13 6
51 0.62 0.43 13 6 0.19 0.66 13 6
52 0.62 0.43 13 6 0.19 0.66 13 6
53 2.48 0.12 14 5 1.23 0.27 14 5
54 2.48 0.12 14 5 1.23 0.27 14 5
55 2.48 0.12 14 5 1.23 0.27 14 5
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Table 4.3: As Table 4.2 but regarding the average deforested fraction over 2003-2018 (%).

Mild Extreme
Threshold KW KW N ecoregions | N ecoregions KW KW N ecoregions [ N ecoregions
statistic [ p-value | < threshold | > threshold | statistic | p-value | < threshold | > threshold
31 2.48 0.116 5 14 0.21 0.64 5 14
32 6.43 0.011 7 12 0.35 0.55 7 12
33 6.43 0.011 7 12 0.35 0.55 7 12
34 6.43 0.011 7 12 0.35 0.55 7 12
35 6.43 0.011 7 12 0.35 0.55 7 12
36 5.35 0.021 8 11 0.01 0.93 8 11
37 6.41 0.011 9 10 0.54 0.46 9 10
38 6.41 0.011 9 10 0.54 0.46 9 10
39 4.17 0.041 10 9 0.11 0.74 10 9
40 4.17 0.041 10 9 0.11 0.74 10 9
41 2.73 0.099 11 8 0.25 0.62 11 8
42 2.73 0.099 11 8 0.25 0.62 11 8
43 1.83 0.176 12 7 0.11 0.74 12 7
44 1.83 0.176 12 7 0.11 0.74 12 7
45 0.62 0.430 13 6 0.19 0.66 13 6
46 0.62 0.430 13 6 0.19 0.66 13 6
47 0.62 0.430 13 6 0.19 0.66 13 6
48 0.86 0.355 14 5 0.86 0.35 14 5
49 0.86 0.355 14 5 0.86 0.35 14 5
50 0.86 0.355 14 5 0.86 0.35 14 5
51 0.86 0.355 14 5 0.86 0.35 14 5
52 0.86 0.355 14 5 0.86 0.35 14 5

Table 4.4: As Table 4.2 but regarding the decimal logarithm of average populace over the 2003-2018
period. There is one additional column that converts the threshold value back to population: “Threshold

(people)”.
Mild Extreme

Threshold Threshold Kw KwW N ecoregions | N ecoregions KW Kw N ecoregions | N ecoregions
(people) | statistic | p-value | < threshold | > threshold | statistic | p-value | < threshold | >= threshold

5.3 199526 4.94 0.026 5 14 2.78 0.10 5 14

5.4 251189 4.94 0.026 5 14 2.78 0.10 5 14

5.5 316228 4.94 0.026 5 14 2.78 0.10 5 14

5.6 398107 6.92 0.009 6 13 0.93 0.33 6 13

5.7 501187 9.78 0.002 7 12 2.86 0.09 7 12

5.8 630957 9.63 0.002 9 10 2.16 0.14 9 10

5.9 794328 10.37 0.001 11 8 2.73 0.10 11 8

6 1000000 9.26 0.002 12 7 2.58 0.11 12 7

6.1 1258925 6.92 0.009 13 6 1.51 0.22 13 6

6.2 1584893 4.53 0.033 14 5 1.93 0.16 14 5

6.3 1995262 4.53 0.033 14 5 1.93 0.16 14 5

6.4 2511886 4.53 0.033 14 5 1.93 0.16 14 5
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Chapter 5

A slight detour through Pantanal
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5.1 Case study of the RPPN Sesc Pantanal

This section is based on the following scientific article:  Silva, P. S., Rodrigues, J. A.,
Nogueira, J., Moura, L. C., Enout, A., Cuiabdlia, C., DaCamara, C. C., Pereira, A. A.,
and Libonati, R. (2024b). Joining forces to fight wildfires: Science and management in
a protected area of Pantanal, Brazil. Environmental Science & Policy, 159:103818

In 2020, the world’s largest continuous stretch of wetlands, the Pantanal in South Amer-
ica, recorded its most catastrophic fire season of the last two decades, resulting in severe
economic, ecological and health consequences. Regional environmental institutions and
communities are taking measures to protect their unique ecosystem, as is the case of the
Reserva Particular do Patriménio Natural (RPPN) Sesc Pantanal, a national protected
area. The reserve was severely affected by the 2020 wildfires and is now en route to recover
and intensify prevention strategies. Here, we employ a state-of-the-art satellite-derived
burned area dataset and a global climate reanalysis product to map and assess the inci-
dence and vulnerability of this reserve to its most concerning disturbance: wildfires. We
validated the remote-sensed burned area product and found that the product success-
fully maps the years with higher fire activity. Then, we studied historical occurrences
of burned areas within the reserve. The results show large burned areas are uncommon,
and highlight the year 2020 as an outlier, when around 65% of the reserve was burned.
Climate trends over the last four decades show increasing temperatures and wind speed,
and decreasing relative humidity and precipitation. Fire weather is thus steadily rising,
bearing favourable conditions for fire activity over the most critical months of the year.
This study provides useful information for fire management decisions within the largest
privately held natural reserve in Brazil, and further allows the assessment of the applicabil-
ity and limitations of large-scale and state-of-the-art products to inform decision-making

within protected areas.

5.1.1 Introduction

Pantanal is the largest continuous stretch of wetlands in the world, characterised by an
ever-changing boundary between land and water, where many regions change seasonally

from terrestrial to aquatic systems Alho and Silva (2012). In Brazilian territory, the
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Pantanal biome covers the Brazilian states of Mato Grosso do Sul and Mato Grosso, and it
is surrounded by the Cerrado and Amazon biomes, where spring-fed rivers and headwaters
are located (Guerra et al., 2020). The Pantanal captures water from the surrounding
plateaus during the rainy season, and then drains it slowly to the lower sections of the
Paraguay river, creating a complex drainage network (Ivory et al., 2019). Its landscape
consists of a mosaic of floodable and non-floodable grasslands, forests, open woodlands,
and temporary or permanent aquatic macrohabitats (Cunha et al., 2021; Tomas et al.,
2019). This allows for high biodiversity (Tomas et al., 2019). In 2000, the “Pantanal
Conservation Area” was inscribed on UNESCO’s World Heritage list (UNESCO, 2024b),
and around 25,156,000 ha were deemed as an UNESCO Biosphere Reserve (UNESCO,
2024a). These sites are home to nearly 3 million people, and the Pantanal Biosphere

Reserve is one of the largest biosphere reserves in the world (UNESCO, 2023).

Pantanal is also considered a fire-dependent biome, where fire influences species type,
abundance, and ecological functioning and processes (Pivello et al., 2021). Fire promotes
seed germination for some species (Pott and Pott, 2004) and, along with the flood pulse, it
allows the existence of several monodominant vegetation types (Manrique-Pineda et al.,
2021; Pott et al., 2011). Accordingly, both fire and flood act as ecological filters that,
among other factors, shape the structure of plant communities in tropical wetlands and
floodable savannas, in such a way that this neotropical savanna wetland system is resilient
as long as its natural patterns and periodicities of flooding and burning are maintained
(de S& Arruda et al., 2016; de Oliveira et al., 2014). Lightning strikes may sometimes
originate fire in the Pantanal region, however this natural source is infrequent and more
likely to happen during the summer period, from December to February (Menezes et al.,
2022). The vast majority of fires in Pantanal are associated with anthropogenic ignitions

(Menezes et al., 2022).

In 2020, severe wildfires threatened the delicate balance of Pantanal’s wetlands. Around
a third of the biome was burned (Libonati et al., 2020), killing at least 17 million ver-
tebrates (Tomas et al., 2021). The severity of these wildfires has been linked to several
environmental and socioeconomic factors, including: severe drought; location of the fire
corridor in the Paraguay River flood zone; firefighters’ constraints; insufficient wildfire
prevention strategies; and budget reductions in public environmental agencies (Garcia

et al., 2021). More than a third of these wildfires occurred in areas previously unburnt
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or where burning is not usual (Barbosa et al., 2022; Garcia et al., 2021; Libonati et al.,
2022b), and mostly over natural vegetation (Correa et al., 2022). They particularly af-
fected forested regions, contributing the most (47%) to the total carbon loss of the 2020
Pantanal wildfires (Barbosa et al., 2022).

The 2020 wildfires have also been shown to be closely linked with atypical meteorological
conditions (Libonati et al., 2022b; Marques et al., 2021), particularly a prolonged and
severe drought (Marengo et al., 2021b; Thielen et al., 2020). Fire danger levels in 2020
reached unseen values over the last 40 years and large burned areas occurred simultane-
ously with compounded drought and heatwave events (Libonati et al., 2022b). Climate
change has been occurring fast in the Pantanal, with temperatures rising steadily over the
last four decades (Libonati et al., 2022b; Marques et al., 2021), along with increased evap-
otranspiration rates (Marques et al., 2021). Soil moisture has been decreasing (Marques
et al., 2021) and the number of days without precipitation has substantially increased,
while the water mass during the drought season decreases (Geirinhas et al., 2023; Lazaro
et al.; 2020). The extent of wildfires in Pantanal has been linked to the occurrence of heat-
waves (Silva et al., 2022) that are rising together with extreme hot conditions (Libonati
et al., 2022b; Marengo et al., 2021b). Expected future changes in climate might provide
even more favourable conditions for wildfires to occur (Ribeiro et al., 2022; Marengo et al.,

2016).

In light of ongoing and future climate change, and motivated by the events of 2020,
the academic community has been making efforts to further understand and characterise
historical fire and climate patterns in Pantanal. Likewise, protected areas within the
biome are already being adapted and measures are being taken to prevent such events
from happening again. Over the last decades, most protected areas in Pantanal followed a
zero-fire policy due to the perceived negative consequences of any type of fire on the native
vegetation. However, the wildfires of 2020 put the effectiveness of the zero-fire policy
into question (Garcia et al., 2021). Part of the answer might lie in the neighbouring
biome, the Cerrado, where a broad approach dedicated to the use of fire to manage
rural and traditional territories was introduced in some protected areas in 2014, known
as Integrated Fire Management (IFM) (Schmidt et al., 2016). The successful results
generated with the IFM implementation led the federal public authorities, responsible for

Brazilian protected areas, to expand and recommend this approach to other areas with
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recurrent fire issues (Schmidt et al., 2018). The IFM aims to change harmful fire regimes
(frequent, high intensity wildfires that burn large areas in the peak of the dry season)
to the ones that benefit at the same time environmental conservation and socioeconomic
needs, by accounting for cultural and scientific knowledge and technical experience (Myers,

2006).

However, the lack of long-term reliable data in Pantanal hinders these assessments and the
ensuing decision-making. There are very few long-term meteorological stations in Pan-
tanal, and these are mainly located in the southernmost regions (Hofmann et al., 2010).
This provides an opportunity to explore reanalysis products which provide observation-
based estimates of meteorological fields, around the globe, with a common spatial and
temporal resolution. Similarly, the systematic quantification of burned areas is only pos-
sible due to recent advances in remote sensing techniques and burned area mapping by

satellite information.

Although satellite-derived products provide a means to obtain spatially and temporally
consistent burned area data, their applicability and usefulness in fire management highly
depend on the time and spatial scales at which these products operate. Quick and real-
time management decisions rely on near-real time estimates that, until a few years ago
(de Aplicagoes de Satélites Ambientais do Departamento de Meteorologia da UFRJ, 2024),
could only be provided for Pantanal through active fire products (e.g. FIRMS). On
the other hand, long-term fire dynamics can be easily assessed through satellite-derived
burned area products. Although great strides have been made over the last decades to
improve satellite-derived burned area estimates, the automatic detection of burned ar-
eas remains complex due to the wide spatial and spectral diversity of burned patches
(Bastarrika et al., 2011). In general, most satellite-derived burned area products develop
algorithms to reduce false alarms (commission errors) while increasing the detection of
burned patches (omission errors). Balancing and reducing commission and omission errors
becomes challenging as strict detection criteria may lead to lower commission errors but
may fail to detect fires, while the opposite would occur with less strict detection criteria
(Boschetti et al., 2004). Accordingly, global products often employ algorithms that con-
sider a wide range of burning conditions and thus have distinct commission and omission
errors in different landscapes (Rodrigues et al., 2019). On the other hand, algorithms

that are developed for a specific site or ecosystem may provide more accurate estimates,
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albeit at the expense of applicability in other regions (Campagnolo et al., 2021).

Here, we employed a burned area product specifically developed for Brazilian biomes and
a state-of-the-art global reanalysis dataset to study fire and climate within a privately held
natural reserve in Pantanal: the Reserva Particular do Patrimonio Natural (RPPN) Sesc
Pantanal. First, we validated the satellite-derived burned area dataset to the study region.
Then, we used the validated data to evaluate historical fire activity within the reserve and
further evaluated climate trends to understand current and future vulnerability to climate
change. Lastly, these results were interpreted in light of past and current fire management

within the RPPN Sesc Pantanal, along with ongoing and future challenges.

5.1.2 Data and methods
5.1.2.1 Study area

Located in northern Pantanal, the RPPN Sesc Pantanal is managed by the Servico Social
do Comércio (Sesc, a Commercial Service Institution), covering slightly less than 108,000
ha. Created on July 4", 1997, in the municipality of Barao de Melgaco, in Mato Grosso
state, this reserve has been dedicated to preserving and restoring its biodiversity and
ecosystems over the last 20 years. The maintenance of the RPPN Sesc Pantanal ensures
the availability of water and its quality and supports high levels of biodiversity. Since 2000
it has been included as part of Pantanal’s Biosphere Reserve and 3 years later it became a
Ramsar site adhering to its Convention on Wetlands, an intergovernmental treaty signed
in 1971 that provides the framework for the conservation and the wise use of wetlands

and their resources (Ramsar, 2023).

The western and eastern parts of the reserve are bordered by the Cuiaba and Sao Lourenco
rivers respectively, and the southern region shares a border with the Indigenous Land of
Perigara (Figure 5.1). The surroundings of the RPPN Sesc Pantanal are mostly occupied
by cattle ranches and the district of Sao Pedro de Joselandia with a population of around

2,000 people dispersed in rural properties.
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Figure 5.1: Map of the RPPN Sesc Pantanal with land cover information for 2021 (MapBiomas, 2023),
along with its location within the Brazilian Pantanal (pink) and Brazil/South America (light/dark grey)
in the lower right panel.

Hofmann et al. (2010) provided an extensive characterization of climate within the RPPN
Sesc Pantanal. According to the Koppen climate classification, they defined climate in
the reserve as “Aw” (Tropical savanna climate with dry-winter characteristics), marked
by a pronounced dry season in the winter. Rainfall occurs during the summer, with
annual totals varying between 1,000 and 1,600 mm. The reserve’s territory is periodically
flooded in almost its entirety during the rainy season (December to April), due to the
accumulation of rainfall in the region and on headwaters of rivers within the Alto Paraguai
basin. It also features very high temperatures with monthly means above 22 °C and an

average annual temperature of around 26.5 °C.

The reserve has a wide variety of vegetation types and has recently been described with
13 macrohabitats (Cunha et al., 2021), including both fire-sensitive and fire-dependent
formations (Pivello, 2011). All the environments within the reserve are preserved and free

of anthropogenic disturbance for more than 20 years (Brandao et al., 2011).
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5.1.2.2 Datasets and pre-processing

Burned area data was obtained from the AQM-LS V1 product (Pereira et al., 2021) cov-
ering the 2000-2021 period. The AQM-LS product is a joint effort of LASA/UFRJ and
Instituto Federal de Educacao, Ciéncia e Tecnologia do Sul de Minas (IFSULDEMINAS).
Derived from multi-temporal composite satellite imagery, namely Landsat missions, at
30 m spatial resolution, this algorithm also uses machine learning and active fire data to
map yearly burned areas. Here, we employed one of the first versions of the AQM-LS

extended to the Pantanal biome.

For validation, Landsat imagery from the U.S. Geological Survey was accessed from
Google Earth Engine (GEE). All imagery was collected for Level 2, Collection 2, and
Tier 1, for Landsat missions 5, 7, and 8, spanning from 2000 to 2021.

Land cover information was obtained from the MapBiomas Collection 7 product (Map-
Biomas, 2023). MapBiomas Collection 7 mapped 27 classes of land use and land cover
annually over all Brazilian biomes from 1985 to 2021. It relies on a random forest algo-
rithm applied to Landsat satellite imagery, with a spatial resolution of 30 m (Souza et al.,
2020). We used the 2000-2021 period, to match the range of the burned area satellite-
derived product. Moreover, for the purposes of this study, all pixels within the “River,

Lake and Ocean” class (ID 33) were removed.

To evaluate the current climate, we studied climatic variables often used in fire danger
assessment to represent distinct components of fire occurrence, frequency, and behaviour,
namely: temperature, precipitation, relative humidity, and wind speeds (IPCC, 2022;
UNEP, 2022). To do so, we used ERA5, the state-of-the-art reanalysis product from
the European Centre for Medium-Range Weather Forecasts (ECMWF; Hersbach et al.,
2020). ERAS5 runs from 1959 to the present, with hourly output, and describes the Earth
in a regular 0.25° x 0.25° grid which corresponds to, approximately, 25km x 25km. For
this analysis we used the following meteorological parameters taken at 16:00 UTC (which
corresponds to 12:00 local standard time, as per methods used in the Canadian Forest
Fire Weather Index system; van Wagner, 1987) from 1980 to 2021: 2-metre temperature,
2-metre dew point temperature, and the u and v components of 10-metre wind. Hourly
fields of total precipitation were also downloaded and accumulated into daily totals. Sur-

face and dew-point temperatures are used to estimate relative humidity by means of
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the August—-Roche-Magnus formula (Lawrence, 2005). Finally, wind u and v components
were also converted to wind speed (ECMWEF, 2024). Amongst several reanalysis products,
ERAD5 has shown increased accuracy in simulating wind speeds in Brazil (Siefert et al.,
2021). Data for all variables was masked to the shapefile of the RPPN Sesc Pantanal,

and all grid points that touched the reserve’s polygon were used.

ERA5’s fire danger product based on the Canadian Forest Fire Weather Index (FWI)
System (van Wagner, 1987), was also employed (Vitolo et al., 2020). The FWI system
uses daily values of temperature, relative humidity, wind speed and daily precipitation
to estimate seven indices that describe different components/constraints of fire. Here,
we used the Daily Severity Rating (DSR), a numerical representation of the difficulty
of controlling fires computed using the FWI index, that more accurately reflects the
expected effort required for fire suppression. The FWI system is a highly adaptable fire
danger index system, widely used to characterise meteorological fire danger worldwide
(e.g. Quilcaille et al., 2023; IPCC, 2022; Jain et al., 2021; Abatzoglou et al., 2019). Both
FWI and DSR have been used to study fire in Brazilian biomes (Li et al., 2021b; Silva
et al., 2019), including Pantanal (Libonati et al., 2020, 2022b; Martins et al., 2022).
Similarly to meteorological fields from the ERA5 reanalysis, DSR data was also masked
to the shapefile of the RPPN Sesc Pantanal, including all grid points that touched the

polygon.

5.1.2.3 Validation of the burned area product

To validate the AQM-LS product within our study area, we visually inspected multi-
temporal Landsat imagery using Geographic Information System (GIS) technology, par-
ticularly QGIS version 3.22.6 with GEE plugin integration. Visual inspection is often
employed in validation studies (e.g. Bowman et al., 2003), algorithm development (e.g.
Pinto et al., 2021; Daldegan et al., 2014), and operational purposes (Bastarrika et al.,
2011). For each year, we compared the yearly AQM-LS burned area map with Land-
sat imagery from January 1 to December 31 in colour composition (red, green and blue;
RGB). The combination of the reflectance spectral bands of short-wave infrared (SWIR,
in Red), near-infrared (NIR, Green), and red (Blue), allowed the visual identification of
vegetation fire scars by contrasting fire events (shades of red) with the unburned veg-

etation (shades of green). This colour composition has been shown to allow an easy
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interpretation of burned areas (Pinto et al., 2021; Pereira et al., 1999). By overlaying
the AQM-LS burned area map with the Landsat imagery in RGB, we investigated the
spatial and temporal agreement/discordance between these products. Commission errors

(i.e. false alarms) were manually removed from the raw AQM-LS mapping, henceforth

referred to as the validated version (AQM-LS,).

5.1.2.4 Analysis of burned land cover

To assess the land cover types that corresponded to burned areas in AQM-LS,q, we
simply overlapped and intercompared pixel to pixel these products in the same raster
format, as they have the same spatial (30 m) and temporal (yearly) resolution. We
then assigned the correspondent land cover classification to each burned pixel in the

AQM-LS,, product.

5.1.2.5 Statistical analysis

To evaluate interannual climate patterns we focused on the period from July to Octo-
ber, when most wildfires occur in Pantanal (Damasceno-Junior, 2021). Averages were
computed in the case of temperature, relative humidity, wind speed, and the fire danger
index (DSR), and precipitation was aggregated over these months. Climate extremes were
evaluated through the 90" percentile of temperature, wind speed, and DSR, and the 10"

percentile for relative humidity.

Trends in burned area and climate variables were evaluated using the non-parametric
Theil-Sen regression (Sen, 1968; Theil, 1950), a robust estimator insensitive to outliers
with a breakdown point of about 29.3% compared to simple linear regression. The sta-
tistical significance of the trends was evaluated by the two-tailed Mann-Kendall non-

parametric test at the 5% significance level (Kendall, 1975; Mann, 1945).

Lastly, the relationship between interannual burned area and the fire danger index was
estimated through simple linear regression, and goodness of fit evaluated by the coefficient

of determination (R?).
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5.1.3 Results
5.1.3.1 Validation of the burned area product

We found that there are considerable differences between the raw AQM-LS product and
Landsat imagery. The AQM-LS algorithm showed commission errors for almost all years
of the time series, leading to an overestimation of burned areas within the RPPN Sesc

Pantanal (Figure 5.2).
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Figure 5.2: Year to year mapping of burned areas by the AQM-LS product from 2000 to 2021. Com-
mission errors are shown in purple, and hits (AQM-LS,,;) are shown in red. Years with a white X in
red background highlight years where the validation found no burned areas, and the red circles highlight
very small burned areas.
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Years with higher burned areas were found to be properly mapped (Supplementary Ma-
terial: Table 5.1), in which the difference between the validated (AQM-LS,,) and raw
AQM-LS products range from 0% to 9% (2003, 2005, 2010, 2019, and 2020). On the
other hand, differences reached 100% in four years (2000, 2001, 2009, and 2018), in which
all mapped burned areas were commission errors, and another six years had commission
errors above 94% (2004, 2006, 2011, 2013, 2014, and 2021). Nevertheless, these high
relative differences between the raw and validated products correspond to small burned
areas, ranging from 100 to 2,900 ha. Only the year 2000 was particularly anomalous as

the AQM-LS product assigned 12,330 ha of burned areas, where there were none.

Commission errors were often due to misclassification of clouds, water bodies, seasonally
flooded areas, and paths (Supplementary Material: Figure 5.7). It is also worth noting
the case of 2003 (Supplementary Material: Figure 5.8), where there are clear missing
gaps in data, both in the AQM-LS mapping and in Landsat imagery used for the visual
validation, due to the failure of the Scan Line Corrector in Landsat-7 from June 15 2003

onwards (USGS, 2024).

5.1.3.2 Historical fire characterization

Using AQM-LS,q, we characterised historical fire activity within the RPPN Sesc Pan-
tanal. As in the entirety of the Pantanal biome (Libonati et al., 2022b), 2020 recorded
severe wildfire events, with more than 70,000 ha of burned area (around 65% of the re-
serve’s area), severely contrasting with the previous years (2000-2019) when there was an
average of 1,685 ha burned per year (Figure 5.3a). Unlike previous years, the wildfires
advanced towards the centre of the reserve and 70% of the total burned area in 2020 had

not been burned before (over the 2000-2019 period).
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Figure 5.3: a) Interannual variability of burned area from 2000-2021 as estimated by the validated
AQM-LS product (AQM-LSyq;). b) The number of times a pixel was burnt over the time series (2000
2021).

Before 2020, only in 2010, the reserve burned over 10,000 ha, and the most extreme events
were found to be those burning above 2,004 ha (the 75" percentile). Over 22 years of
data, no burned area trend was found. Most areas were hit only once (69% of the total
burned area), most of which occurred in 2020 (Figure 5.3b). A smaller percentage of areas
burned two (20%) or three (9%) times over the 2000-2021 period, and only 2% burned
more than four times. Around 33% of the reserve seems never to have burned over the

last 22 years.

Recurring burned areas are located in the western region (Figure 5.3b), near the Cuiaba
river and on the frontier with adjacent territories. These regions are classified as grasslands
by the MapBiomas product in 2021 (Figure 5.1), but it is worth noting that the Map-
Biomas product alternatively considers this region as grasslands and wetlands (depending
on the year). Accordingly, when analysing burned areas by land cover type throughout
2000-2019 (Figure 5.4), most burned areas occurred in grasslands and wetland forma-
tions corresponding to this western region. Wetlands and grasslands corresponded to
approximately 50.8% and 27.3% of the total burned areas over this period, followed by
savannas and forests (12.9% and 8.4%, respectively). The year of 2020, however, changed
this pattern: most burned areas occurred in forested areas (37.4%), followed by grass-
lands (29.7%) and savanna formations (27.2%). The years of 2005 and 2010 also burned
a larger portion of forest, with 1,165 ha (22.6% of the total annual burned area) and 632

ha (5.8%), respectively. Lastly, in 2003, a large stretch of burned savanna, around 2,966
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ha (58.3%), exceeded the areas burned of grasslands, with slightly more than 1,802 ha
(35.4%).
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Figure 5.4: Land cover types of burned areas using the validated AQM-LS product (AQM-LS,,;) from
2000 to 2021.

5.1.3.3 Climate

Regional climate within the RPPN Sesc Pantanal was characterised using reanalysis data.
Considering the average over the last 40 years, higher temperatures were found from
August to October, preceded by the lowest temperature values from May to July (Figure
5.5a). There was little variation in absolute temperatures, with temperatures ranging from
30-31 °C during the austral summer months (henceforth defined as December, January
and February) and 29-32 °C in austral winter (henceforth defined as June, July and
August). Conversely, relative humidity had higher variability (Figure 5.5b): lower values
from July to September ranging from 43% to 48%, and summer months from 68% to 71%.
The reserve also showed a marked rainfall seasonality (Figure 5.5¢), with a dry season
from April to October, reaching minimum rainfall values from June to August (below 16
mm/month). Summer months represented, on average, 51% of total annual precipitation,
and the average annual precipitation over the last 40 years was around 1,459 mm. Finally,
the months with the highest wind speeds occurred from July to September with 9.2-9.5
km/h (Figure 5.5d).
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Figure 5.5: Seasonal cycles of: a) surface temperature (°C, red); b) relative humidity (%, orange); c)
precipitation (mm, blue); d) wind speed (km/h, green); and e) fire danger index Daily Severity Rating
(DSR) (dimensionless, purples). Lighter to darker colours represent a decadal mean from 1980-1989 to
20102019, and the average for the last 2 years (2020-2021). Black lines are the average over the time
series, from 1980 to 2021. Grey shaded areas represent the months from July to October.

However, we found that seasonal patterns seem to be changing (Figure 5.5). Although
the seasonality of temperature does not appear to be altered, its magnitude is higher

the closer it is to the 21% century (Figure 5.5a). Values from 2020-2021 were well above
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those of the previous decade (2010-2019), and when looking at seasonal cycles per year
(Supplementary Material: Figure 5.9), both years achieved unprecedented temperature
values in September and 2020 continued with record values up to November. Similarly,
relative humidity values from the 1980-1999 period were systematically higher than the
following 20 years (2000-2020), particularly from the months of August to October (Figure
5.5b). Both 2020 and 2021 achieved unseen lower relative humidity values from August to
September, and 2020 reached minimum values over most of the months (Supplementary

Material: Figure 5.9).

The later months of the dry season show decreasing precipitation over the last decades,
with 2020-2021 having remarkably less rainfall in September and October than the clima-
tological mean (Figure 5.5¢). Although wind speed patterns were not as easily interpreted,
it is worth pointing out that wind speeds during the 2020-2021 period were also system-
atically higher than the climatological mean for months May to August (Figure 5.5d).

The 4-month period from July to September coincides with yearly maximum tempera-
tures and wind speed, lowest values of relative humidity, and the end of the dry season.
Accordingly, fire danger achieved higher values from July to September, and reached its
maximum in August. Consistent with climatic trends, the DSR was found to be system-
atically increasing over the last decades, and the 2020-2021 period achieved much higher

values than the climatological mean (Figure 5.5¢).

Moreover, meteorological conditions favourable to fire seem to be increasing since 1980,
particularly in the critical months from July to September (Figure 5.6). Average tem-
peratures and wind speeds were found to be steadily rising (at a rate of 0.76 °C and
0.18 km/h per decade; Figures 5.6a and 5.6d), while relative humidity and precipitation
showed decreasing trends (lowering 2.74% and 33.1 mm per decade, respectively; Figures
5.6b and 5.6¢). Accordingly, DSR was also substantially increasing at a rate of 22.8 per
decade (Figure 5.6e). The year of 2020 showed unprecedented fire danger values over the
time series, when DSR reached a maximum of 25. In contrast, there was a slight decrease

in DSR values during 2021 (21).
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Figure 5.6: Interannual variability from 1980 to 2021 for: a) temperature (°C, reds); b) relative humidity
(%, oranges); c) precipitation (mm, blue); d) wind speed (km/h, greens); and e) fire danger index
DSR (adimensional, purples). Darker shades represent the extremes, evaluated as percentiles 90 for
temperature, wind speed and DSR; and percentile 10 for relative humidity. Dashed lines represent
significant trends (below the 5% confidence level), and the trend slope is shown on the graph with the
corresponding colour. Non-significant trends are not shown.

The average of annual precipitation has also been decreasing at an alarming rate of -99.7
mm/decade (Supplementary Material: Figure 5.10). The average value for the last 10
years (2012-2021), around 1,297 mm, was significantly lower than the climatological mean
(1,459 mm). Even when looking at the wet season, particularly the summer months,
responsible for most of the yearly rainfall, there was also a decreasing trend of -47.3

mm /decade.

Temperature extremes seem to be increasing more than average, at a rate of 0.76 °C per
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decade (Figure 5.6a). The 10% lowest relative humidity values also showed a decreasing
trend in the July—October period, at a rate of 2.67% per decade (Figure 5.6b). Lastly,

wind speed showed no significant trends for extreme values (Figure 5.6d).

There seems to be little correlation between the fire danger index and burned area. A
simple linear regression model using averaged values of DSR from July to October as pre-
dictor of interannual burned areas (AQM-LS, ;) resulted in a coefficient of determination

of 0.48 (Supplementary Material: Figure 5.11).

5.1.4 Discussion
5.1.4.1 Using remote sensed burned areas to study fire activity

We found that the AQM-LS algorithm sometimes failed to distinguish between burned
and unburned areas within the RPPN Sesc Pantanal, and often assigned wrong classi-
fications. This led to an overestimation of burned areas, which is most conspicuous in
years that, according to visual inspection, showed little to no fire activity. On the other
hand, years with large burned areas were well-mapped by the AQM-LS product. Com-
pared to other remote sensed burned area products derived from Landsat imagery that
rely on change detection approaches based on pairs of images, the AQM-LS product has
significantly reduced omission errors (Pereira et al., 2021). Nevertheless, in contrast with
the automatic detection by the AQM-LS product and visual inspection, the RPPN Sesc
Pantanal managers and firefighters report that almost the entirety of the reserve burned
in 2020. The AQM-LS marked a large stretch of forested regions as unburned, known as
the fire-sensitive “Cambarazal” (Sesc, 2023), where lower temperatures and higher rela-
tive humidity usually hinder the occurrence and spread of fires (Hofmann et al., 2010).
It is not surprising that fires in forested regions are largely undetected, as it is widely
known that satellite-derived burned area products have difficulty in detecting understory
fires, as the tree canopy obscures the burning underneath (Morton et al., 2013). It is also
worth noting that mapping burned areas in the tropics presents a greater challenge as
the ephemeral character of the signal is easily scattered by the wind, rain, or hidden by

re-growth (Pereira et al., 2021; Pereira, 2003).
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5.1.4.2 Understanding fire patterns

The AQM-LS,q product provided a reliable 20-year history of fire dynamics within the
reserve. In general, large fires are not common within the reserve. Apart from 2020,
only 2003, 2005, 2010 and 2019, burned considerable areas. Amongst these, the years
of 2005 and 2010 were marked by reduced rainfall during the austral summer due to
an anomalous northward position of the Atlantic Intertropical Convergence Zone (ITCZ;
Marengo et al., 2021b), which may have led to drier, and thus more susceptible to burning,

biomass during the austral winter.

Burned area estimates from the last two decades showed how extreme and unprecedented
the 2020 wildfires were, with six times more burned area than the previous record year
(2010). Records from the RPPN Sesc Pantanal management detail that these wildfires
began in a rural area at the northern border on August 2"¢, but soon there were multiple
ignition sources and fire-lines coming from different directions towards the reserve. The
fire-fighting efforts focused on infrastructure and the main roads that worked as firebreaks
and fire-free corridors for animals to escape. Despite all efforts, it was estimated that
thousands of vertebrates were killed (Crawshaw et al., 2020). Most of the area burned in
2020 had not burned over the last two decades, which, associated with non-existent fuel

management actions, allowed the accumulation of biomass susceptible to burning.

In general, higher fire incidence was found near the reserve’s limits, particularly along the
northern and western border. This region is marked in the land cover product as wetlands
and grasslands, but it represents the main flooded areas within the reserve, consisting of
three macrohabitats (Sesc, 2023): clean and natural field (“Campo limpo natural” in
portuguese); flooded shrubland (“Arbustais inundados”); and riparian forest (“Floresta
ribeirinha do rio Cuiabd”). As a RPPN, no anthropogenic fire is allowed within its lim-
its and, accordingly, the wildfires that affect the reserve often start in the surrounding
regions and move towards the RPPN’s area. It is common for rural populations in this
region to use fire to stimulate pasture regrowth, clean areas, burn the garbage, for slash
and burn agriculture, hunt (indigenous hunting) and celebrate (cultural celebrations or
rituals) (Ibama, 2018; Sesc, 2023). Mainly these fires are conducted as controlled burns,
but sometimes they are carried out without due care, under risky fire weather and envi-

ronmental conditions, and without safety measures, facilitating its spread and generating
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wildfires. Apart from the natural fires, other anthropogenic sources have been reported for
the RPPN’s region, such as electrical wiring ruptures (due to poor maintenance), vehicle
accidents, and burning to clean the vegetation on the side of the road (Sesc, 2023). The
combination of these anthropogenic fire sources, fuel loads available in large extensions

with extremely dry periods, significantly increases the risk of wildfires.

5.1.4.3 Fire in the context of a changing climate

A state-of-the-art reanalysis product allowed an assessment of historical trends in mete-
orological variables and fire weather. Although there is no in-situ data to compare or
validate ERAb5’s estimates, we found that precipitation estimates are in agreement with
a previous study in the RPPN (Hofmann et al., 2010), and in line with the surrounding
regions (Ivory et al., 2019; Marengo et al., 2015).

Over the last decades, monthly fire danger has been systematically increasing, particularly
from July to September. Along with October, these months are considered Pantanal’s
fire season, where the vast majority of fires occur (Damasceno-Junior, 2021; Libonati
et al., 2022b). Compared with September, October showed a considerable decrease in fire
danger due to increased rainfall and relative humidity. Nevertheless, concurrent with high
temperatures and wind speeds, fuel loads are extremely dry by the end of the dry season
and highly susceptible to burning, which may lead to large burned areas in September
and October, as seen in the case of the 2020 Pantanal fires (Libonati et al., 2022b).
Additionally, the dry season seems to be expanding, with systematically lower rainfall
values for September and October over the last 22 years. Associated with increased
temperatures and decreased relative humidity, fire weather conditions last longer every

year, in line with reports from the RPPN Sesc Pantanal management team.

In par with Pantanal, the reserve is experiencing changes in climate patterns, with in-
creasing conditions favourable to wildfire occurrence over the last four decades. These
climate change trends in Pantanal, and by extent the reserve, will likely persist in the
future (Llopart et al., 2020; Marengo et al., 2015), associated with higher frequency and
extent of extreme events such as heatwaves or droughts (Ribeiro et al., 2022; Reboita
et al., 2021a; Silva et al., 2022; Thielen et al., 2020). However, climate may not be the
main driver of fire within the RPPN, as a fire danger index explained slightly less than

50% of interannual burned areas. A relevant example is the case of the year 2021, when

139



fire danger was very high, including a record in temperatures for September and in relative
humidity in July, but there were virtually no burned areas. This is to be expected as fire
in the reserve is mainly anthropogenic (Neves, 2015) and, although favourable meteoro-
logical conditions are a necessary condition for large wildfires to occur, they alone are not
sufficient. Along with climate, several other factors might weigh in the occurrence and

spread of fire, such as fuel amount and conditions, ignition sources, and fire management.

5.1.4.4 Implications for fire management

Before the creation of the reserve in 1997, the area of the reserve was used for cattle
breeding and controlled burns were commonly applied (Brandao et al., 2011). In its cen-
tral area (Figure 5.1), a savanna-like formation called “Campos de murundu”, where the
cattle grazed, had the largest areas burned every other year in September and October
(corresponding to less than 5% of the reserve’s area, except for 1993 when almost 20%
was burned) (Sesc, 2023). However, after the creation of the RPPN no controlled burn
was carried out, as the RPPN Sesc Pantanal followed a zero-fire policy. Preventive mea-
sures focused only on environmental education, social mobilisation, and capacity building.
Throughout protected areas in Brazil, it has been shown that since its implementation,
the zero-fire policy has increased large wildfire events, as the unmanaged vegetation ex-

pressively built-up fuel loads (Moura et al., 2019).

After the 2020 Pantanal wildfires, the need to change fire management and policy in the
biome became readily apparent. Strategies and initiatives were quickly introduced, such
as the creation of many community, volunteer and private fire brigades, and the develop-
ment of management plans like the IFM. In 2021, the first experimental prescribed burns
were applied in three small areas in the reserve to help managers better understand fire
behaviour and severity. Associated with increased research efforts, such as the present
study, this knowledge expansion combined with fire management needs, led to the deci-
sion to implement the IFM approach in the reserve. As well as continuing the RPPN’s
previous preventive efforts, the IFM requires continued work on maintaining firebreaks,
implementing prescribed burns, suppression of wildfires, and collaborative work with the
reserve’s neighbours, interested organisations and researchers (Sesc, 2023). Accordingly,
joint efforts were made with the collaboration of community leaders, scientists, the Mil-

itary Fire Department and other civil society organisations (SOS Pantanal, Mupan, and
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Funatura) to build capacity in the surrounding communities, install modern fire monitor-
ing equipment to detect ignition sources, recover fire sensitive forests that were burned in

2020, and invest in fire-related research in the reserve (Sesc, 2023).

It is expected that the implementation of IFM within the reserve will change several
aspects of its fire regime, particularly through prescribed burns that aim to control fuel
loads prior to the critical wildfire season. As prescribed burns are undertaken in strategic
and fire-adapted areas at the beginning of the dry or rainy season, the frequency and
seasonality of fires will change, while the occurrence and extent of wildfires are expected
to decrease (Ribeiro and Pereira, 2023; Santos et al., 2021). These changes in fire activity
will require a continuous assessment of its effect within the reserve’s 13 macrohabitats.
Understanding the optimal frequency, timing, and extent of prescribed burns, the amount
and seasonality of fine fuels that need managing, and impacts on biodiversity, are some

of the key research questions to be addressed.

5.1.5 Conclusions

This study provides an historical characterization of fire and climate within the largest
privately held protected area in northern Pantanal: the RPPN Sesc Pantanal. We vali-
dated a Brazilian burned area product, and found large commission errors, mainly due
to clouds, water bodies, flooded areas, and roads, leading to overestimating burned areas
within the reserve. On the other hand, the automatic algorithm properly mapped years
with large burned areas, albeit with omission errors in 2020. The validated dataset al-
lowed a better assessment of fire activity in the reserve over the last two decades. We
found that large burned areas are not common within the reserve, and most burned areas
occurred in its western region near the Cuiabd river. Most of these burned areas were due
to wildfires that started outside of the confines of the reserve but spread inwards, severely
damaging its ecosystems. The most extreme year within the time series was 2020, in
par with the rest of the Pantanal biome, where most of the reserve burned and forested

regions were particularly affected.

We also showed that changes in climate are occurring within the reserve, mirroring trends
for the Pantanal biome. Fire weather conditions seem to have lasted longer every year

and steadily increased over the last 40 years. These trends reinforce the importance of
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developing an integrated adaptive fire management in the reserve that preserves the mi-
croclimate, the environment, and its biodiversity to avoid extreme wildfires, such as those
observed in 2020. An appropriate IFM for the region is only possible through interaction
between various actors (firefighters, local agents, surrounding communities), adequate in-
vestment in firefighting equipment and infrastructure, environmental education to reduce
ignition sources and reinforce the ecological value of the reserve, and local knowledge of

the areas that are most vulnerable to fire for an efficient environmental management.

Finally, we found that, while satellite-derived burned area and reanalysis products pro-
vide useful information relevant to decision-making in the RPPN Sesc Pantanal, combin-
ing these products with local knowledge and expertise is crucial. Remote sensed burned
area products have developed rapidly over the last decades due to better instruments and
algorithms, but still show limitation. In particular, for smaller areas, such as protected
areas, where a high spatial resolution is required, these products still show high commis-
sion errors, per our case in the RPPN Sesc Pantanal, and require visual interpretation by
a skilled interpreter to yield accurate and precise results. On the other hand, reanalysis
products also allow the assessment of climate where in-situ measurements and long-term

datasets are not available or reliable.

This study provides tailored information for fire management decisions within the RPPN
Sesc Pantanal, using methods that may be easily replicated and employed to study other
protected areas worldwide. Our findings further highlight the role of fire management poli-
cies in wildfire occurrence and prevention, and align with recent studies for the Pantanal
(Ribeiro and Pereira, 2023; Garcia et al., 2021) and worldwide (UNEP, 2022; Stoof and
Kettridge, 2022; Rego et al., 2021) on the introduction of an integrated fire management

approach as a possible solution.
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5.1.6 Supplementary Material
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Legend:

[C] RPPN Sesc Pantanal
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Figure 5.7: Examples of misclassification by the AQM-LS product, due to spectral confusion from
temporal changes. (a) Clouds in 2000, as through Landsat-7 imagery on June 2"¢ with the AQM-LS
product superimposed in orange. (b) Paths in 2011, as seen through (1) Landsat-5 imagery on February
15 and (2) Landsat-5 imagery on August 12*® with the AQM-LS product superimposed in orange. (c)
Water bodies and seasonally flooded areas in 2011, as seen through (1) Landsat-5 imagery on February
1%%, (2) Landsat-5 imagery on August 12", and (3) Landsat-5 imagery on August 12t with the AQM-LS
product superimposed in orange. Landsat imagery appears in colour composition (RGB) which combines
the reflectance spectral bands of short-wave infrared (SWIR, in Red), near-infrared (NIR, in Green) and
red (in Blue).
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Legend:

[CJ RPPN Sesc Pantanal Bl AQM-LS ya Landsat-7 imagery
RGB composition: SWIR,NIR,Red

Figure 5.8: The case of the year 2003. The RPPN Sesc Pantanal is illustrated in the bottom left corner,
and the section that is shown in top panels is highlighted in green. (a) Raw Landsat-7 imagery for
October 1% 2003 in colour composition (RGB) which combines the reflectance spectral bands of short-
wave infrared (SWIR, in Red), near-infrared (NIR, in Green) and red (in Blue). (b) as (a) but with the
validated AQM-LS product (AQM-LS,4;) superimposed in red.
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Figure 5.9: Seasonal cycles from 1980 to 2021 for: temperature (°C, top left), relative humidity (%,
top right), total precipitation (mm, bottom left) and wind speed (km/h, bottom right). Grey curves
represent years 1980 to 2019, shades getting darker as the years progress; and the red and yellow curves
represent 2020 and 2021, respectively. Temperature, relative humidity and wind speed, are monthly
averages, whereas precipitation is accumulated over the entire month.
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Figure 5.10: Interannual variability from 1980 to 2021 of total yearly precipitation (top panel) and
total summer precipitation (bottom panel). Summer is defined as December of the previous year, and
January and February from the current year (e.g. the 1980 summer total is the sum of precipitation from
December 1979 and January and February from 1980). Dotted lines represent trends, estimated using
the Mann-Kendall non-parametric test, and, if significant below the 5% level, the trend slope is printed
on the graph.
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Figure 5.11: Interannual values of yearly burned area as estimated using the validated AQM-LS product
(AQM-LS,;, grey bars in both top and bottom panels corresponding to the right y-axis), and yearly
averages of the Daily Severity Rating (DSR, bottom panel, red curve corresponding to the left y-axis),
from 2000 to 2021. Grey box in both plots shows the resulting linear regression models, using the fire

danger indexes as predictors of interannual burned area, and the corresponding coefficient of determina-
tion (R?).
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Table 5.1: Comparison of the AQM-LS product (AQM-LS) and its validated version (AQM-LS,,;), both
values in thousands of hectares (ha). Column “AQM-LS — AQM-LS,,;” shows the absolute difference,
in thousands of ha, and “Difference to AQM-LS (%)” shows the relative difference from AQM-LS,,; to
AQM-LS, estimated as (AQM-LS — AQM-LS,q;)/AQM-LS x 100.

AQM-LS AQM-LS,y | AQM-LS — AQM-LS,, | Difference to
(x 1000 ha) | (x 1000 ha) (x 1000 ha) AQM-LS (%)
2000 12.331 0 12.331 100
2001 0.095 0 0.095 100
2002 0.885 0.386 0.499 56.4
2003 5.239 5.087 0.152 2.9
2004 1.772 0.031 1.741 98.2
2005 5.484 5.167 0.317 5.8
2006 0.332 0.005 0.327 98.6
2007 2.017 1.742 0.275 13.7
2008 3.009 2.790 0.219 7.3
2009 0.361 0 0.361 100
2010 11.204 11.056 0.148 1.3
2011 2.903 0.171 2.732 94.1
2012 0.442 0.236 0.206 46.5
2013 0.213 0.012 0.201 94.4
2014 1.442 0.020 1.422 98.6
2015 0.236 0.146 0.090 38.0
2016 1.018 0.402 0.616 60.5
2017 1.794 1.729 0.065 3.6
2018 0.281 0 0.281 100
2019 5.199 4.726 0.473 9.1
2020 70.421 70.352 0.069 0.1
2021 0.488 0.003 0.485 99.3
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5.2 Synergy between heatwaves and fire in the Pan-
tanal biome

This section is based in the following scientific article:  Silva, P. S., Geirinhas, J. L.,
Lapere, R., Laura, W., Cassain, D., Alegria, A., and Campbell, J. (2022). Heatwaves
and fire in Pantanal: Historical and future perspectives from CORDEX-CORE. Journal
of Environmental Management, 323:116193

The Pantanal biome, at the confluence of Brazil, Bolivia and Paraguay, is the largest
continental wetland on the planet and an invaluable reserve of biodiversity. The excep-
tional 2020 fire season in Pantanal drew particular attention due to the severe wildfires
and the catastrophic natural and socio-economic impacts witnessed within the biome. So
far, little progress has been made in order to better understand the influence of climate
extremes on fire occurrence in Pantanal. Here, we evaluate how extreme hot conditions,
through heatwave events, are related to the occurrence and the exacerbation of fires in
this region. A historical analysis using a statistical regression model found that heatwaves
during the dry season explained 82% of the interannual variability of burned area during
the fire season. In a future perspective, an ensemble of CORDEX-CORE simulations
assuming different Representative Concentration Pathways (RCP2.6 and RCP8.5), reveal
a significant increasing trend in heatwave occurrence over Pantanal. Compared to histor-
ical levels, the RCP2.6 scenario leads to more than a doubling in the Pantanal heatwave
incidence during the dry season by the second half of the 21%° century, followed by a
plateauing. Alternatively, RCP8.5 projects a steady increase of heatwave incidence until
the end of the century, pointing to a very severe scenario in which heatwave conditions
would be observed nearly over all the Pantanal area and during practically all the days
of the dry season. Accordingly, favorable conditions for fire spread and consequent large
burned areas are expected to occur more often in the future, posing a dramatic short-term

threat to the ecosystem if no preservation action is undertaken.

5.2.1 Introduction

The Pantanal biome is the largest continental wetland in the world, extending over parts

of Brazil (Bergier and Assine, 2016). This World Heritage Site (UNESCO, 2021) is home
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to a wide variety of plants (Pott et al., 2011) and animals (Alho, 2008), including several
endangered species (Tomas et al., 2019). In 2020, Pantanal faced the most devastating
fires in the last two decades. Satellite-derived estimates showed that around a third of
the Brazilian section of Pantanal was affected (Libonati et al., 2020), including several

indigenous territories and conservation units being completely burnt.

Fire activity and climate have been shown to be closely linked (Mariani et al., 2018;
Abatzoglou et al., 2019; Ruffault et al., 2020; Sutanto et al., 2020) and the 2020 Pantanal
fires resulted from an interplay between extreme hot and dry conditions (Libonati et al.,
2022b) associated with the negligent use of fire (Mataveli et al., 2021). Leading up to the
2020 fire season, Pantanal had been under severe drought conditions since 2019 (Marengo
et al., 2021b), which severely impacted vegetation flammability. Soil desiccation condi-
tions concurred with several heatwave episodes, leading to the establishment of strong
soil moisture-temperature coupling regimes (water-limited) that triggered a temperature
escalation through enhanced sensible heat fluxes from the surface to the atmosphere (Li-
bonati et al., 2022b). As a result of this, the compound dry and hot conditions observed
during 2020 over Pantanal, essentially drove fire danger to levels not seen since 1980

(Libonati et al., 2020).

The future dynamics and intensity of global fires is uncertain under climate change sce-
narios, and highly depends on the climate zone and local human drivers (Moritz et al.,
2012; Williams and Abatzoglou, 2016). For South America however, an increasing trend
in fire risk and extent is projected under a range of likely scenarios (Cochrane and Bar-
ber, 2009; Liu et al., 2010; Silva et al., 2019; Burton et al., 2021; de Oliveira-Junior
et al., 2021; Oliveira et al., 2022). In parallel, the number of heatwaves associated with
record-breaking temperatures have been increasing over Pantanal (Marengo et al., 2021b;
Libonati et al., 2022b). Such a growing trend in the number of extreme hot spells is
expected to continue in most regions including South America (Dosio, 2016; Baker et al.,
2018; Feron et al., 2019; Luca et al., 2020; Molina et al., 2020; Coppola et al., 2021). Feron
et al. (2019) found for South America that the magnitude of this increase would not be
spatially homogeneous, although by 2050, the tropical areas, including Pantanal, would
witness extremely warm temperatures during at least half the days of the year. By the
end of the century, annual average temperatures in Pantanal can increase by up to 7 °C

relative to the 1961-1990 period (Marengo et al., 2015; Llopart et al., 2020). Additionally,

150



daily maximum temperature in Pantanal will likely increase by several degrees over the
period 2050-2080 under different scenarios (Reboita et al., 2021b). Although the effects
of climate change on Pantanal remain by far uncertain and are probably outweighed by
human development and wetland destruction (Junk, 2013), the possible trends can induce
changes in the dynamics and properties of the fire season, possibly jeopardizing even more

of Pantanal’s ecosystems.

This work aims to evaluate the connection between heatwaves and fire in the Pantanal
biome during the 2002-2020 period, and assess future trends under two climate change
scenarios. Historical COordinated Regional Climate Downscaling EXperiment-COmmon
Regional Experiment (CORDEX-CORE) simulations are then evaluated and compared
to reanalysis data, evidencing the need for bias-correction. Accordingly, we compute
bias-corrected future projections of heatwaves using the CORDEX-CORE ensemble and
interpret the results in light of future climate change and what it might mean for fires in

Pantanal.

5.2.2 Data and methods
5.2.2.1 Data

The region of interest is the Pantanal biome as defined by the Terrestrial Ecoregions of
the World (Figure 5.12; Olson et al., 2001). Burned area was derived from the Moderate
Resolution Imaging Spectroradiometer (MODIS) MCD64A1 Collection 6 product (Giglio
et al., 2018), developed by the National Atmospheric Space Agency (NASA). Derived from
the MODIS sensors aboard Terra and Aqua satellites, MCD64A1 is a monthly burned
area product at a 500 m spatial resolution from 2001 to 2020. Re-projected GeoTIFF data
for South America was obtained from the University of Maryland’s fuoco SFTP Server
(fuoco.geog.umd.edu). Burned area totals were computed for the Pantanal and 2001 was

dropped as it only includes data from the MODIS sensor aboard Terra.

Daily maximum surface air temperature (Tmax) values from 1980 to present were ob-
tained for Pantanal by computing the daily maximum of hourly surface temperatures
retrieved from the European Centre for Medium-Range Weather Forecasts (ECMWF)
ERAD reanalysis dataset (Hersbach et al., 2020), at a gridded 0.25° x 0.25° spatial reso-

lution.
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(a) Location of the Pantanal biome. (b) Pantanal’s seasonal patterns.
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Figure 5.12: The Pantanal biome with land cover information for 2019 from the Copernicus Global
Land Service (Buchhorn et al., 2020). (b) Pantanal’s monthly averages of burned area (gray bars) as
estimated by the MCDG64A1 Collection 6 product over 2002-2020, and seasonal precipitation (blue line)
and heatwave incidence (orange line) patterns in ERA5 reanalysis for the period 1981-2020.

Using data available from the Earth System Grid Federation (ESGF') platform (Cinquini
et al., 2014), simulated daily maximum temperature for the historical period (spanning
1981 to 2005) and Representative Concentration Pathways (RCP) 2.6 and 8.5 were ex-
tracted from CORDEX-CORE runs on the South American domain at a 0.22° spatial
resolution (Gutowski Jr. et al., 2016; Giorgi et al., 2022). This work relies on three re-
alizations (historical, RCP2.6 and RCP8.5) from two Regional Climate Models - RCMs
(REMO2015, RegCM4-7), each one forced by three different Global Climate Models -
GCMs (HadGEM2-ES, MPI-ESM, NorESM1) as described in Table 5.2. RCP repre-
sent possible trajectories of future greenhouse gas and air pollutants emissions: the low-
emission RCP2.6 scenario limits additional radiative forcing to 2.6 W/m? by 2100 (van
Vuuren et al., 2011) whereas the high-emission RCP8.5 scenario corresponds to a 8.5

W /m? radiative forcing (Riahi et al., 2011).

5.2.2.2 Heatwave definition

Using a relative threshold index (Perkins and Alexander, 2013; Geirinhas et al., 2021)
heatwaves were defined as periods of three or more consecutive days featuring Tmax val-
ues above the climatological (1981-2010 in the case of data computation with ERA5,
and 1981-2005 with the historical CORDEX-CORE simulations) calendar day 90" per-

centile (P90) of Tmax (centered on a 15-day window). Based on this definition, a single
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Table 5.2: RCM considered in this study: runs for the South American domain at 0.22° x 0.22° spatial
resolution (SAM-22) available within the CORDEX-CORE (Giorgi et al., 2022).

RCM Experiment Time period Forced by

Historical | 1981/01/01-2005/12/31 | MOHC-HadGEM2-ES
REMO2015 | RCP2.6 | 2006/01/01-2099/12/31 | MPI-M-MPI-ESM-LR,
RCPS.5 2006/01/01-2099/12/31 | NCC-NorESM1-M
Historical | 1981/01/01-2005/12/31 | MOHC-HadGEM2-ES
RegCM4-7 RCP2.6 2006,/01/01-2099/12/31 | MPI-M-MPI-ESM-MR
RCPS.5 2006/01/01-2099/12/31 | NCC-NorESM1-M

one dimensional variable accounting for the time and spatial incidence of heatwaves over
Pantanal was defined: the percentage of the total Pantanal domain under heatwave con-
ditions (% Pantanalpyw). This metric was already used in previous studies conducted
for regions within the USA (Mazdiyasni and AghaKouchak, 2015) and Brazil (Geirinhas
et al., 2021), and consists in determining the percentage of the total Pantanal cells (in
space and time, cellsPAN;yq) that experience heatwave conditions (cellsPANgw), as

expressed in Equation 5.1.

cellsPAN gw
Pantanal = ——— x 100 5.1
/Pantanal cellsPAN, tal % (5.1)

The number of total Pantanal cells (cellsPAN;qq) is obtained by considering the total
number of grid-points within the Pantanal region (cellsPAN,¢gion) and the total number
of days of the dry season (April through October - Figure 5.12b - cellsPANyjye) as in
Equation 5.2.

cellsPANotqr = cellsP AN, cgion X cellsPANme (5.2)

The number of total Pantanal cells under heatwave (cellsPANyw ) is computed in the
exact same way as cellsPAN;q, however it only considers the number of days and grid-
points that are under heatwave conditions (as defined earlier in this section). As an
example of application, a percentage of 100% indicates that every single grid point in the

Pantanal domain witnessed heatwave conditions for every day of the dry season, and so,
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cellsPANpw equals cellsPAN;ar-

5.2.2.3 Statistical analysis

The statistical relationship between burned area and heatwaves was evaluated using a
simple linear regression model. Interannual variations of burned area (predictand, BA)
were correlated with variations of the percentage of the total Pantanal domain under

heatwave conditions (predictor, % Pantanalyw ) as in Equation 5.3.

BA =m x %Pantanalgw + b (5.3)

where m and b are the slope and intercept of the model, respectively. The goodness of fit
was analyzed and assessed through the resulting coefficient of determination and p-value.
To further test the robustness of the statistical model, and given the short length of the
time series, a leave-one-out cross-validation scheme was performed (Wilks, 2011) and the

Spearman’s rank correlation coefficient computed.

Throughout this work, monotonic trends were estimated using the non-parametric Mann-
Kendall two-tailed test (Mann, 1945; Kendall, 1975; Gilbert, 1987), and the Theil-Sen
slope (Theil, 1950; Sen, 1968).

5.2.2.4 Bias correction

Bias correction was performed using a Quantile Delta Mapping (QDM) approach, in order
to match Tmax distribution in the RCM realizations to that of ERAS5, despite the discrep-
ancies initially observed. The correction is applied both to historical and future scenario
runs. QDM is known to perform well when it comes to preserving raw signals, trends and
extremes (Cannon et al., 2015; Casanueva et al., 2020). QDM relies on the computation of
the cumulative distribution functions CDF of the variable of interest, in the dataset of ref-
erence (here ERA5), and in the model to be adjusted on the historical and future periods
(here CORDEX-CORE historical and RCPs). Based on these statistical distributions, the
transformation applied can be summarized in Equation 5.4. Using this approach, the bias
corrected Tmax obtained with Equation 5.4, referred to as Tmarryr,,,, Will incorporate

the climate change signals present in the original CORDEX-CORE RCP runs.
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CDFgpas(CDFpyr(Tmazpur))
CDFp1sp(CDFpyr(Tmazpyr))

TmCLCEFUTQDM = TmaxFUT X (54)

QDM can be performed either in a parametric or empirical approach to compute the
CDF. Here, the choice of a parametric (thus continuous) rather than empirical (thus
discrete) approach is made so as to be able to capture future extreme values that may not
be reached in the historical period distribution. For well-chosen parametric distribution
forms, the performance is similar for parametric and empirical approaches (Enayati et al.,
2021). Further details on QDM and its suitability and performance for our purpose can
be found in Supplementary Material: Figures 5.18 and 5.19.

5.2.3 Results
5.2.3.1 Fire-heatwave connection

Pantanal burns quite frequently and mostly during the period from August to October,
henceforth referred to as the fire season (Figure 5.12b; Damasceno-Junior, 2021). These
months account, on average, for 79% of the annual burned area over the study period
and coincide with low rainfall levels. Heatwaves also occur more often and over larger
areas during these three months, with the maximum value of % Pantanalpyw in September
concurrent with the yearly peak in burned area. Heatwaves taking place in the austral
summer (December, January, February) and during the transition from wet to dry season
(March—April) are not associated with high burned areas as the vegetation is growing
and moisture levels are high, which constrains the spread and extent of fires (Ivory et al.,
2019). Accordingly, in the upcoming analysis we evaluate heatwave conditions over the
months from April to October, considered here as the biome’s dry season (Figure 5.12b;
de Oliveira et al., 2014; Ivory et al., 2019), to account for the effects of heatwaves on fuel

moisture levels prior to the fire season.

The biome averages 14,439 + 9649 km? burned area (8.5 4 5.7% of Pantanal’s area) per
year over the 2002-2020 time series, with high interannual variability (Figure 5.13a). The
years of 2002, 2019 and 2020, stand out as the most dramatic, with the latter burning a

record-shattering amount unseen in Pantanal over the last two decades.
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(a) Pantanal’s interannual variability of burned area and area under heatwave. (b) Relationship between Pantanal’s area under
heatwave during dry season and burned area during
total annually
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Figure 5.13: Interannual variability of annual burned area (light gray bars) and fire season burned
area (August to October; dark gray bars), using the MODIS MCD64A1 product, and the percentage of
Pantanal under heatwave (% Pantanal gw ) over the dry season (April to October; orange bars), from 2002
to 2020. (b) Relationship between % Pantanalgw over the dry season and the fire season burned area,
estimated using ERAS reanalysis, from 2002 to 2020, evaluated using a simple linear regression model.
Black line indicates the resulting regression line and on the bottom right corner is the corresponding
equation and goodness-of-fit (R?).

The interannual variability of burned area over the fire season seems to be closely related
to the percentage of Pantanal that is under heatwave over the dry season (Figure 5.13a).
Years with the highest (lowest) burned area correspond with higher (lower) percentages
of heatwave incidence over Pantanal (% Pantanalgy ), with the exception of 2007, when
the % Pantanalmgy reached its maximum value over the 2002-2019 period while burned

area values were below the time series 75" percentile.

A simple linear regression model between annual values of these two variables obtained
a Pearson coefficient of 0.90 (p-value < 0.001). Hence, the linear model described in
Equation 5.5 based on % Pantanal gy significantly explains 82% of the variance of burned
area over the 2002-2020 period (Figure 5.13b). It is worth noting here that causality is
not assumed in this relationship. It only constitutes a purely statistical conception that
holds for values of % Pantanalyy varying between approximately 3% to 34%, which is

the historically observed range.

BA = 0.88 x %Pantanalgyw — 0.97 (5.5)

with burned area in 1,000 km? and % Pantanalyy in percentage.

The leave-one-out cross-validation scheme (Supplementary Material: Figure 5.20) resulted
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in a coefficient of determination of 0.78 between the observed and the predicted burned
area values, and a Spearman’s correlation p of 0.90 (p-value < 0.001), which confirms that

the linear model is robust and indeed the best approach to correlate these variables.

5.2.3.2 Model evaluation

There is a large variability in the outcomes of each of the six members of the CORDEX-
CORE ensemble considered. The comparison of Tmax between the six historical runs
and the ERAD reanalysis, for the Pantanal region, during the dry season and for the
period 1981-2005, shows correlations on the time series of monthly averages of daily Tmax
ranging from 0.42 to 0.67, and correlations on monthly P90 of Tmax between 0.60 and 0.84
(Figure 5.14a). Mean biases on these variables are between 0.4 °C to 5.3 °C and 0.28 °C
to 4.4 °C, for monthly averages and P90, respectively. REMO2015 forced by HadGEM2-
ES shows the best agreement with ERAS, contrary to RegCM4-7 forced by NorESM1
that features the largest discrepancies with the ERA5 reanalysis. The remaining models
show intermediate values and, for all models, lower mean biases and higher correlations
are found when looking at the monthly P90. This large inter-model spread is commonly
observed in multi-model analyses of RCMs, in particular in the CORDEX framework for
South America (e.g. Feron et al., 2019). The ensemble is also shown to have a mean bias
of 2.72 °C and 3.76 °C, and a Pearson correlation coefficient of 0.68 and 0.79, for the mean
and P90 of Tmax, respectively. For impact studies, the ensemble mean is usually able
to properly reproduce the main climatological features of the region, notwithstanding the

large variability across individual members (Teichmann et al., 2021; Coppola et al., 2021).
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(a) Taylor diagram 0 0.1 (b) Effect of bias correction on Tmax distributions
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Figure 5.14: (a) Taylor diagram of raw CORDEX-CORE historical simulations compared to ERAS5.
Tmax monthly mean (circles) and monthly P90 (triangles) during dry season months (April-October)
over Pantanal for the period 1981-2005, for each simulation (color range) and for the ensemble mean
(gray). All Pearson correlation coefficients presented here are statistically significant at the 99.9% level.
(b) Tmax distribution over Pantanal for dry season months of the historical period in ERA5 (purple),
CORDEX-CORE original (gray) and CORDEX-CORE after bias correction (light gray).

Considering this inter-model variability and discrepancies compared to ERA5, Tmax
datasets from the CORDEX-CORE runs were bias-corrected towards the distribution
of Tmax in ERA5. Supplementary Material: Figure 5.18 shows the time series for Tmax
of raw CORDEX-CORE historical data and both RCP runs over the 1981-2099 period,
and the result after bias-correction. A clear shift is observed towards ERAb values after
bias correction, while keeping the trends intact. The performance of the bias correction
is also illustrated in Figure 5.14b, which shows that the bias between CORDEX-CORE
and ERA5 ensemble mean (P90) Tmax goes from 2.4 °C (3.4 °C) before correction to less
than 0.1 °C after. QDM therefore seems to be successful in approximating the CORDEX-
CORE ensemble mean distribution to that of ERA5, as also evidenced in Supplementary
Material: Figure 5.19. The bias-corrected results are now in the same range as those of
the reanalysis: the historical mean of Tmax is now equal for CORDEX-CORE after QDM
and the ERAD reanalysis, at 30.8 °C (Figure 5.14b). Moreover, Supplementary Material:
Figure 5.18 confirms the above-mentioned large inter-model variability, with large shaded
areas representing the maximum and minimum values simulated by CORDEX-CORE

runs after bias-correction.

Figures 5.15 and 5.16 further highlight this inter-model variability, which is found also
in future projections. Under RCP8.5 scenario (Figure 5.15), for the near future period
(20262050, top line in the Figure), Tmax during the dry season increases on average

between 0 to 2 °C approximately, depending on the considered GCM/RCM combination.
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For the mid-term (2051-2075) and long-term (2076-2099) periods, the spread increases,
with Tmax warming between 1.5 to 5 °C and 3 to 9 °C, respectively. The trajectory
under RCP2.6 assumptions suggests a lesser warming of Pantanal, along with a smaller
inter-model spread, in absolute value, as compared with RCP8.5 (Figure 5.16). For that
scenario, all runs feature an increase in Tmax between 0 to 4 °C without a clear temporal
evolution, with Tmax departure from its historical values in the short-term being similar
to the mid- and long-term periods ones. In both scenarios, the expected warming is
spatially quite homogeneous over the Pantanal region, except for its southernmost part,
which seems to be slightly less affected in most runs, as opposed to the northeastern part

that might suffer from even warmer conditions by up to 1 °C according to several runs.

RCP8.5 Tmax
difference

relative to
historical
period

Short-term
2026-2050

5°C

4°C
Mid-term
2051-2075

Long-term
2076-2099

o
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REMO02015 RegCM4-7 mean
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Figure 5.15: Average difference on Tmax over the Pantanal region for April to October between the
historical period and three projected RCP8.5 periods (2026-2050 as short term; 2051-2075 as mid term;
and 2076-2099 as long term), for the six CORDEX-CORE simulations considered and the ensemble mean
(rightmost panel). All data is from the bias-corrected simulations.
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Figure 5.16: Same as Figure 4 for RCP2.6.

5.2.3.3 Future trends in heatwaves

We analyzed the simulated evolution of heatwaves over Pantanal from 1981 to the end
of the 21%° century, under scenarios RCP2.6 and RCP8.5, using CORDEX-CORE bias-
corrected ensemble mean. Under both scenarios, the % Pantanalpy is expected to in-
crease by 2100 (Figure 5.17), albeit with distinct growing patterns. Considering the
optimistic emission scenario RCP2.6, the average % Pantanalyy is expected to increase
up to 36.4% over the mid-term period, followed by a decrease to 35.2% in the long-term
period (Table 5.3). When compared to the historical average (12.5%), this represents a
relative increase of 191% and 182% of the % Pantanalgy for mid and long-term, respec-
tively. Extremes, evaluated by the P90, reach 43.4% over mid-term and more than double
the historical value with relative increases above 140% in all three time periods. How-
ever, no significant trend was found in either period, consistent with RCP2.6 assumptions
of peaking emissions mid-century followed by a steady decrease afterwards (van Vuuren

et al., 2011).
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Figure 5.17: Percentage of Pantanal under heatwave from 1981 to 2099. Evolution for historical (black
line), RCP2.6 (blue line), and RCP8.5 (red line) bias-corrected CORDEX-CORE runs. The gray, blue
and red shaded regions show the maximum range between individual model runs. Solid lines represent
the ensemble mean and those that are thicker show a smoothed time series for better visualization. The
smoothing is performed by applying a Savitzky—Golay filter with a window length of 19 years and a
polynomial order 5.

Alternatively, under the high-emission scenario RCP8.5 there is a statistically significant
monotonic increase, clearly departing from the RCP2.6 scenario after the mid-term pe-
riod, leading to a % Pantanal gy level of 80% by the end of the 21% century (Figure 5.17).
Average (and P90) values of % Pantanal gy differ considerably over the three time periods
(Table 5.3): from 39.9% (51%) in the short-term period, slightly above the corresponding
values in RCP2.6, to 73.3% (78.4%) in the long-term period. In this scenario, depar-
tures from the mean (and P90) historical values are dramatic, with relative increases of
219% (193%), 368% (287%) and 486% (351%), for the short, mid and long-term periods,

respectively.
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Table 5.3: Future evolution of heatwave index (% Pantanal gy ) under RCP2.6 and RCP8.5 scenarios for
three time periods: short-term from 2026 to 2050; mid-term from 2051 to 2075; and long-term from 2076
to 2099. For comparison, we further show values for the historical run from 1981 to 2005. Average values
are calculated as ensemble mean from all RCM realizations. Std corresponds to the standard deviation,
over time, of the ensemble mean for the considered period. Values between parentheses indicate relative
change compared to the historical value. The presence of a trend is evaluated through the Mann—Kendall
test at a 5% significance level. Upwards arrows indicate a significant positive trend. The average inter-
model spread corresponds to the average, over each period, of the difference between the highest and
lowest individual member values every year.

Average | Std P90 Trend Inter-model
spread

Historical 12.5 4.5 17.4 - 23.2
329 41.8

ROP2.6G Short-term (163%) 6.6 (140%) - 35.1
' . 36.4 134

Mid-term (191%) 6.4 (149%) - 32.8
35.2 42.5

Long-term (182%) 5.4 (144%) - 33.9

39.9 51

RCPS.S Short-term (219%) 8.3 (193%) T 30.6
' . 58.5 67.3

Mid-term (368%) 7.6 (287%) T 31.5
73.3 78.4

Long-term (486%) 4.6 (351%) T 24.1

Nevertheless, in both scenarios, inter-model variability is relatively large (Table 5.3). In
particular, the spread of % Pantanalyy between the minimum and maximum individual
members from the ensemble for each projection year is around 32%, on average. In RCP2.6
scenario, this inter-model spread remains relatively stable, from 35% in the short-term
period to 34% in the long-term, pointing to a moderate climate signal in Pantanal in
that scenario. Contrarily, RCP8.5 leads to a decrease in the spread between models, from
31% in the short-term down to 24% in the last 25 years of the century. This indicates
that under the stronger climate forcing of the RCP8.5 scenario, models tend to agree
more on the long-term pathway as all of them foresee extreme heatwave conditions in
Pantanal at the end of the century. For the RCP2.6 scenario, although the mean is clearly
higher than historical values, the ensemble member with the lowest warming projection
is indistinguishable from the historical envelope for all the time periods considered. On
the other hand, the lowest warming projection for RCP8.5 is well above the maximum
of the historical envelope despite a relatively large inter-model spread. In the first half
of the century, individual simulations from both RCPs overlap (shaded areas in Figure
5.17), however, after 2050 there is a clear distinction between the maximum and minimum

simulated values obtained for each RCP. By the end of the century, although the maximum

162



simulated value of % Pantanal gy under RCP2.6 is higher than that of the historical run,
the historical simulations that achieved the highest % Pantanalyy are in the same range
of values as RCP2.6 % Pantanal gy ensemble means. This is not the case with RCP8.5,
where, by 2100, the minimum value of simulated % Pantanaly far exceeds the maximum
value obtained in any historical simulation, highlighting how RCP8.5 is a much more

severe scenario.

For both RCPs, inter-model variability seems to decrease over the 215 century, with model
predictions converging towards the end of the simulation period. This is particularly sharp
in RCP8.5 where there is a decrease in inter-model spread and standard deviations (Table
5.3), due to a threshold effect on the heatwave index computation, which is based on a
comparison between Tmax and the fixed historical P90 of Tmax (see Methods). In the
case of RCP8.5 the significant increase in Tmax is such that, even though the inter-
model variability in Tmax is large, all individual members are mostly above the historical
heatwave threshold. Consequently, even the member with the lowest warming trajectory
still generates a high heatwave index value, thereby dampening the variability observed

in % Pantanal gy .

5.2.4 Discussion

The linear regression model developed in this study showed that 82% of the annual vari-
ance in Pantanal’s burned area is related to annual variations in heatwave incidence.
This strong connection between fire events and heatwaves is in agreement with previ-
ous analyses conducted worldwide (Chuvieco et al., 2021) and for Pantanal in particular
(da Gama Vigano et al., 2018; Libonati et al., 2022b). The occurrence of heatwaves over
the dry season triggers large evaporation rates and thus soil desiccation that, ultimately,
may influence the level of vegetation dryness and increase flammability. On the other
hand, during the fire season heatwaves promote favorable conditions for larger burned
areas if an ignition source is provided (which in the case of Pantanal is mostly human;
Menezes et al., 2022). Recent heatwave episodes in this region have been associated
with the establishment of quasi-stationary anticyclonic circulation anomalies over central
South America as a response of large-scale Rossby wave patterns forced by remote warm
sea surface temperatures in Indian and Pacific oceans (e.g. ENSO, MJO, IOD) (Taschetto
and Ambrizzi, 2011; Marengo et al., 2021a; Reboita et al., 2021a; Libonati et al., 2022b).
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These mid-atmospheric high pressure systems are responsible for strong subsidence and
large amounts of incoming shortwave radiative energy at surface (Marengo et al., 2021a;
Libonati et al., 2022b; Geirinhas et al., 2022). On the other hand, they can induce large
disturbances in the South Atlantic Convergence Zone (Nielsen et al., 2019) and/or in the
South American Low-Level Jet (Montini et al., 2019) suppressing the passage of frontal
systems and promoting the occurrence of large deficits in the water vapor transport from
the Amazon basin towards Pantanal. A long-term shortage of moisture being advected
from the Amazon basin coupled with a lower than normal atmospheric convergence in
the region leverages large precipitation deficits and evaporation rates that, ultimately,
promote a sharp decrease in soil moisture levels. In fact, Libonati et al. (2022b) showed
that during the 2020 fire season due to pronounced drought conditions over Pantanal, a
strong soil moisture-temperature coupling (water-limited) was established allowing a re-
amplification of the already established surface hot temperature anomalies during several
heatwave episodes (Coronato et al., 2020; Geirinhas et al., 2022). As such, fire activity
in Pantanal is also inevitably linked to drought and flood (Mataveli et al., 2021; Libonati
et al., 2021; Marengo et al., 2021a). However, precipitation estimates show large inter-
model discrepancies over South America (Solman et al., 2013; Falco et al., 2019; Solman
and Bldzquez, 2019) due to the commonly acknowledged shortcoming of RCMs when it
comes to capturing precipitation. Accordingly, here the focus was made exclusively on

the heatwavefire connection.

Still, large biases were found in temperature estimates by the RCMs and, in order to
legitimate the analysis of future heatwaves, the bias observed in CORDEX-CORE histor-
ical Tmax data with respect to ERASH was corrected through QDM. Such an adjustment
is required in order to obtain more plausible climate change projections, especially when
it comes to extreme temperature-related phenomena (Iturbide et al., 2021). Although in
this work the bias correction showed a good performance as evidenced in Supplementary
Material: Table 5.4 and Supplementary Material: Figure 5.18, such approaches to adjust
simulation data towards a better match with observations have known limitations and
shortcomings. In particular, they can be considered statistical artifacts that do not pro-
vide clues on the credibility of the physical processes represented in the model (Maraun,
2016; Maraun et al., 2017). However, Maraun et al. (2017) recognize that for reasonably

well captured physical processes, such as the ones driving the spatio-temporal variability
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of Tmax, usual bias correction methods work adequately. This is arguably the case here
since the distribution of Tmax from ERA5 and from all the CORDEX-CORE models
could be successfully fitted to the same class of theoretical distribution. These elements
indicate that the underlying physical processes are consistently represented in the reanal-
ysis and in the RCMs demonstrating that bias correction can be applied confidently. The
choice of the bias correction technique is also known to condition the results obtained.
Casanueva et al. (2020) and Iturbide et al. (2021) show that there are differences in the
outputs of bias corrected models when different methods are applied to the same data,
including Tmax in CMIP or CORDEX simulations, resulting in slightly different future
projection scenarios. Nevertheless, the QDM applied here shows good performance to
steer CORDEX-CORE data towards ERAS values, and consistency in the climate signal
between original and adjusted time series (Supplementary Material: Figure 5.18), which

gives confidence in the conclusions of this study.

In particular, the climate change signal displaying increasing heatwave importance, and
comparatively larger increase in RCP8.5 than in other scenarios, is consistent with pre-
vious studies investigating future trends in hot extremes. Despite differences in the pro-
jections, RCP4.5 and RCP8.5 scenarios are both known to lead to an increase in extreme
temperature events, with larger changes over lower latitudes (Russo et al., 2014; Perkins-
Kirkpatrick and Gibson, 2017; Feron et al., 2019). They also evidence, consistent with our
findings, that heatwave future trends and levels are much worse under RCP8.5 scenario,
across all of South America. Global warming will likely impose in Pantanal the occurrence
of more intense and prolonged heatwaves due to linear increases of the mean surface tem-
perature and non-linear feedbacks triggered by deep changes in precipitation, evaporation
and radiative regimes (Donat et al., 2017; King, 2019). This raises new challenges not just
for the ecosystems but also for human health and for other socio-economic sectors (e.g.
agriculture and energy production). These threats are expected to be particularly rele-
vant in low-income developing countries such as the ones that share the Pantanal biome
(Brazil, Paraguay and Bolivia), where the public health services are fragile and where
there is still a lack of investment in environmental protection policies. The heatwave
projections highlighted here for Pantanal suggest that the heat-stress levels witnessed by
the population of Pantanal will increase, leveraging the number of heat-related deaths to

dramatic levels (Gasparrini et al., 2015; Guo et al., 2018).
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Our results also suggest that such an increase in heatwave conditions could lead to higher
burned areas, as favorable conditions for fire occurrence will occur more frequently and
widespread over the region (Libonati et al., 2022b). This could also trigger other cascading
impacts of heatwaves in public health through the occurrence of more and widespread
fires: a higher exposure to wildfire smoke is likely to lead to an increase in the number of
respiratory illnesses and in birth defects not just for the living population of Pantanal but

also for the inhabitants of downwind regions (Aguilera et al., 2021; Requia et al., 2021).

Nevertheless, such an increase in the heatwave index over the 215 century, and thus fire
activity, would inevitably translate to changes in vegetation cover and climate—vegetation
dynamics. Studies have found that fire influences the forest-savanna threshold (Hoffmann
et al., 2012a; de L. Dantas et al., 2013) which means that such dramatic changes in fire
activity could put several areas of Pantanal at risk of biome transition. As a result, these
climate-fire-vegetation dynamics could change entirely the shape of the correlation be-
tween % Pantanalmy and burned area for more intense heatwaves, which are not taken
into account here as RCMs consider a static vegetation cover. For both scenarios, in
addition, nonlinear vegetation-atmosphere and/or land—atmosphere feedback induced by
climate change could also corrupt the climate assumptions on which our statistical regres-
sion model is based. Considering that the model assumes a climate stationarity, in that
case the relation between heatwaves and fires would need to be adjusted and the model

would need to be calibrated according to new climate conditions.

5.2.5 Conclusion

This study aimed at evaluating and modeling the connection between fire and heatwaves
in Pantanal, and employed, for the first time, the CORDEX-CORE regional climate
simulations at 0.22° spatial resolution, to project future heatwave estimates over the
Pantanal biome. A robust connection was found between a heatwave index and burned
area. A simple linear model based on % Pantanalyy, significantly explains 82% of the

variance of burned area over the 2002-2020 period.

When looking at bias-corrected future projections of heatwaves by CORDEX-CORE
model runs, we find that results differ considerably between scenarios, with RCP2.6, the

low-emission scenario, reaching close to 40% of Pantanal under heatwave by mid-century
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to then stabilize to around 35% in 2100, whereas RCP8.5, the most severe scenario, shows

a steady increase up to 80% by the end of the century.

The aforementioned ensemble means are associated with a large inter-model spread and
therefore uncertainty. This spread is much smaller in RCP8.5 scenario indicating a
stronger shift in heatwaves, with a significantly increasing trend. The lesser inter-model
variability in heatwaves observed in the long-term in RCP8.5 compared to RCP2.6 reveals
how extreme the former scenario is. In this trajectory, every model predicts maximum
temperature occurrence and therefore heatwave frequency well above past values, thereby
saturating the historical thresholds. Possible changes in climate mechanisms and dy-
namics in the future (e.g. surface—atmosphere feedbacks) prevent the application of the
statistical link between heatwaves and burned area that was evidenced in this study. How-
ever, this model can serve as a basis for educated guesses and qualitative assessments on
possible future burned area, and suggests that under any scenario, even the more opti-
mistic RCP2.6, burned area will likely increase, and the exceptional 2020 fire season in

Pantanal could possibly compare as moderate with events in the near future.

Both fire (Alho et al., 2019) and climate change (Thielen et al., 2020) are major threats to
the Pantanal biome, and the 2020 fire events were illustrative of the severe consequences
it can have in biodiversity (Tomas et al., 2021), economy, and human health (Machado-
Silva et al., 2020). The increased frequency of these fires is among the most visible results
of human-induced climate change, posing a serious threat to biodiversity conservation,
as the cumulative impact of widespread burning would be catastrophic if the situation of
2020 becomes common in the coming decades. Climate change may considerably alter the
ecological properties of the Pantanal (de Oliveira Aparecido et al., 2021) which, associated
with changes in land use and cover (de Souza Miranda et al., 2018; Colman et al., 2019;
Marques et al., 2021), further contribute to a disturbed landscape and pave the way
to increased fire activity (Kumar et al., 2022). Fire and land management are thus
imperative within the Pantanal wetlands, to avoid further degradation to this unique

ecosystem (Garcia et al., 2021; Berlinck et al., 2022).

As to the authors’ knowledge this is the first study evaluating fire and heatwaves over
the Pantanal biome, employing a set of regional climate simulations of relatively-high

spatial resolution to project future trends. Very little research has been done in climate
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Table 5.4: Kolmogorov-Smirnov test p-values against Mielke beta-kappa distribution for Tmax in ERAS
and the historical CORDEX-CORE simulations, for months April through October during the period
1981-2005.

REMO RegCM
Model | ERA5
HADGEM | MPI | NCC | HADGEM | MPI | NCC
p-value | 0.36 0.37 0.36 | 0.33 0.28 0.44 | 0.41

extremes over this region and more so is needed to properly understand the physical
mechanisms associated with the found heatwave—fire relationship. These results provide
useful information for fire activity in the biome in light of future climate change, and
may also assist with regional information of the connection between fire and heatwaves in

Pantanal to improve statistical or physical models.

5.2.6 Supplementary Material
5.2.6.1 Bias correction

The parametric Quantile Delta Mapping (QDM) bias correction method applied in this
work uses Mielke beta-kappa distribution function for the description of CORDEX-CORE
and ERA5 Tmax distributions. The formula of the associated cumulative distribution
function is given in Equation 5.6, where parameters x and 6 are optimized through a
leasts quares regression to best fit the models’ empirical distributions.

xl{

(5.6)

The adequacy of the choice of this theoretical form is assessed in Table 5.4 where a
Kolmogorov-Smirnov (KS) for goodness of fit is performed for each dataset. These tests
reveal that we cannot reject the hypothesis that the samples fit a Mielke beta-kappa
distribution at least at the 25% level for all the historical models and ERA5. Although
not shown here, Tmax in RCP future scenarios also complies with a KS test against
Mielke beta-kappa distribution, at the 5% level, despite a decreasing goodness of fit for

periods farther in the future.

For the sake of consistency, QDM was applied on future Tmax values separately for

different time windows, with a duration similar to the historical period. Namely, QDM
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was performed independently for the future periods 2006-2025, 2026-2050, 2051-2075
and 2076-2099. The bias corrected time series of yearly mean and P90 Tmax is shown in
Figure 5.18, along with the original data and ERA5 time series for the historical period.
The effect of the bias correction can also be observed in the shift in distributions before

and after correction shown in Figure 5.19.

Tmax in Pantanal before and after Quantile Delta Mapping (QDM)
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Figure 5.18: Yearly average of Tmax (left) and P90 Tmax (right) over Pantanal during the 1981-2099
period, in ERA5 (solid purple line), and for CORDEX-CORE RCP scenarios ensemble means before
(dashed blue and red lines) and after (solid blue and red lines) bias correction. For CORDEX-CORE
corrected, ensemble means are shown in solid lines, and the minimum and maximum of each single
realization is shown in shades for the bias corrected time series.
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Figure 5.19: Distribution of hourly Tmax in ERA5 (purple bars) and in the ensemble of CORDEX-CORE
historical runs before (black line) and after (gray bars) bias correction. Period 1981-2005.

5.2.6.2 Cross-validation
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Figure 5.20: Leave-One-Out Cross-Validation (LOOCV) scheme performed from 2002 to 2020: observed
burned area values (from MODIS MCDG64A1) are shown in a solid black line, whereas the LOOCYV pre-
dicted values for burned area are shown in a dashed black line. The resulting coefficient of determination
from the observed and the predicted burned area values is also shown in red.
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Chapter 6

Final remarks
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The main goal of this thesis was to assess regional fire patterns and their climatic and
anthropogenic drivers in the Brazilian savannas. The main focus was on the Cerrado

biome, but novel studies were also performed for Pantanal.

Given Cerrado’s ecological and socio-economic importance for Brazil, and the role of
fire in maintaining this unique ecosystem, it is essential to better understand the spatial
variability in current fire behaviour. Chapter 2 provides detailed information on regional
fire parameters, including burned area, fire intensity, number and size of individual fire
scars. This study employed three different remote sensing datasets to evaluate the spatial
heterogeneity within Cerrado’s ecoregions over the last two decades, and developed a
classification based on the evaluated parameters to complete the ecoregional map with
information on regional fire characteristics. To the best of the authors’ knowledge, this is
the first study that provides a comprehensive regional analysis of fire behaviour in Cerrado,
that is not limited to the use of a single and generalized fire estimate (such as burned
area or fire intensity). It is also the first study to use an individual fire events dataset to
study fire in Cerrado, providing crucial information that directly informs landscape and

fire management.

It is equally important to understand why there is such a variety in fire behaviours and
what drives these patterns. Chapter 3 partly answers this question, by analysing the
climatic influence in regional burned areas. Using temperature and precipitation from a
state-of-the-art reanalysis dataset and burned areas, this study explores the several cli-
mates modes, including pre-conditioned and concurrent climate, that influence extreme
fire seasons in Cerrado. The findings suggest that extreme fire seasons are influenced by
climate during both the austral autumn and during the fire season months. Through the
mediating effect of vegetation, early fire season burned areas are linked to pre-conditioned
climate, whereas late fire season burned areas rely on concurrent climate conditions. This
information is crucial for fire management, especially in the scope of IFM practices that
encompass controlling fuel availability. Given ongoing and future climate change, the un-
derstanding of the climatic controls of burned areas is essential for adaptations strategies

and policy making.

As a severely disturbed biome, where most ignitions are of human origin, it is not possible

to dissociate fires with human activity in Cerrado. Home to Brazil’s historical and cur-
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rent agricultural frontiers, and part of the Arc of Deforestation, Cerrado’s socio-economic
context is key to understanding current fire patterns. Chapter 4 explores these fire-
climate-human dynamics on a regional level: firstly, by studying the relationship between
fire, climate and land use in Cerrado’s current agricultural frontier, MATOPIBA; and
secondly, by evaluating fire-climate models in Cerrado’s ecoregions against several an-
thropogenic variables, including land use, deforestation, and population. These analysis
allowed a better understanding of how humans influence fire, and reflect on the spatial
scales at which these drivers act. In line with previous work presented in this thesis,
Section 4.2 proposes a novel approach based on individual fire events, that leverages the
information on individual fire characteristics, to show that the fire-climate-human rela-

tionships are different based on fire size.

Finally, Chapter 5 shifts the attention to the Pantanal wetlands. This chapter includes
two studies: a case study of fire, climate and fire management practices in the largest
RPPN in Brazil; and an assessment of the historical fire-heatwave connection, along with
future projections, for the trinational Pantanal biome. These studies provided new infor-
mation for the Pantanal, which is much needed for decision-making in the aftermath of
the 2020 fire events. In particular, the case study of the RPPN Sesc Pantanal directly
informed the management team of the reserve in regards to historical fire and climate
patterns, which in turn assisted in shifting from a zero-fire policy to Integrated Fire Man-
agement. Section 5.2 found a very tight link between heatwave incidence and burned
areas, and then informed on future pathways for heatwave occurrence under several cli-

mate change scenarios.

In summary, this thesis contributes to advance fire science in both the Cerrado and
Pantanal biomes with various studies focused on different aspects of regional fire patterns
and fire-climate-human relationships. In light of ongoing discussions and recent policies
in Brazil, these findings may assist in drafting better and more regionally-tailored fire

management practices.

6.1 Scientific outcomes

The analysis performed in the scope of this thesis resulted in several scientific publications.

Most have been cited in the text, either in the beginning of each Chapter/Section or in

174



Section 1.4.

Nonetheless, not all publications that are a direct result of this Doctoral thesis are fully
transcribed in the text, due to either repetition or lack of consistency with the thesis
structure. In this case is a book chapter that includes a literature review on fire activity
and its drivers in Cerrado, along with novel results on historical trends of wildfires and
its hypothesized environmental and anthropogenic drivers (Silva et al., 2024a), and my
contribution to the UNEP report (UNEP, 2022). These scientific outcomes are shown in

full in Appendix A and B, respectively.
Below is a list of all scientific outcomes directly in the scope of this Doctoral thesis.
Three published peer-reviewed scientific articles:

e Silva, P. S., Nogueira, J., Rodrigues, J. A., Santos, F. L., Pereira, J. M., DaCamara,
C. C., Daldegan, G. A., Pereira, A. A., Peres, L. F., Schmidt, I. B., and Libonati,
R. (2021). Putting fire on the map of Brazilian savanna ecoregions. Journal of

Environmental Management, 296:113098

e Silva, P. S., Geirinhas, J. L., Lapere, R., Laura, W., Cassain, D., Alegria, A., and
Campbell, J. (2022). Heatwaves and fire in Pantanal: Historical and future perspec-
tives from CORDEX-CORE. Journal of Environmental Management, 323:116193

e Silva, P. S., Rodrigues, J. A., Nogueira, J., Moura, L. C., Enout, A., Cuiabalia,
C., DaCamara, C. C., Pereira, A. A.; and Libonati, R. (2024b). Joining forces
to fight wildfires: Science and management in a protected area of Pantanal, Brazil.

Environmental Science € Policy, 159:103818
One published peer-reviewed conference proceeding:

e Silva, P., Rodrigues, J., Santos, F., Pereira, A., Nogueira, J., DaCamara, C., and
Libonati, R. (2020). Drivers Of Burned Area Patterns In Cerrado: The Case Of
Matopiba Region. 2020 IEEE Latin American GRSS € ISPRS Remote Sensing
Conference (LAGIRS)

One published peer-reviewed report:

e UNEP (2022). Spreading like Wildfire: The Rising Threat of Extraordinary Land-

scape Fires. Technical report, United Nations Environment Programme (UNEP),
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Nairobi
One published book chapter:

e Silva, P. S., Libonati, R., Schmidt, I. B., Nogueira, J., and DaCamara, C. C. (2024a).
Climate Change and Fire: The Case of Cerrado, the Brazilian Savanna. In Mishra,
M., de Lucena, A. J., and Maharaj, B., editors, Climate Change and Regional Socio-
Economic Systems in the Global South, chapter 6, pages 87-105. Springer Nature

Singapore, 1st edition
And several abstracts in conferences, including;:

e EGU General Assembly 2020, 2021 and 2022

AGU Fall Meeting 2020

2020 IEEE Latin American GRSS & ISPRS Remote Sensing Conference (LAGIRS)

Reunién Anual de la Unién Geofisica Mexicana de 2021 (RAUGM2021)

8" International Wildland Fire Conference 2023 (Wildfire)

Moreover, albeit not directly associated to this thesis and its goals, I contributed to several

research outcomes that are related to fire activity in Brazilian savannas.

I participated in two peer-reviewed publications that investigated the influence of com-
pound drought-heatwave events in fire activity over Brazilian biomes (shown in full in
the Appendix C and D). These publications were published in Environmental Research
Letters and the Annals of the New York Academy of Sciences, where I was third and

second author (shared with two co-authors), respectively:

e Libonati, R., Geirinhas, J. L., Silva, P. S., dos Santos, D. M., Rodrigues, J. A.,
Russo, A., Peres, L. F., Narcizo, L., Gomes, M. E. R., Rodrigues, A. P., DaCamara,
C. C., Pereira, J. M. C., and Trigo, R. M. (2022a). Drought—heatwave nexus in
Brazil and related impacts on health and fires: A comprehensive review. Annals of

the New York Academy of Sciences, 1517:44-62

e Libonati, R., Geirinhas, J. L., Silva, P. S., Russo, A., Rodrigues, J. A., Belém, L.
B. C., Nogueira, J., Roque, F. O., DaCamara, C. C., Nunes, A. M. B., Marengo,
J. A., and Trigo, R. M. (2022b). Assessing the role of compound drought and
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heatwave events on unprecedented 2020 wildfires in the Pantanal. Environmental

Research Letters, 17(1):015005

I also authored a book chapter regarding fire in the Anthropocene, where we review
current literature on fire activity in South America and its link to anthropogenic activity
and climate change, and further showcase novel results on historical fire occurrence and

trends in fire danger over all countries of the sub-continent:

e Silva, P. S., Libonati, R., Marengo, J., Costa, M. C., Alves, L., and Schmidt, I. (in
press). Fire in the Anthropocene. In Vania Pivelo and Alessandra Tomaselli Fidelis,

editor, Fire in South American ecosystems, chapter 13. Springer Nature
I was also on the organizing committee of two workshops promoted by LASA /UFRJ:

e "Curso de capacita¢ao em monitoramento de fogo por satélite no Cerrado” (freely
translated to English as ”Workshop on remote sensed fire monitoring in Cerrado”):

https://cursolasa.com.br/2021

e "Curso de capacitagao em monitoramento de fogo por satélite no Pantanal” (freely
translated to English as ” Workshop on remote sensed fire monitoring in Pantanal”):

https://cursolasa.com.br/2022
And contributed to two educational materials directed to the general public:

e Damasceno-Junior, G. A., Guerra, A., de Matos Martins Pereira, A., Berlinck, C. N.,
de Oliveira Roque, F., Ebert, A., Rocha, A. R., Nunes, A. V., Pott, A., Oliveira,
B., da Cunha, C. N., Ribeiro, D. B., Bolzan, F. P., Bao, F., Fernandes, G. W,
Anderson, L. O., Oliveira, M., Silva, P., Libonati, R., da Silva, R. H., and Santos,
S. (2024). Manejo Integrado do Fogo no Pantanal - Um roteiro para o fogo bom

e Araijo, Y., de Oliveira Pismel, G., dos Reis, J. B. C., and Anderson, L. O. (2024).
E Fogo! Pantanal: guia de atividades. Ed. dos Autores, Sao José dos Campos, SP

Moreover, I contributed to the development of an online course about fire in Pantanal, en-
titled ”Compreendendo o fogo no Pantanal através do monitoramento por satélite” (freely
translated to English as ”Understanding fire in Pantanal through remote sensing”), a col-
laboration between LASA/UFRJ and Wetlands International Brazil. The course is to be

announced during 2024.
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Finally, outside of the scope of my current work, I also co-authored a paper on the influence
of winter climate in vegetation productivity over the Northern Hemisphere. This paper

is a result of the DAMOCLES Training School on Compound Events in 2022:

e Anand, M., Hamed, R., Linscheid, N., Silva, P. S.; Andre, J., Zscheischler, J., Garry,
F. K., and Bastos, A. (2024). Winter climate preconditioning of summer vegetation

extremes in the Northern Hemisphere. Environmental Research Letters, 19:094045
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Chapter 6 ®)
Climate Change and Fire: The Case ez
of Cerrado, the Brazilian Savanna

Patricia S. Silva®, Renata Libonati®, Isabel B. Schmidt®,
Joana Nogueira®, and Carlos C. DaCamara

Abstract Stretching across central Brazil, Cerrado, harbours the most floristically
diverse savannas in the world. Over the last decades, this biodiversity hotspot has
undergone severe changes in land use and currently, less than 20% of its native vege-
tation cover remains undisturbed. One such disturbance is fire. As a fire-dependent
ecosystem, Cerrado’s plant and animal species have developed adaptations to fire, and
its occurrence is paramount to the biome’s ecological functioning. Cerrado presents a
variety of fire dynamics over its 2 million km?, and thus its drivers and constraints are
also diverse and highly dependent on regional context. However, changes in histor-
ical fire patterns and the increasing occurrence of wildfires severely damage the
biome and risk ecosystem services. Future changes in climate will further promote
favourable meteorological conditions for severe and out-of-season wildfires. In this
chapter, we discuss these topics with acomprehensive literature review and contribute
to understanding fire in Cerrado with novel results regarding seasonal occurrence,
trends, and drivers.
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6.1 The Brazilian Savannas

Brazil houses several unique ecosystems, including some of the most important
phytogeographical domains in South America (Dionizio et al., 2018). The most
well-known is the Amazon rainforest, but Brazil is also home to Cerrado, the most
floristically diverse savanna in the world (Klink & Machado, 2005; Myers et al.,
2000). As the second largest biome in South America, Cerrado originally covered
around 2 million km? in central Brazil (Fig. 6.1) and has over 13 137 plant species,
on par with the 13 214 plant species reported for the Amazon region (Overbeck
et al., 2015). A high degree of endemism has been observed for plants and animals
of Cerrado (Cardoso Da Silva & Bates, 2002), with around 4 800 species of plants
and vertebrates unique to the biome (Strassburg et al., 2016). The climate in Cerrado
is markedly seasonal, with an extended dry season from May to September (Pivello,
2011). According to the Koppen climate classification, the prevailing climate type is
tropical seasonal (Aw), supporting a dry winter and rainy summer (Junior et al., 2020).
Cerrado is a highly heterogeneous landscape with 11 main phytophysiognomic types
(Embrapa, 2022): grasslands (campo sujo, campo limpo, campo rupestre); savanna
formations (cerrado sensu stricto, parque de cerrado, palmeiral, vereda); and forest
formations (mata ciliar, mata de galeria, mata seca, cerradio).

Arc of deforestation
MATOPIBA
Cerrado

Brazil

South America

100

Cerrado’s ecoregions

Alto Parnaiba 1

Alto Sao Francisco 2
Araguaia Tocantins 3
Bananal 4

Basaltos do Parana 5

Bico do Papaguaio 6
Chapada dos Parecis 7
Chapadao de S&o Francisco 8
Complexo Bodoguena 9
Costeiro 10

Depressao Carstica do Sao
Francisco 11

Depressdo Cuiabana 12
Floresla de Cocais 13
Jequitinhonha 14

Paracatu 15

Parana Guimaraes 16
Parnagua 17

Planaito Central 18

Vao do Parana 19

Fig. 6.1 Cerrado’s location within Brazil and South America (Source Prepared by the authors).
[Note The transition zone between the Cerrado and Amazon biomes, the Arc of Deforestation, is
hatched and MATOPIBA, defined here as the intersection of states Maranhao, Tocantins, Piaui and
Bahia, with Cerrado, is marked by a solid brown line. Cerrado’s 19 ecoregions (Sano et al., 2019)
are also shown and numbered, with the respective names listed in the column on the right]
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Recent studies, however, point to a very degraded biome with 46% of Cerrado’s
native vegetation cover having been lost (88 Mha) and only 19.8% remaining undis-
turbed (Strassburg et al., 2017). Despite falling annual deforestation rates since the
2000s (Lapola et al., 2014), around 93 000 km? of natural vegetation cover have been
converted into agricultural lands from 2002 to 2009, an indication that current defor-
estation rates are still high and increasingly leading to landscape fragmentation and
loss of ecosystem function (Overbeck et al., 2015). Southern Cerrado has most of its
territory now deprived of native vegetation as a result of historical land conversion
into agriculture and pasture lands since the 1960s (Sano et al., 2020). Continuous
stretches of intact and undisturbed Cerrado are mostly located within the transitional
area between Cerrado and the Amazon, commonly referred to as the Arc of Defor-
estation (Marques et al., 2020), or within Brazil’s latest agricultural frontier, the
MATOPIBA (the confluence of states Maranhao—MA, Tocantins—TO, Piaui—PI,
and Bahia—BA; Fig. 6.1). Both these regions have seen high conversion rates over the
last few decades, and during 2013-2017, the mean deforestation rate in MATOPIBA
was 241% higher than any other region in the biome (Trigueiro et al., 2020). Land
conversion in Cerrado is mainly associated with human activities as a result of the
dramatic changes in land use promoted by large-scale agriculture (soybean, rice,
corn, and cotton monocultures), livestock ranging, and mineral extraction (Klink &
Moreira, 2002; Overbeck et al., 2015). In an effort to properly characterize the spatial
heterogeneity of Cerrado, Sano et al. (2019) defined 19 ecoregions (Fig. 6.1) which
were based on physical attributes (elevation, rainfall, and soil), patterns of human
occupation (land use and land cover), and level of biodiversity conservation (conser-
vation units and indigenous lands), so that they represent unique landscapes within
the biome.

6.2 A Burning Case

In the global context, Brazil is a major fire hotspot, along with northern Australia,
central and southern Africa, and Eurasia (Bowman et al., 2020). Amongst all
Brazilian biomes, Cerrado burns the most and is responsible for half of Brazil’s
burned area (United Nations Environment Programme, 2022). Fire influences vege-
tation structure, climate, and the carbon cycle, and contrary to common belief, it is not
always harmful to the biome. Cerrado is considered a fire-dependent biome (Hard-
esty et al., 2005), where fire has been a frequent and natural disturbance for millions
of years (Mistry, 1998; Simon et al., 2009). Fire is thus a key component in defining
the biome’s physiognomy and structure, influencing species abundance and diver-
sity (Simon & Pennington, 2012; Simon et al., 2009). Many species from Cerrado
grasslands and savannas are fire-resistant, which makes this biome very resilient to
fire activity (Pivello, 2011): several plant species have belowground woody organs
that promote quick leaf and flower sprout after fire; Cerrado’s typical twisted trees
and shrubs have developed thick bark layers and fruit walls that protect their tissues
and seeds from high temperatures; and belowground biomass is at least two times
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higher than aboveground biomass. Fire further contributes to trait variability in plants
(Hoffmann et al., 2012a; 2012b; Dantas et al., 2013), and affects their reproductive
success by influencing seed germination and flowering (Fidelis & Blanco, 2014;
Fidelis et al., 2022). It modifies competition amongst trees and herbaceous plants
such as grasses, shrubs, and lianas (Dionizio et al., 2018), and affects the dynamics
of nutrients (Nardoto et al., 2006). Frequently burned sites in Cerrado tend to become
grassy and open, as most trees are killed or maintained in short stature by fire, and
ash deposition brings nutrients to the surface soil (Pivello, 2011). Accordingly, along
with rain seasonality and soil features, fire acts as one of the vegetation determinants
in Cerrado (Lehmann et al., 2014).

Fire activity in Cerrado is characterized by a set of parameters, such as season-
ality, intensity, recurrence, and extent. These parameters, however, do not behave the
same within the biome (Rodrigues et al., 2019; Silva et al., 2021), as fire patterns
change significantly along its 19 ecoregions (Fig. 6.1). Silva et al. (2021) showed that
northern ecoregions, including MATOPIBA, present higher fire activity compared to
those in southern Cerrado, and ecoregions bordering other biomes (namely, Amazon
or Caatinga) burn more intensely. Larger scars are usually located in central and
northern Cerrado, where there are still large stretches of natural vegetation cover,
while small fire occurrences are more evenly spread out. In general, smaller scars
are more frequent but contribute to lower amounts of total burned area, whereas
rare and few big scars, those above 50 km?, are responsible for 90% of the total
burned area of the biome. A noteworthy case is that of Bananal (ecoregion number
4 in Fig. 6.1), which encompasses the Araguaia National Park and Indigenous Land,
where 7% of fire scars comprise 70% of the total burned area. These wildfires, defined
as “unusual or extraordinary free-burning vegetation fires”, pose a significant risk to
social, economic, or environmental values (United Nations Environment Programme,
2022). Along with the Amazon, Cerrado has the highest amount of wildfires in Brazil
and the years 2007 and 2010 stand out as the most severe over the last two decades
(Li et al., 2022; Silva et al., 2021).

Fire seasonality, however, is similar across Cerrado’s ecoregions. Silva et al.
(2021) found that fire occurrence is mainly restricted to the dry season which accounts
for more than 90% of the annual burned area in almost all ecoregions, and the months
of August to October account for at least 64%. In general, smaller scars begin earlier
in the season and may extend after the dry season, whereas larger scars are concen-
trated over a 3-month period. Higher fire intensities occur towards the end of the
dry season when vegetation stress is at its peak. These patterns, however, seem to be
changing. Figure 6.2 shows how Cerrado’s fire season seems to be shifting towards
later in the year. Months from June to August have been systematically lowering
their total contribution, whereas October accounts for a higher percentage over the
last decade (2011-2020) when compared to the beginning of the century (2001-
2010). Wildfires show a similar pattern, with October doubling its contribution in
2015-2018 when compared to 2003-2006.

Regional discrepancies are a product of a variety of factors that drive and constrain
fire activity, both natural and anthropogenic. This includes meteorological conditions,
topography, fuel availability and continuity, and the human factor. In the case of
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Fig. 6.2 Monthly contribution (%) to total burned area in the Cerrado (Prepared by the authors).
[Note The top panel shows results for all fires (regardless of scar size) using the MODIS MCD64A1
collection 6 (Giglio et al., 2018) and considering four periods: 2001-2005, 2006-2010, 2011-2015,
and 2016-2020. Bottom panel restricts to wildfires (defined here as fire scars above 50 km?) using
data from the Global Fire Atlas (Andela et al., 2019) over four periods: 2003-2006, 2007-2010,
2011-2014, and 2015-2018]

Cerrado, studies have shown that there is a strong connection between fire activity
and precipitation (Libonati et al., 2015; Mataveli et al., 2018) and vapour pressure
deficit (Gomes et al., 2018). Fire occurrence within Cerrado is moisture-dependent,
as high precipitation rates increase primary productivity and lead to fast biomass
recovery and fuel availability (Alvarado et al., 2017). Wildfires in Cerrado have been
shown to be mainly driven by strong wind speeds and compounded hot and dry
conditions (Li et al., 2022), and extreme events such as drought are also associated
with increases in fire activity (Alvarado et al., 2017; Li et al., 2021), which are in
turn related to large-scale mechanisms such as El Nifio and sea surface temperatures
(Jimenez et al., 2019). Fire weather conditions (i.e., weather conditions favourable
to fire activity, which generally include high air temperature, low soil moisture and
air humidity, and strong wind; IPCC, 2021) are usually characterized by means of
indexes of meteorological fire danger. Meteorological fire danger has been increasing
in Brazil (Jolly et al., 2015; Nogueira et al., 2017; Silva et al., 2016) and, in Cerrado,
the year-to-year variability of burned area (i.e. the extent of fire) can be accounted
for using the Fire Weather Index (FWI), a commonly used index of meteorological
fire danger (Silva et al., 2019). In an intercomparison of meteorological fire danger
indexes for Brazil, Nogueira et al. (2017), observed that the burned area in Cerrado
was most correlated with indexes that consider precipitation effects on the topsoil
moisture layer and the moisture content of the surface litter and fine fuels, suggesting
that seasonal fire activity increases with a rapid drying of grasses or herbaceous fuel.

Land cover also influences fuel flammability, fire spread, and intensity. The high
susceptibility of savannas to fire has been attributed to a predominance of grassy fuel
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loads (Hoffmann et al., 2012a; 2012b) that become dry and very flammable during
the dry season (Pivello, 2011). Savanna and grassland formations are known to burn
more intensely than forests due to the continuous grassy layer (Gomes et al., 2018),
and wet grasslands in Cerrado present regular burning, even if associated with lower
temperatures and intensities (Schmidt et al., 2017). Lands with high fragmentation
levels, e.g., due to large-scale agriculture, experience smaller fires as there is no fuel
continuity on the landscape (Archibald et al., 2012). A recent study has found that
increased land fragmentation and agricultural expansion in Cerrado lead to smaller
burned areas of native vegetation by limiting the spread of fires between fragments
(Rosan et al., 2022).

In the case of Brazil, land use and population density are also linked with fire
occurrence and ignitions. Anthropogenic fire mostly occurs within Cerrado’s dry
season, whereas natural fires take place during the rainy season or in the dry-rainy
season transition (Menezes et al., 2022; Schumacher et al., 2022). The latter tend to be
smaller and less severe, constrained by soil and fuel moisture (Alvarado et al., 2020;
Ramos-Neto & Pivello, 2000), contrary to anthropogenic fires, which tend to be larger
and more intense, triggering changes to the floristic composition and community
structure of vegetation, favouring fire-resistant species, and negatively impacting
fire-sensitive species (de Azevedo et al., 2020). In areas with native vegetation cover,
fire is usually used as an inexpensive tool to clean up deforested or degraded areas
(Junior et al., 2020), whereas, in small-scale agricultural areas, fire serves a diversity
of purposes, such as the management of species and landscapes, cattle raising upon
native or exotic pasturelands, and subsistence agriculture (Eloy et al., 2019; Schmidt,
Figueiredo & Scariot, 2007). However, contrary to the Amazon (de Oliveira et al.,
2020; Libonati et al., 2021), fire emissions are not correlated with deforestation in
Cerrado (Mataveli et al., 2021), and relationships between land use and fire have been
shown to be quite complex and highly dependable on regional context (Silva et al.,
2020). Similarly, the relationship between population density and fire activity may
also vary locally. Lower population densities have been shown to lead to shorter fire
seasons, whereas proximity to densely populated areas reveals recurring fire activity
and longer fire seasons (Chuvieco et al., 2008), due to increased ignitions.

Human influence has been shown to be disrupting fire regimes in savannas world-
wide (Archibald, 2016; Shlisky et al., 2008) and, in the particular case of Cerrado,
severely weakened the biome by limiting regeneration capabilities (Rosan et al.,
2019; Santanaet al., 2020), further compromising Brazil’s pledges to the Paris Agree-
ment (Junior et al., 2020). In the period 1999 to 2018, Cerrado was responsible for
emitting more than 2 500 Tg of carbon into the atmosphere, second only to the
Amazon, and these rates are not expected to decrease (Junior et al., 2020). More-
over, a reduction in the biomass of fire-sensitive species may transform Cerrado from
a carbon sink into a source of carbon emissions (de Azevedo et al., 2020). According
to a study covering the period from 2005 to 2016, ozone emissions have also been
rising in Cerrado, reducing air quality and increasing regional health risks (Pope
et al., 2020).
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6.3 Under Climate Change

Brazil is already showing significant changes in its historical record (Dubreuil et al.,
2019). In Cerrado, maximum and minimum temperatures have increased by 2.2—4.0
and 2.4-2.8 °C, respectively, since 1961 (Hofmann et al., 2021), particularly in the
central and northern regions. MATOPIBA presents temperature increases at a rate of
0.3 °C per decade since 1981, with a warming rate of 0.45 °C per decade after the turn
of the twenty-first century, decreasing rainfall and an increase in dry day frequency
and drought (Marengo et al., 2022). Relative humidity has also decreased in Cerrado
by about 15% since 1961 (Hofmann et al., 2021). Figure 6.3 shows the historical
evolution of four parameters that influence fire activity: meteorological fire danger
(evaluated through FWI); farming and urban areas (i.e., land use); and population.
In the last four decades, fire danger has been consistently increasing over Cerrado,
with higher intensities found at the southeastern border. Favourable meteorological
conditions for fire activity have thus been increasing, along with expanding agri-
cultural areas, particularly in southwestern and northeastern Cerrado. Urban areas
and population go hand-in-hand with large increases in southern ecoregions. These
results point to an already disturbed fire regime over the last decades, with significant
and complex interactions amongst natural and anthropogenic factors.

The Intergovernmental Panel on Climate Change (IPCC) has developed several
climate change scenarios, the Representative Concentration Pathways (RCP) for its
Fifth Assessment Report (ARS), and the Shared Socioeconomic Pathways for the
latest Assessment Report (AR6). Each of these considers a different pathway of
emissions in the twenty-first century. Temperature estimates have high confidence
as surface temperatures are expected to increase under all climate change scenarios
(Llopart et al., 2020; Bustos Usta et al., 2021). This leads to an increase in hot
extremes and heatwave frequency and duration (Di Luca et al., 2020; Feron et al.,
2019). On the other hand, precipitation estimates present much more uncertainty as
models disagree on both the sign and magnitude of change. Although models show
no significant change in annual precipitation (Hodnebrog et al., 2022), when looking
at the dry season months of Cerrado, simulations seem to point to a drier future
(Blazquez & Silvina, 2020; Zappa et al., 2021). Compounded hot and dry events will
thus occur more frequently under climate change (Ridder et al., 2022; Vogel et al.,
2020). Surface wind is also expected to increase over the biome (Reboita et al., 2018),
and Cerrado’s river basins are expected to have decreased stream flows, particularly
in the dry season, and increases in the duration, intensity, and frequency of droughts
(Lu et al., 2019; Rodrigues et al., 2020). Floods may also increase over Brazilian
territory (Hirabayashi et al., 2021) but keeping to the threshold of 1.5 °C of warming
will reduce exposure to extreme precipitation (Li et al., 2020).

The changes mentioned above in climate, particularly increased temperatures,
lower relative humidity, and extended drought periods, provide aggravated condi-
tions for fire weather. Anthropogenic climate change has been linked to the severe
2015 fire season in Cerrado (Liet al., 2021) and meteorological fire danger is expected
to increase over the twenty-first century (Silva et al., 2016). Silva et al. (2019)
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Fig. 6.3 Historical trends of drivers and constraints of fire activity in Cerrado’s ecoregions (Source
Prepared by the authors) [Note The upper left panel shows dry season (considered here as July to
October) averaged Fire Weather Index (FWI), dimensionless, derived using meteorological fields
from the European Centre for Medium-Range Weather Forecasts’ ERAS reanalysis (Hersbach etal.,
2020) over 1980-2018. Upper right shows Farming areas, %, normalized with each ecoregion’s area,
as estimated with the MapBiomas collection 5 (Project MapBiomas, 2020) over 1985-2018. Bottom
left panel uses the same dataset and methods as for Farming but for Urban areas. The bottom right
panel shows the population total from the annual census of the Brazilian Institute of Geography and
Statistics over 2001-2018. Trends were estimated using the Theil-Sen regression slope (Sen, 1968;
Theil, 1950) and hatched regions represent significance below the 5% level using the Mann—Kendall
nonparametric test (Kendall, 1975; Mann, 1945)]
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found increasing burned areas in Cerrado under several climate change scenarios.
RCPs 4.5 and 8.5, respectively, the moderate and severe climate change scenarios
for IPCC’s ARS, show a steady increase in burned area over the twenty-first century,
reaching 39% and 95% by 2100, respectively. The stringent mitigation scenario, RCP
2.6, is the only scenario where the increase in burned area will decrease by the end
of the century in comparison with that of the mid-century, from 22 to 11%. The most
concerning result, however, regards wildfire, where extreme events are expected to
increase substantially under RCPs 4.5 and 8.5. Only RCP 2.6 seems to keep climate
conditions close to the present climate, which reinforces the importance of keeping
to the Paris Agreement goals. Junior et al. (2020) further confirmed an increasing
trend in fire foci over the 2019-2030 period.

Moreover, changes in land use further disturb regional climate. For instance,
changes in Cerrado’s albedo and evapotranspiration due to deforestation and replace-
ment of native vegetation cover by agricultural lands may lead to a warming of 1.6
°C followed by a cooling of 0.9 °C when these agricultural lands are converted into
sugarcane fields (Lapola et al., 2014). Land conversion to soy and maize crops may
also lead to further increases in temperature and decreases in evapotranspiration
(Spera et al., 2020). Increased land conversion is expected (Soterroni et al., 2019),
which in turn may also lead to carbon emissions and biodiversity loss. It is expected
that land use will be the most intense in the regions where the greatest species rich-
ness is harboured (Velazco et al., 2019), threatening several plant and animal species
(Alves-Ferreira et al., 2022; Ferreira et al., 2021; Maciel et al., 2021). Already we are
witnessing a major extinction event in Cerrado, with future plant extinctions to be a
magnitude higher than all global recorded plant extinctions so far (Strassburg et al.,
2016). Climate change will further determine species distribution by altering local
climate conditions at such a higher rate than species are able to adapt to (Bellard et al.,
2012), and by determining, according to their climatic tolerances, where they will
occur (Lenoir & Svenning, 2015). Overall, species richness in Cerrado will decrease
under climate change, with southern Cerrado becoming biotically homogenized by
the extinction of native specialist species (Hidasi-Neto et al., 2019), further degrading
the resilience of communities to environmental disturbances.

All the above-referred changes in climate are expected to have severe conse-
quences in Cerrado, potentially causing the ecosystem to collapse (Hofmann et al.,
2021), and putting at risk electric energy production and water availability (Althoff
et al., 2020; Rodrigues et al., 2020; Siqueira et al., 2021), food security (Zilli et al.,
2020), and the Brazilian economy (Marengo et al., 2022).

6.4 The Way Forward

Cerrado has been extensively altered over the last decades and is regarded as one of the
most threatened biomes worldwide (Durigan & Ratter, 2016; Eloy et al., 2016; Strass-
burg et al., 2017). Quick and targeted efforts are needed to maintain what remains of
its original cover and possibly recover disturbed regions, as the Brazilian government
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has been consistently neglecting this biodiversity hotspot. Heavily contrasting with
its neighbouring biome, the Amazon, public, protected areas cover less than 8% of
Cerrado (Sano et al., 2019; Strassburg et al., 2017). It has been shown that the present
number, area, and distribution of its Protected Areas (PA) are insufficient to guarantee
the conservation of all the biome’s biodiversity (Oliveira et al., 2017; Velazco et al.,
2019). Worldwide, Brazil is the country with the largest tree cover loss in PAs (Wade
et al., 2020), mainly due to the lack of government enforcement and the weakening
of environmental policies (Rajdo et al., 2020). Some PAs within Cerrado, particu-
larly MATOPIBA, have seen a surge in deforestation in recent years (Mataveli et al.,
2021), and are marked as highly vulnerable to future changes in climate (Lapola
et al., 2020). Only recently, a routine deforestation surveillance programme has been
established. However, due to Cerrado’s topography and soils being highly suitable
for large-scale agriculture, combined with a lack of legal protection and declining
deforestation rates in the Amazon rainforest, all indicate that the biome will continue
as a major region of land use change (Lapola et al., 2014). Moreover, contrary to the
Amazon, Cerrado does not have a Soy Moratorium, and current legislation allows
deforestation of 65-80% of the property (Federal law 12,651/2012). Cerrado is thus
in desperate need of a zero-deforestation moratorium to conserve its last vegetation
remnants in order to meet the Paris Agreement goals (Junior et al., 2020).

Future changes in the frequency, intensity, extent, and seasonality of fires, partic-
ularly in areas with native vegetation remnants, will further degrade and disturb this
already fragile ecosystem. A crucial step to prevent and manage future wildfires is
to rely on human-managed burning to maintain low fuel loads and avoid spreading
(Ramos-Neto & Pivello, 2000). Several wildfire events were linked to the accumu-
lation of fuels for long fire-free periods (Flores et al., 2021) and no-fire policies lead
to the occurrence of periodic and severe wildfires (Ramos-Neto & Pivello, 2000;
Schmidt et al., 2018). Moreover, the argument that there are no wildfires in industrial
agricultural areas is commonly used to incriminate local communities that use fire
to manage landscapes, omitting the fact that the use of fire might be a tool to coexist
with Cerrado. The conversion of Cerrado into industrial monoculture does not cause
wildfires but neither does it provide any ecosystem services such as biodiversity
conservation, water cycle, or carbon stock (Eloy et al., 2016).

Integrated Fire Management (IFM) has recently been implemented in federally
protected areas in the Cerrado (2014), and early evidence highlights its advantages.
It has been shown that fire management does not lead to biodiversity loss in the
Brazilian savannas located at the Santa Barbara Ecological Station (Durigan et al.,
2020), and Santos et al. (2021) show that prescribed burnings have reduced the
average rise of burned areas and fire scars on management season, decreased wild-
fire season, and increased low-fire-recurrence regions in the Xerente and Araguaia
Indigenous Territories. Also, for the Araguaia, de Andrade et al. (2021) showed
that IFM contributed to the formation of a heterogeneous landscape composed of
fire-resistant and fire-sensitive native vegetation, thus limiting the number of areas
affected by fires during the late dry season. Oliveira et al. (2022) found that fire
management by indigenous brigades substantially reduced fire frequency in high-
fire-frequency areas and also contributed to the reduction of burned areas in the
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Kadiwéu Indigenous Territory. This pattern is likely to be repeated in other PAs
where IFM has been implemented (Mistry et al., 2019). However, there is a need for
a more comprehensive IFM approach (Oliveira et al., 2021). So far, IFM is mostly
restricted to federal PAs, and there is still large room for expansion and improve-
ment. Uncertainty will necessarily be part of the process since scientific knowledge
is and will be limited, especially considering the high local and regional social and
biological diversity of the Cerrado. Fire management has been implemented consid-
ering local and traditional ecological knowledge (Falleiro et al., 2021), and using the
adaptive management perspective, i.e., planning, implementation, and monitoring
of all management actions performed in one year are used to improve activities
in the following year (Schmidt et al., 2018). Applied research is important to assist
managers and policymakers and put new management practices in place. However, it
is important to acknowledge that management and research commonly have different
time perspectives and demands. The learning environment resulting from the collab-
oration between researchers, managers, and local communities might be very effec-
tive in improving knowledge and management practices (Christensen, 2005; Wilgen
et al., 2007). For fire management to effectively contribute to Cerrado conservation
and climate change mitigation, it is essential that [FM practices and prescribed burns
are implemented in state PA as well as in private land, which represents the majority
of the land in the biome.

Conserving forests in Cerrado will help mitigate future climate change as forested
areas maintain lower surface temperatures and relatively high precipitation (Coe
etal., 2017). Old-growth savannas and grasslands within the Cerrado are also impor-
tant to mitigate climate change, especially due to their large underground root systems
(Veldman et al., 2015, 2019). Protecting these ecosystems from conversions and
managing them with prescribed fires helps to conserve both their biodiversity and
their ability to mitigate future climate change.
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Case study: The changing fire regime in the Brazilian Cerrado

Brazilian Cerrado—— The Cerrado is a Brazilian
tropical savanna — a fire-
prone biome that covers
almost 2 million km? of
which less than 6o per cent
remains as natural vegetation
(Strassburg et al. 2017). Only
3 per cent of the original area

is currently protected (Ferreira et al. 2020), although the
Cerrado is considered the most botanically diverse savanna
and is recognised as a biodiversity hotspot. The region
experiences increased fire activity from August to October and
has historically accounted for more than half of Brazil's annual
burnt area (Figure 2.5). The use of fire for land conversion is
common, and the highest fire activity is observed in regions
where most of the biome’s natural vegetation cover remains,
along the new agricultural frontier (“MATOPIBA”, the region
comprising the Brazilian state of Tocantins and some parts
of the states of Maranhao, Piaui and Bahia) and in the
transitional area between the Cerrado and Amazonia biomes
(also known as the Arc of Deforestation) (Silva et al. 2021).

In recent years, increased deforestation for agriculture, fire
suppression policies, and regional climate changes have

led to an increasingly altered fire regime (Pivello 2011). Late dry
season fires have become more frequent in many regions of
the Cerrado, with extreme wildfires occurring every two to three
years, burning both fire-resistant and fire-sensitive vegetation
(Schmidt and Eloy 2020).

The Cerrado is projected to experience increasing temperatures,
lower relative humidity, and altered precipitation regimes for
the remainder of the century (Silva et al. 2016). A recent study
suggests that weather factors are responsible for more than
two-thirds of inter-annual variability in the Cerrado burnt area
(Silva et al. 2019). Using IPCC’s climate change scenarios
(RCP2.6, RCP4.5, and RCP8.5), the burnt area is expected to
increase in the Cerrado, associated with a higher probability
of extreme events (see Figure 2.6 for an explanation of the
RCPs). The medium CO, stabilization scenario, RCP4.5,
indicated a 39 per cent increase in the burnt area by 2100,
while the most ambitious CO, mitigation scenario, RCP2.6,
resulted in a 22 per cent increase by 2050 compared with
the historical period, followed by a decrease to 11 per cent
by 2100. The conditions predicted under RCP2.6 show the
importance of limiting global warming to 1.5°C by the end of
the century to minimise the environmental and social costs
associated with wildfires in the Cerrado.
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Map by Julia A. Rodrigues, Departamento de Meteorologia/Universidade Federal do Rio de Janeiro, 2021.
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Source: MODIS Collection 6 MCDB4A1 Burned Area product (Giglio et al. 2018). GRID-Arendal/Studio Atlantis, 2021

Figure 2.5. Top: Difference in fire activity in an ordinary (2020) and extraordinary (2007) year in the Cerrado. Changes in
the burnt area reflect the occurrence of wildfires in 2007. Bottom: The inter-annual variability of burnt area in Brazil from
2001—2019 is shown in grey and the corresponding percentage from the Cerrado is shown in red. All panels use the MCD64A1
soom product.
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Case study: Burning a wetland — the Pantanal

Pantanal———— Stretching across Brazil

and parts of Bolivia and

Paraguay, the Pantanal is

the world’s largest tropical

wetland, covering around

15 million hectares. Parts

of the Pantanal have been

designated a biosphere

conservation area and recognised as a United Nations

Educational, Scientific and Cultural Organization

(UNESCO) World Heritage site. The area is home to

thousands of endangered species such as the jaguar

(Panthera onca), the giant otter (Pteronura brasiliensis),

the marsh deer (Blastocerus dichotomus), and the hyacinth

macaws (Anodorhynchus hyacinthinus), and has the

greatest concentration of wildlife in South America. The

Pantanal is also a key migratory route of terrestrial and
aquatic bird species.

Since 2019, the Pantanal has experienced a severe drought
(Marengo et al. 2021). In 2020, the coincidence of hot and dry
conditions pushed vegetation combustibility thresholds to their
highest since 1980 (Libonati et al. 2020a). These conditions,
combined with a lack of appropriate management, resulted in
the intense and widespread fires of 2020 — the highest fire year
recorded between 2001 and 2020 (Garcia et al. 2021). The fires,
which in most cases were deliberately lit, consumed almost
one-third of the biome — approximately 4 million hectares (Figure
4.3; Libonati et al. 2020a). Large areas of Indigenous lands and
converted areas were extensively burnt, devastating the habitat of
many endangered species. Protected areas such as the “Encontro
das Aguas” (the Meeting of Waters) State Park, an area with the
highest feline density in the world, burnt entirely (Libonati et
al. 2020b). It will take several months to assess the total extent
of plant and animal loss across the area, but already there are
indications that the impact will be extensive and long-lasting,
giving rise to concerns that this biodiversity hotspot may not
be able to fully recover from these extreme fires (Mega 2020).
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Figure 4.3. Total 2020 burnt area in the Pantanal using the ALARMES soom resolution product. Conservation units and
Indigenous lands are shown in green and orange, respectively. The bottom left graph shows Pantanal’s average Daily Severity
Rating (DSR) from January to August each year, estimated using the ERAg reanalysis product (Libonati et al. 2020a). DSR is
a numeric rating of the difficulty of controlling fires.
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Abstract

Climate change is drastically altering the frequency, duration, and severity of com-
pound drought-heatwave (CDHW) episodes, which present a new challenge in envi-
ronmental and socioeconomic sectors. These threats are of particular importance
in low-income regions with growing populations, fragile infrastructure, and threat-
ened ecosystems. This review synthesizes emerging progress in the understanding of
CDHW patterns in Brazil while providing insights about the impacts on fire occurrence
and public health. Evidence is mounting that heatwaves are becoming increasingly
linked with droughts in northeastern and southeastern Brazil, the Amazonia, and the
Pantanal. In those regions, recent studies have begun to build a better understanding of
the physical mechanisms behind CDHW events, such as the soil moisture-atmosphere
coupling, promoted by exceptional atmospheric blocking conditions. Results hint at
a synergy between CDHW events and high fire activity in the country over the last
decades, with the most recent example being the catastrophic 2020 fires in the Pan-
tanal. Moreover, we show that HWs were responsible for increasing mortality and
preterm births during record-breaking droughts in southeastern Brazil. This work
paves the way for a more in-depth understanding on CDHW events and their impacts,

which is crucial to enhance the adaptive capacity of different Brazilian sectors.
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INTRODUCTION

Heatwave (HW) events are typically defined as prolonged periods
where temperatures are substantially hotter than a specific clima-
tological threshold.! The frequency, duration, and severity of such
extreme climate events have substantially risen since the middle of
the 20th century due to the observed global warming.2 The intensity
of heat-related extremes significantly increased during the last four
decades globally, with the fastest rates being observed in the tropical
and polar zones.? Prolonged periods of excessive heat pose a serious
challenge for public health,*® the economy,® and terrestrial and marine
ecosystems.”® Studies show evidence of the impact of temperature
on health, especially in hospitalizations and mortality.”-1* The effects
on society may vary according to the vulnerability of individuals or
social groups due to factors, such as the social, economic, and political
scenario, in addition to age, gender, and pre-existing diseases.'® Recent
HW episodes have affected billions of people worldwide, particularly
in densely populated urban settlements located in both tropical and
mid-latitude regions.’é1” Excessive heat can impact the human body,
leading to death,'®1? with more vulnerable people, such as the elderly,
the poorest, and those suffering from additional comorbidity factors,
such as cardiovascular, respiratory, or diabetic diseases,2>21 at higher
risk. Even low-intensity HW episodes may increase mortality, partic-
ularly in regions with hot and humid summers.?2 In addition to deaths,

extreme heat is known to influence human cognitive performance,??

mental health and suicide rates,2* work-related injuries and ilInesses, 2>
the normal gestational period,?® and the number of premature
births.2” Recent evidence also links HW episodes with the dynamics of
dengue mosquito outbreaks in tropical regions,?82? and with the inten-
sification of urban heat islands.®® HWs are often associated with a lack
of rainfall and large evaporation rates, which can increase vegetation
flammability and favor the occurrence of vegetation fires.31-33 A large
amount of particulate matter and gases released into the atmosphere
during vegetation fires increases the levels of air pollution which,
in turn, contributes to an increase in mortality and hospitalizations

3435 evidencing a cascade effect of HW

due to respiratory diseases,
episodes on human health. There are several other heat-related effects
on terrestrial and marine ecosystems, such as long-lasting changes
in forest productivity®¢ and increases in harmful algal blooms3” and
coral bleaching.3® Economic heat-related impacts include increases
in electricity demand,®? vulnerability of electricity supply,*® crop
losses, 142 weakening of the tourism sector,* and water scarcity.**
Evidence is mounting that HWSs are becoming increasingly linked
with drought episodes in many parts of the world, particularly in tran-
sition zones between wet and dry climates.*>=>° Independently of
their temporal and spatial scales, the occurrence of both events in a
compound manner is usually linked to local land—atmospheric inter-
actions triggered by large-scale atmospheric circulation anomalies
responsible for persistent clear sky conditions and strong subsidence
and advection of warm air.>1->3 Recent results point out that over
the last two decades, many regions in Europe and the Americas had
over 2/3 of their areas under increased susceptibility to HWs dur-

ing drought episodes.>* In accordance with the Intergovernmental

Panel on Climate Change (IPCC), which considers compound events
as “the combination of multiple drivers and/or hazards that contribute
to societal or environmental risk,”>> the periods characterized by
simultaneous extreme hot and dry conditions were defined here as
compound drought-heatwave (CDHW) events. Those CDHW events
are shown to cause considerably more impacts than those related to
the occurrence of an isolated event.”® The last IPCC report>> states
that CDHW episodes have been more frequent over the last century
and that there is high confidence that this trend will persist with higher
global warming. Several studies also reveal the enhanced impacts of
CDHW events on vegetation productivity,®”-°8 tree mortality,’? food
and water supply,?® health,®! vegetation fires, and air pollution,®?
among others. Compound extremes and their associated impacts
occur in a complex chain of interactions shaped not only by physical
and environmental drivers, but also dependent on population expo-
sure, governance, and infrastructure.®® In contrast to single-hazard
analyses, the investigation of multiple hazards poses additional chal-
lenges due to the diversity of processes and spatial-temporal scales
involved.”¢%* Given the complexity of the such interplay between
events, a multidisciplinary approach is required, involving the under-
standing of societal or environmental impacts, climate-related hazards,
drivers of these hazards, and, finally, the modulators of the drivers.>¢¢>

Over the course of the last two decades, evidence of CDHW events
has been well documented regionally, mainly for the northern hemi-
sphere, and their impacts on vegetation, vegetation fires, and human
health have been studied extensively in North America,®¢-7° Asia,”1-7>
and Europe.”6-83 Although CDHW occurrences have been ampli-
fied considerably during the 21st century in both hemispheres,>*84
compound events analysis in the southern hemisphere is still under-
explored and poorly understood, despite the recent efforts conducted
for Australia®>%% and some sectors of Brazil.3387:88 Accordingly, few
studies have been devoted to the characterization, modeling, and
impact evaluation of these compound events over South America
(SA), despite its size (i.e., larger than Europe or Australia) and a
large number of densely populated regions. Nevertheless, in the past
decade, the number of studies focusing on individual extreme cli-
mate events of high temperature and low precipitation in different
regions of Brazil has increased notably. For instance, studies have ana-
lyzed the observed changes in both the temperature and precipitation
extremes over Brazil, although employing a single and separate hazard
perspective.8?-70

Among them, drought studies are generally the main topic
considered. For instance, in the last two decades, droughts over
Amazonia,’t %3 Northeast?®?> and Southeast Brazil,?¢-?8 and the
Pantanal??1% have been thoroughly analyzed from an individual
perspective of drivers and impacts. More recently, a number of studies
regarding drought-related events have also reported direct and indi-
rect harmful impacts on the environment, economy, and society. For
example, fires in the Brazilian Amazonia increased dramatically during
the strong drought years of 2005, 2007, and 2010,101.102 55 \well as
in the Pantanal during 2020.193104 Reduction in tree growth and
forest productivity are connected with recurrent drought episodes in

Amazonia, leading to the reduction in biomass carbon uptake.10%106
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From a health impact perspective, drought is considered as one of the
most far-reaching natural disasters that threaten the Brazilian popula-
tion, mainly linked to food and water scarcity, vector-borne infectious
diseases, and respiratory health effects.297:198 From 2001 to 2016,
there was an increase of 27% in hospital admissions for respiratory
diseases affecting children and the elderly related to drought and
fire in southern Amazonia.?* Fire smoke is also associated with birth
defects, including cleft lip/cleft palate and congenital anomalies of
both respiratory and nervous systems.'9%-110 | addition, adverse birth

111 and

outcomes were recently related to dry periods in the Amazonia,
a positive association between drought exposure and mortality was
evidenced in the population of the main Brazilian metropolitan regions
between 2000 and 2019.112 Recent studies show that crop production
from the Amazonia-Cerrado region, which is one of the largest agricul-
tural regions in the world, is highly vulnerable to droughts.113114 The
recurrent, intense, and severe drought events during the last decade
have also critically impacted hydroelectricity generation in almost all
Brazilian regions.1°

Compared to drought events, relatively few studies in Brazil have
focused on HW modeling and interpretation, with the majority of these
published since 2011.116-122 By contrast, most of the HW-related
studies in Brazil mainly focus on public health impacts.21119.123-133
Besides health-related studies in the country, a few studies show HW

135 and fires.33 The over-

impacts on agriculture,'3* food production,
whelming majority of health-related assessments address HWs and
excess deaths, although the results are mainly limited to the south-
eastern Brazilian states of Sdo Paulo and Rio de Janeiro. Regardless of
the HW definition used, all those studies suggest an excess of deaths
due to extreme heat in both cities, highlighting the elderly and the
least educated as the most vulnerable groups. The highest mortality
rates during HW events are mainly linked to circulatory illnesses and
diabetes.128:129 Rural and urban populations also show different sus-
ceptibility to high-temperature events in those regions, suggesting the
role of the heat-island effect in exacerbating HW impacts.13¢ Compre-
hensive country-level analyses showed that the risk of hospitalization
during HW events is mainly for children, the elderly, and pregnant
women.'2¢ It has also been shown that the effects on mortality risk
last for almost 3-4 days after the end of an HW event.12> By the end
of this century, Brazil will experience a more than doubling of heat-
related health stress, due to the increased severity of natural hazards
and ongoing population growth.137

Although the response of compound weather and climate events to
climate change is challenging, recent studies point out that the entire
globe will experience increased occurrences of CDHW episodes, 38
mainly driven by regional precipitation trends.'3? Globally, the future
frequency of such events is estimated to increase by 37%, with an
increase in warming from 1.5 to 2°C.240 By the end of this century,
between 1/3 and half of the global land area, depending on the mitiga-
tion scenario, is estimated to be exposed to deadly temperatures and
drought conditions for more than 20 days per year, exposing around
half to two-thirds of the world’s human population.'*! Depending on
the rates of warming and population growth over the coming 50 years,

around 1-3 billion people are expected to find themselves in areas

outside the range of climatic conditions acceptable for humans.42
By mid-century, CDHW impacts on the economy may increase drasti-
cally, compared to current estimates.® However, these future changes
may be underestimated in tropical and subtropical regions, 38143 syg-
gesting that the risk for developing tropical countries, like Brazil, will
likely be worse than previously assessed. Due to the strong impacts of
drought and heat extremes, the lack of adaptive capacity will become
critical in regions where growing population, poor infrastructure, frag-
ile public health systems, and threatened natural ecosystems are
extensively exposed to extreme events,? particularly the extreme heat
ones. ! Therefore, improving knowledge about the joint occurrence of
drought and HW events in tropical regions, particular in SA and specif-
ically in Brazil, is an important prerequisite for the development and
maintenance of strong strategies to predict and mitigate the associated
impacts.

By recognizing and addressing current knowledge gaps, here we
provide a comprehensive compilation of the most recent assessments
of CDHW events in Brazil. On the one hand, we pinpoint the most
vulnerable areas within this very large country and its wide range of
ecosystems; additionally, we contribute to the assessment and quan-
tification of the impacts on public health and on vegetation fires of
record-breaking CDHW events around the country. Fire outbreaks
triggered by 21st-century CDHW episodes are highlighted in three
main ecosystems: the Amazonia rainforest, the Pantanal wetlands, and
the Cerrado savannas. The impact of recent persistent CDHW condi-
tions on human mortality and premature births is analyzed for the most

populated region, southeastern Brazil.

EMERGING EVIDENCE AND PHYSICAL
MECHANISMS OF CDHW EVENTS IN BRAZIL

In this section, we first analyze studies that highlight Brazil in their
global analysis regarding the occurrence of CDHW events. Then,
we present and discuss the available recent few regional studies
which have begun to look at the physical mechanisms connecting the
occurrence of hot and dry conditions in different regions of Brazil.
Emerging global studies highlight SA, including Brazil, as a poten-
tial hotspot for the occurrence of compound events, particularly those
linked to droughts and HWSs.84144 For instance, two recent global
assessments on the impact of anthropogenic warming and natural
climate variability in the occurrence of CDHWSs concluded that north-
eastern and southeastern Brazil and central Amazonia were some of
the regions with an increase in the frequency, duration, and magni-
tude of CDHW events per year since 2000.4>>* Another global survey
revealed a strong relationship between the occurrence of CDHW con-
ditions and the phase of the El Nifio-Southern Oscillation (ENSO),
particularly during the warm season in the northern region of Brazil.14°
Agricultural regions, namely those dominated by rice, maize, and soy-
bean production in Brazil, have been increasingly exposed to CDHW
events.0144 Regional increases in the frequency of CDHW conditions
from the present to the time when mean global temperature increases

by 1.5°C (2°C) above the preindustrial levels are projected to span
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between 140%and 200% in many parts of SA, including Brazil.14? As
projected for other parts of the globe, continuous warming of the
South American continent will inflict dire impacts on the well-being
of the populations. Global warming between 1.5 and 3°C is estimated
to imply an increment in the population exposure to CDHW events
over southeastern SA (2-6 million people), the Amazonia (1-5 mil-
lion people), northeastern Brazil (1-5 million people), and over the
west coast of SA (1-4 million people).1*® Bevacqua et al.13? suggested
that improving the representation of the physical processes controlling
the mean precipitation trends over the Amazonia rainforest is essen-
tial for enhancing the robustness of risk estimates of future CDHW
events. These authors estimate that the frequency of compound events
will increase between 20% and 42%, according to wet and dry future
scenarios for the region, respectively.

Regional efforts by the Brazilian academic community to under-
stand extreme CDHW events are slowly refocusing toward a
compound perspective, aiming to help to close the gap between
climate science and risk assessment (Figure 1). This joint effort has
been encapsulated in a recent editorial in the journal “Nature,” where
more than 95 national and international water and climate scientists

cosigned a letter regarding the 2021 Brazilian water crisis, recom-

mending, among other points, that compound event studies should
be a research priority in the country to best inform policymakers and
managers.”® Here, we introduce existing literature on understanding
the general patterns and physical mechanisms associated with multi-
variate climate extreme episodes consisting of drought and HW events
co-occurring in space and time, in distinct regions of Brazil.

Southeastern Brazil

The first effort to evaluate changes in the occurrence of CDHW
events in Brazil was undertaken by Geirinhas et al.8” They found that
during the last two decades the number of summer CDHW events
has increased substantially over parts of southeastern Brazil, namely,
the central section of the state of Minas Gerais, the state of Rio de
Janeiro, and the eastern and northeastern parts of the state of Sao
Paulo. For these particular regions, increasing levels ranged from 50%
to 100% during the second half of the analysis period (2000-2018),
when compared with the first half (1980-1999). The period that con-
tributed the most to these positive changes were the two consecutive
summers of 2013/2014 and 2014/2015 when southeastern Brazil
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witnessed severe CDHW conditions. During 2013/2014 summer,
the incidence of compound conditions was more noticeable over the
state of Sdo Paulo, while during 2014/2015 summer, the states of
Minas Gerais and Rio de Janeiro recorded the severest concurrence
incidence. This study also explored the atmospheric and surface
conditions that triggered such a high incidence of CDHW episodes
in the region. Geirinhas et al.8” found that surface dryness and hot
temperature anomalies were promoted by a higher-than-normal
number of summer days defined by atmospheric blocking conditions
affecting southeastern Brazil.!4” These quasi-stationary anticyclonic
patterns were embedded in a large-scale Rossby wave train that
spanned from the western South Pacific to the South Atlantic and
offered the ideal conditions for the occurrence of persistent precip-
itation deficits throughout the 2013/2014 and 2014/2015 summer
seasons.”®?7 At a synoptic time-scale, large diabatic heating rates and
strong subsidence conditions enhanced temperature escalation and
the occurrence of high evaporation rates, triggering the development
of HW episodes and the reamplification of the already established
drought conditions. The maintenance of these atmospheric conditions
throughout both summer seasons promoted a steady soil moisture
decrease into exceptionally low levels. Consequently, a strong soil
moisture-atmosphere coupling (water-limited) regime was leveraged
and the surface lost its capability to meet the atmospheric water
demand, starting to disproportionately dissipate the extra incoming
shortwave radiative energy back to the atmosphere as sensible heat,
allowing a reamplification of HW episodes. This study unraveled
for the first time the relationship between CDHW extremes over
southeastern Brazil, demonstrating that, at the first stage, HWs are
important for soil desiccation, while during the second stage, under a
strong soil moisture imbalance, drought conditions can play a crucial
role in temperature escalation and HW amplification through the
establishment of strong soil moisture-atmosphere coupling regimes.
Several studies have provided an analysis of the atmospheric causes
for the drought event recorded over southeastern Brazil and dur-
ing the abovementioned two summer periods.”¢97:148-150 However,
the assessment and quantification of the simultaneous hot tempera-
ture anomalies and land-atmosphere interactions have been receiving

much less attention. Accordingly, Geirinhas et al.88

proposed to fill this
gap by presenting at several temporal (from yearly to daily) and spatial
(from large to mesoscale) scales a detailed analysis of the extreme tem-
perature anomalies induced during 2013/2014 summer over southeast
Brazil, with a special focus on the metropolitan regions of Sdo Paulo
and Curitiba. This study shows the exceptionality of the hot conditions
that were observed, particularly over the state of Sdo Paulo, where
the surface temperature anomalies reached values of 8°C, exceed-
ing the mean by four standard deviations. These massive temperature
extremes led to record-breaking temperature levels corresponding, in
some cases, to values 5°C higher than the previous record. Another
signature of this severe hot summer season was the occurrence of sev-
eral hot spells over the two metropolitan regions of Sdo Paulo and
Curitiba. In fact, the 2013/2014 season witnessed the highest ever
recorded number of summer days under HW conditions in both cities,
with the occurrence of an unprecedented mega-HW episode®® that

lasted for around 20 days. Some of these hot spells, including this

mega-HW, were fueled by a combined effect of strong diabatic heat-
ing, low entrainment of cooler air masses caused by a suppression
of mesoscale sea-breeze circulation mechanisms, and the establish-
ment of strong soil moisture-temperature coupling that resulted in
enhanced sensible heat fluxes from the surface to the atmosphere. In
fact, the authors found a close parallel in what concerns the magnitude
and spatial extent of this exceptional HW episode and also the major
role played by the land-atmosphere interactions in temperature esca-
lation with the remarkable and well-known 2003 European and 2010
Russian mega-HWs.>! This clearly underlines the massive amplitude
and persistence of temperature extremes throughout 2013/2014 sum-
mer, showing that such temperature escalation was not explained by
atmospheric circulation anomalies alone and that the combined effect
of soil dryness with atmospheric heating due to radiative processes and

other mesoscale temperature advection processes was crucial.

The Pantanal wetlands

Recently, Libonati et al.>3 and Marengo et al.1! identified the occur-
rence of outstanding CDHW conditions in central SA during 2020.
Several countries, including Brazil, Argentina, Peru, Paraguay, and
Bolivia, have recorded a large number of HW events, with record-
breaking temperatures reaching up to 10°C above the 1981-2010
climatology. Those HWs occurred in the middle of an unprecedented
drought that affected that region since 2018 linked to the warm-
ing trends in sea surface temperature of the Pacific and Atlantic
Oceans.??100.152 On the other hand, the persistent atmospheric block-
ing conditions in the region fueled by a stationary Rossby wave train
in the middle and upper atmosphere coming from the Indian Ocean

region’®!

were crucial for temperature escalation and large evapo-
ration rates that resulted in pronounced soil moisture deficit during
these HW episodes.®® This drought-HW configuration was supported
by enhanced land-atmosphere interactions, thus influencing the per-
sistence of more warm and dry days. CDHW conditions in 2020 were
particularly widespread over the Pantanal, located in central-southern
Brazil.3® The 2020 dry season (July-November) was hotter and drier
than any other corresponding dry season period in the Pantanal, since
at least 1980.19% During these exceptional CDHW conditions, a pro-
nounced decrease in the evaporative fraction values was observed,
indicating the establishment of a strong soil moisture—temperature
coupling regime (water-limited) characterized by a near-zero evapo-
rative cooling and a large flux of sensible heat from the surface to the

atmosphere.38

The Amazon rainforest

During the dry season, the southern part of the Amazonia rainfor-
est faced a warming trend of 0.49°C/decade over the 1979-2012
period, with a sharper trend of 1.12°C/decade since the year 2000.1>3
In addition, this region has been recording an increasing frequency
in the number of hot days since 196187 as well as in the number of

HW events.20 The synoptic conditions associated with HWs in this
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region are linked to the northward displacement of the Intertropi-
cal Convergence Zonel?° and to the intensification of the northerly
South Atlantic Anticyclone, which reduces the influx of moisture to
southeast Amazonia linked to the South American Low-Level Jet.1>*
Concurrent with this warming, the region has experienced three major
droughts in the short span of 10 years, namely, in 2005, 2010, and
2015. These extreme drought episodes were triggered by large-scale
teleconnections patterns forced by warm anomalies in the sea surface
temperatures of both the Pacific and Atlantic oceans.”1155.156 Recent
studies have pointed out that the hottest years in the biome were
coincident with those extreme droughts.’%6153 The area stricken by
precipitation deficits (high temperatures) has increased from 37.9%
(10.3%) in 2005 to 42.9% (42%) in 2010, reaching 80.1% (90%) of
the Amazonia basin in 2015.72 In particular, long-term records sug-
gest that 2015 was likely the hottest and driest year over the region
in a century.’>” Recently, it was shown that drought conditions over
the southeast of Amazonia have a critical impact on the amplification
of surface temperature, with the most extreme HW episodes co-
occurring during extreme dry years.1>* During these drought events,
warm temperature anomalies were concurrent with anomalously high
amounts of incoming solar radiation,’? reduction in cloud cover,”® and
soil moisture deficits.1>® These compound conditions probably led to
enhanced land-atmosphere feedbacks that caused a reamplification
of the already established conditions of soil dryness and extreme hot

temperatures 51,52,88,159,160

IMPACTS OF CDHW EVENTS ON THE
ENVIRONMENT AND SOCIETY: EARLY EVIDENCE

In the above sections, we highlighted current knowledge regarding
individual hot and dry extremes in Brazil and their associated impacts,
as well as the emerging evidence about the occurrence and physi-
cal processes associated with CDHW episodes, based on global and
regional studies over the last decades. Although each individual type
of extreme (hot or dry) is known to trigger severe impacts over the
affected region, the implications of the co-occurrence of both extremes
over the country are still not well understood. Taking into account the
increasing role played by the abovementioned CDHW events in the
region, we present a first overview of the associated impacts at a coun-
try level. The focus is to evaluate the associated impacts on human
health and fire occurrence, in a top-down approach. Using early pub-
lished case studies representative of main CDHW events that affected
diverse areas of the country (Figure 1), we present a first-hand inter-
pretation of potential impacts. In each of the following two subsections,
we first introduce some aspects associated with general research avail-
able on the topic and then identify the individual case study from the
second main section, and then the analysis of the impacts is carried
out separately for threats to human health and vegetation fires. The
aim is not to exhaustively analyze the results but instead to introduce
research questions and methods to be further explored in the future.
The key databases and methods used to formally address the impacts

are described in the Supporting Information.

Threats to public health

The understanding of the potential impacts of CDHW events on
public health in Brazil is still far from satisfactory, despite the
widespread efforts to quantify the impacts of droughts34 107,108,112 3 q
HWs21119,123-133 from the perspective of a single climate extreme.

To first address this knowledge gap, here we analyze the impacts
of the CDHW events during the 2013/2014 and 2014/2015 sum-

8788 on human mortality and preterm births in south-

mer seasons
eastern Brazil. We follow the methods used in previous work on
the region,'1%12? to analyze daily mortality for all-natural death
causes (nonaccidental or nonviolent) and total births/preterm births
(<37 gestational weeks) for the metropolitan region of Rio de Janeiro
(MRRJ), based on the Brazilian Health System database (DATASUS)
for 2000-2018 and 2011-2017, respectively (see Supporting Infor-
mation). With around 12 million inhabitants, the MRRJ is one of the
most densely populated urban areas in SA, and the second most popu-
lated metropolitan region in Brazil, surpassed only by the metropolitan

region of Sao Paulo.

Human mortality

The existing literature has investigated the impacts of HW events
on human mortality across the entire country over the last decades.
Particularly for the MRRJ, according to Geirinhas et al.,'1? during an
intense HW that took place in February 2010, 737 excess deaths
occurred, with a greater impact on women (44% higher than expected)
than on men (21% higher than expected). In terms of age, the elderly
were the most affected, with a higher excess of deaths for elderly

women (56% higher than expected). Geirinhas et al.12?

expanded the
previous analysis to four major HW events, highlighting an excess
of 1748 fatalities regarding the expected mortality, with women and
the elderly being the most affected. The effects of different levels
of drought severity on mortality rates were analyzed by Salvador
et al.12 from 2000 to 2019 for the main metropolitan regions of Brazil,
including MRRJ. Evidence of positive association was found, mainly for
females, children, and the elderly, and the effects were exacerbated
as the drought severity increased. Furthermore, this study found that
the excess mortality risk due to extreme drought exposure was greater
than that observed due to heat stress in Brazil.

To illustrate the joint impacts of both hot and dry events on excess
mortality, we analyzed the 2013/2014 and 2014/2015 summer com-
pound conditions recorded in Rio de Janeiro.8”88 Over these two
record-breaking dry summer periods, the excess heat factor (EHF)1¢?
allowed identifying several HW events. The EHF quantifies the heat
stress levels considering not only the actual hot conditions but also
taking into account the previous 30 days, thus considering, to some
extent, the human body’s acclimatization.’®? Therefore, this index is
recommended to describe the impacts of HW events on human mor-
tality and morbidity.1é? A total of four and six HW events occurred
during the 2013/2014 and 2014/2015 summer compound conditions,
respectively (Table 1). From all CDHW events, seven presented excess
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TABLE 1 Heatwavesidentified during the 2013/2014 and 2014/2015 summer CDHW conditions in MRRJ

Summer season Start of HW HW duration (days) O/E (95% Cl) for total number of deaths

2013/2014 2013-12-29 4 1.18(1.09-1.29)
2014-01-03 3 1.33(1.21-1.45)
2014-01-23 3 1.07(0.98-1.18)
2014-02-06 5 1.25(1.17-1.34)

2014/2015 2014-12-20 4 1.04(0.96-1.13)
2014-12-28 8 1.09(1.03-1.16)
2015-01-07 26 1.08(1.04-1.11)
2015-02-09 7 0.97(0.91-1.04)
2015-02-17 1.00(0.93-1.07)
2015-02-25 4 1.00 (0.92-1.08)

Note: Start, duration, and intensity of heatwaves were derived from EHF. Observed to expected (O/E) ratio for total number of deaths during the CDHW is

also presented, including the 95% confidence interval.

mortality (O/E > 1), five of them statistically significant (p-value < 0.05)
(Table 1). The highest increase in the observed number of deaths was
33% (O/E = 1.33, Cl: 1.21-1.45), which corresponds to an estimated
269 excess deaths during the event of January 3, 2014. Since this
event occurred shortly after the previous one (December 29, 2013),
with an O/E = 1.18 (Cl: 1.09-1.28) and excess mortality estimated at
195 deaths, their combined effect on mortality (464 excess deaths)
can be interpreted as a single and longer HW. During the largest HW
(26 days during January 2015), with an O/E of 1.08 (Cl: 1.04-1.11),
567 excess deaths were estimated. Considering only the CDHW con-
ditions in which O/E ratio was statistically significant and higher than
unity, the estimate of the total excess mortality during 2013/2014
and 2014/2015 reaches 828 and 759 deaths, respectively. Several fac-
tors, such as gender, age, social inequalities, and pre-existing diseases,

163 which need to

influence the population vulnerability to CDHWs,
be better investigated in the MRRJ and other Brazilian metropolitan
regions. Future population aging is expected to amplify climate-related
excess deaths, thus representing a particular challenge for Brazil, in
a scenario where population aging has been rapid and marked by

socioeconomic and regional disparities.16*

Gestational health effects under CDHW conditions

Studies have shown that temperature extremes can affect gestational
health and promote an increase in preterm births.2427:165 For instance,
maternal exposure to extreme temperatures was linked to anincreased
risk of preterm birth in Australia,’¢® Europe,'¢” the United States,!¢®
and China.’®? Although most preterm babies survive, maternal expo-
sure to extreme temperature has been pointed out as a leading cause of
child mortality, long-term neurological disabilities, and increased risk
of respiratory and gastrointestinal complications.}’%171 Consequently,
the occurrence of premature births also leads to an increase in the
demand for long-term care, which puts pressure on the public health
system.172

Drought can affect pregnancy health by limiting water and food
availability, disrupting infrastructures, and facilitating the dissemina-

tion of water-related diseases.’”® Studies about the direct impact of
extreme droughts on human pregnancy are still limited worldwide.'”*
Nevertheless, Gitau et al.1”> showed that the Southern African drought
of 2001-2002 led to the increase in food prices and consequently to
poor maternal nutrition status, culminating in decreased infant length.
These results indicate that drought can have long-term effects on the
population and public health services.”¢ In Brazil, the studies of health
risks of droughts highlight that social and economic vulnerabilities
aggravate the associated health impacts.107:112

Despite evidence in the literature about the impacts of isolated
HW and drought events, little is known about the magnitude of the
association between CDHW episodes and preterm birth in Brazil, and
the factors that influence this relationship, mainly due to regional
differences. Here, we evaluated the impact of CDHW conditions on
gestational health by analyzing the increase in total births and preterm
births during the already discussed 2013/2014 and 2014/2015 sum-
mers (Table 1). For this purpose, some HW events from Table 1,
consecutive and in close proximity, were concatenated, resulting in five
longer periods (Table 2).

For both the 2013/2014 and 2014/2015 summer seasons, a statis-
tically significant increase (O/E > 1) in total and preterm births was
observed in all CDHW events (Figure 2). For preterm births, CDHW
conditions were associated with an increase varying from 10% (O/E =
1.10, Cl: 1.01-1.19) to 23% (O/E = 1.23, Cl: 1.09-1.39). The increase
in the O/E ratio obtained here is within the same range reported by
Chersich et al.1”” in their systematic review of 70 studies in 27 coun-
tries (1.16; 95% Cl: 1.10-1.23). Overall, a small increment of the O/E
ratio was observed for total births, with an increase observed from 5%
(O/E = 1.05; CI: 1.01-1.09) to 13% (O/E = 1.13; Cl: 1.08-1.19). No
clear links between the HW duration and intensity and birth rates were
observed here, despite previous studies suggesting that such factors
can be positively associated with an increase in early-term births.16>
A possible explanation for this is the fact that the Brazilian birth certifi-
cates record the gestational time in weeks. This could be a confounder
for the daily analysis of HW events conducted here, which motivates
further long-term analysis in Brazil.
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TABLE 2 Classification of periods composed of sequential CDHWSs

Summer season Period label Start of period

2013/2014 P1 2013-12-29
P2 2014-01-23
P3 2014-02-06

2014/2015 P4 2014-12-20
P5 2015-02-09

Number of sequential HW included

Period duration (days) in this period (from Table 1)
8 2
3 1
5 1

44 3

20 &

Note: The duration of each period was calculated by adding the duration of each sequential HW from Table 1.
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FIGURE 2 Observed to expected (O/E) ratio for total (gray
squares) and preterm births (red squares) in the metropolitan area of
Rio de Janeiro during CDHW periods in the summers of 2013/2014
and 2014/2015. Error bars indicate the 95% confidence intervals (Cls).
Values greater than unity (red dotted line) represent a statistically
significant increase in birth rates during compound events. The
vertical line visually separates the 2013/2014 and 2014/2015 periods.

Vegetation fire response to the simultaneous
occurrence of hot and dry events

The link between fire activity and climate has been extensively covered
worldwide, with the IPCC defining fire weather as “weather conditions
favorable to fire activity, which generally includes temperature, soil
moisture, humidity, and wind.”>>178 In general, fire activity is linked
to concurrent high temperatures, low relative humidity and precipita-
tion, and windy conditions, although meteorological conditions during
the growing season also play a major role in modulating both vege-
tation and fuel levels.}7%180 |n the case of Brazil, there are several
studies evaluating the relationship between fire and meteorological
parameters; however, due to the extent of the country and the vari-
ety of ecosystems, these relationships differ among biomes and even
at a regional scale. Moreover, regarding the impact of CDHW events
in Brazilian biomes, there is very little research. In fact, to the best of
our knowledge, the only explicit joint assessment on the present-day
impact of CDHW events on vegetation fires was a recent study for the
2020 fire season in the Pantanal region.®® In addition, future fire dan-
ger forced by dry and hot conditions under climate change scenarios
was only recently evaluated for two Brazilian regions, namely the Xingu
Basin and the Pantanal.'8! Here, we attempt to go a few steps further,

summarizing the efforts developed by the academic research com-

munity to describe these fire-CDHW relationships over the Pantanal
wetlands, the Amazonia rainforest, and the Cerrado savannas. We fur-
ther provide novel results covering both the Amazonia rainforest and
the savannas of Cerrado, where we followed the methods used in
Libonati et al.®® based on well-consolidated satellite-derived active fire
and burned area datasets. More information on these datasets and the

methods employed here may be found in the Supporting Information.

The Pantanal wetlands

Up until the catastrophic 2020 wildfire event, there was very little
literature on vegetation fires over Pantanal and their connection to
meteorological conditions and climate change. When roughly 4 million
hectares (1/3 of the biome) burned down in 2020,%°3 including long

182 and around 17 million

stretches of wetlands and forest formations,
vertebrates were killed,'83 attention shifted to understanding why and
how this fire-sensitive biome was burning. The 2020 fire season in Pan-
tanal was marked by anomalous meteorological conditions associated
with unprecedented meteorological danger'®® and severe drought.??
Libonati et al.>® developed this analysis further, linking CDHW con-
ditions to daily variations of the burned area within Pantanal and its
hydrological subregions. Most burned areas occurred within a 4-month
period from July to October (henceforth the Pantanal’s fire season),
with record values of hot and dry conditions. The percentage of Pan-
tanal under CDHW conditions (%Pantanalcpnyy), a single metric that
illustrates the temporal and spatial occurrence of CDHW conditions
during the fire season,?” reached its maximum during 2020 (Figure 3).
From August 26th to October 15th, three consecutive CDHW events
were recorded (see orange shaded areas in Figure 3), where maximum
temperatures rose almost 6°C above the climatological mean, reaching
a staggering 41°C on the third CDHW event that lasted more than 20
consecutive days. Long-term precipitation deficits coupled with a large
evaporative demand leveraged by the occurrence of several hot spells
since the beginning of 2020 promoted a steady and sharp decrease
of soil moisture values during the Pantanal’s wet season, culminating
in pronounced soil desiccation during the fire season. Accordingly, the
HW conditions triggered during the Pantanal’s fire season concurred
with a near-zero evaporative cooling evidenced by the sharp decreases
observed in the evaporative fraction values (see blue lines in Figure 3).
This highlights the establishment of strong soil moisture-temperature
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FIGURE 3 Vegetation fire response to the simultaneous occurrence of hot and dry events during the Pantanal fire crisis in 2020. Top panel:
Interannual variability from 2001 to 2020 of the percentage of Pantanal under CDHW conditions (orange line, left y-axis) and of total annual
burned area (gray bars, right y-axis) computed for the Pantanal’s fire season period (July-October). Bottom panel: Time series from June to
November 2020 (bottom panel) of daily area-averaged values of maximum temperatures (T,,.x, orange line, left y-axis), the respective calendar day
climatological (1981-2010 base period) 90th percentile (black line), and of evaporative fraction anomalies over Pantanal (EF, blue line, left y-axis);
gray bars indicate daily total burned area recorded over Pantanal (right y-axis); the orange shaded rectangles highlight periods marked by the
occurrence of consecutive HW episodes followed by a pronounced decrease in the EF values.

coupling regime (water-limited) in which the surface started to dispro-
portionately dissipate the incoming radiation as sensible heat, instead
of latent heat (evaporation), allowing a reamplification of the HW
episodes and thus fostering the ideal conditions for fire propagation.
In fact, the highest levels of vegetation flammability thresholds ever
recorded over the last 4 decades were observed during 2020. Although
the number of days during the three abovementioned CDHW periods
represented circa 37% of the total fire season days, they accounted
disproportionately for 71% of the total burned area of that period.

184 most of these fires were located over

Contrary to previous years,
northern Pantanal in forested areas.3® These regions, where fuel is
not a limiting factor, are more vulnerable to CDHW events and their
effects are greater in years that experience less flooding, as is the case
of 2019 and 2020. They also found that, in the Pantanal, conditions
for the occurrence of CDHW episodes are becoming more frequent,
with temperatures rising at a rate four times that of the global aver-
age, and negative precipitation anomalies occurring more frequently
since the turn of the 21st century. Although models do not fully agree
on future precipitation trends, state-of-the-art projections agree on a
warmer future for the biome.8> A recent study highlights that limiting
global warming to 1.5°C instead of 3°Cis likely to reduce the expected
increase in CDHW-related fire danger by 11.4% in the Pantanal.181

It is worth mentioning that intense fire seasons in the Pantanal,

like in most other regions around the globe, result from the inter-

play of the appropriate conditions for fire triggering and maintenance,
that is, availability of fuels, appropriate extreme meteorological condi-
tions, and frequency of ignitions. Therefore, the existence of intense
drought and HW conditions such as the ones that took place in 2010
(Figure 3) represents a necessary (but not sufficient) condition, to
ensure a higher-than-usual fire season. The condition of the fuels, and
particularly the number of ignitions (natural or anthropogenic), also
play a critical role. In the case of the Pantanal, human activities are
the main source of vegetation fire ignitions, accounting for 84% of the

annual burned area.'8¢

The Amazonia rainforest

Over the past few decades, human activities and climate variability
contributed to periodic spikes in forest fire activity in the Amazonia
rainforest.103.102 Since natural fires are uncommon in Amazonia,
the fire regime is mainly shaped by anthropogenic activities. Never-
theless, the role of climate has to be considered, especially during
extreme droughts, which have been shown to exacerbate fire inci-
dence, intensity, and severity in the region.’°%187 From 2000 to
2015, drought frequency in Amazonia was almost three times higher
than the decadal incidence of the last century,”? which represents a

major threat to the forest ecosystem.'%¢ During the drought event of
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1997-1998, which was related to one of the most intense episodes
of the ENSO ever recorded, 1/3 of the Amazonia became susceptible
to fire, and approximately 40,000 km?2 burned.88 In 2005, the lack of
precipitation induced by the warming tropical North Atlantic Ocean
affected mainly the western Amazonia, promoting an extended and
extreme fire season in this region.1’8 In 2010, the co-occurrence
of positive phases of both the ENSO and the Atlantic Multidecadal
Oscillation (AMO) led to record drought and fire activity over western
and southern Amazonia.'®” In the face of the observed extreme
values of temperature and precipitation that were exacerbated by
the strong El Nifio event of 2015,°7 new record-breaking drought
conditions occurred in the rainforest during that year but resulted
in a relatively low level of fire activity due to decreasing levels of
deforestation.'91-192 Climate anomalies triggered by ENSO and AMO-
related activity are expected to continue impacting Amazonia through
a higher frequency of extreme droughts.*8? Such an increase in hydro-
climatic extremes, coupled with anthropogenic land cover changes, are
expected to further promote fire activity in this region.®2 In addition,

the observed warming trends8?:120

may increase evapotranspiration,
leading to a decrease in soil moisture,1?° thus enhancing vegetation
flammability.

The ongoing intensification of the hydrological cycle is linked to the
amplification of surface temperature,”® with the most extreme HW

154 and presents a

episodes co-occurring during extreme dry years,
showcase to explore the responses of Amazonia fires under CDHW
conditions. Here, we show preliminary results on the synergy between
fire activity and CDHW events that further confirm that these hot and
dry conditions favor the occurrence of fire. Figure 4 shows the spa-
tial distribution of CDHW conditions (see Supporting Information) in
Amazonia over 2005 (June-August), 2010 (June-August), and 2015
(October-December), along with active fire anomalies and deforesta-
tion patterns. CDHW conditions increased in duration and extent over
the considered periods, and in 2015, almost the entire Amazonia was
affected. In comparison, the periods of 2005 and 2010 experienced
fewer days under CDHW conditions, and these occurred mainly in the
western and southern parts of the biome. Fire anomalies, on the other
hand, seem to have decreased from 2005 onward and show fewer
regional fire hotspots. At first glance, there appears to be no spatial
concurrence of CDHW conditions and increased active fire anoma-
lies. However, as pointed out before, the anthropogenic disturbance
has a preponderant role in fire activity over the Amazonia. The period
considered for 2005 saw more than double the extent of deforesta-
tion compared to both 2010 and 2015.19 |n 2005 and 2010, higher
fire anomalies were found in areas that experienced increased CDHW
conditions and high deforestation, whereas in 2015, despite extreme
hot and dry conditions, the biome saw lower deforestation and con-
sequently, less fire activity. These preliminary results demonstrate
that, given anthropogenic ignitions, CDHW conditions exacerbate fire
activity in Amazonia.

Other factors can also influence fire activity and may contribute
to some of the variability that is not explained by climate extremes,
for instance, anthropogenic factors, including political and economic

drivers,1?! but also natural factors, such as soil moisture content,188

and positive fire-climate!?? and deforestation-climate?® feedbacks.
In particular, the influence of deforestation-induced feedback on the
occurrence, intensity, and frequency of CDHW events should be fur-
ther investigated, given the observed influence of Amazonia land
cover changes on surface temperature, the energy budget, and the
hydrological cycle.2?* Additionally, the direct impacts of hot and dry
compound events on the forest ecosystem are not yet documented
over the region, although studies have reported changes in Amazo-
nia forest productivity related to drought frequencies and warming

trends 105,106,188

The Cerrado savannas

By contrast to the other biomes referred to in this section, the Cer-
rado is no stranger to fire. This fire-prone biome sees high fire activity
every year as the largest contributor to Brazil's annual burned area
and a major fire hotspot worldwide.'?> Fires in Cerrado have been
shown to be linked with meteorological conditions, in particular rain-
fall and temperature.1?61%7 For instance, the Daily Severity Rating
(DSR in short, an extension of the Canadian Forest Fire Weather Index
System) explains 71% of the interannual variability of burned area in
Cerrado.1?® Here, we show further evidence for the Cerrado’s fire
seasons (defined here as August-October) from 2001 to 2019 of a
link between CDHW conditions with fire activity over four Cerrado
ecoregions (Figure 5): Bico do Papagaio, Araguaia Tocantins, Bananal,
and Alto Parnaiba. These ecoregions!?? are located in the central and
northern Cerrado and are the highest annual contributors to the total
burned area in the biome, burning more than 8% of their respec-
tive areas every year, on average.?C Indeed, there seems to be a link
between CDHW conditions and fire as, for all ecoregions, the top three
years with higher burned areas fall into the lower right quadrant of
Figure 5, except for the year 2010 for Alto Parnaiba. The years of 2007
and 2010 are associated with La Nifia events that, as usual, induced

widespread drought conditions over the Cerrado,!>>

confirmed by
low soil moisture values and associated with a %Cerradoyy incidence
(a single metric that illustrates the temporal and spatial occurrence
of HW conditions during the fire season above the historical series
75th percentile3387). These two years witnessed the most severe fire
seasons within the Cerrado over the last two decades, with all four
ecoregions showing positive burned area anomalies.?%° The year of
2012 saw moderate to severe drought over Alto Parnaiba and Araguaia
Tocantins,?°! and are here associated with a high percentage of HW
incidence in both ecoregions. Noteworthy is the case of Bananal in
2017, and to a lesser extent, Bico do Papagaio, with the highest ever-
recorded value of HW incidence in the region and corresponding peak
in burned area values. These results hint at a possible synergy between
CDHW events and fire activity in the Cerrado, but additional research
is needed to properly characterize these relationships and explain
the associated physical mechanisms. Nevertheless, fire activity in this
biome is linked to meteorological conditions and the Cerrado seems to
be heading for a hotter and drier future122198 where CDHW events are

bound to occur more often.
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FIGURE 4 The spatial distribution of CDHW conditions in the Amazonia in 2005, 2010, and 2015, along with active fire anomalies and
deforestation patterns. Top panels: Spatial distribution over Amazon of the percentage of days affected by CDHW conditions (%, top color bar) and
of active fire standardized anomalies (bottom color bar) during the periods of June-August 2005 (left panel), June-August 2010 (right panel), and

October-December 2015 (bottom panel).

FUTURE PERSPECTIVES AND RECOMMENDATIONS

Extreme climate events, such as intense, prolonged, and frequent
CDHW episodes, present a new challenge for human health, the
economy, and ecosystems around the world. These threats are of par-
ticular importance in low-income regions with limited public health
resources, low environmental protection investments, and a growing
urban population, such as Brazil.2°2 Therefore, it is crucial that the
country acknowledges this multiple hazard framework and becomes
more engaged internationally as part of a global network of research
on CDHW events. This is particularly relevant for Brazilian public agen-
cies, with oversight attributions in different socioeconomic sectors

(e.g., agriculture, energy, or health), that aim to provide rigorous and

useful information for decision-makers to mitigate the impacts of cur-
rent and future extreme climatic episodes linked to HW and drought.
As described in this work, some studies have begun to build a better
understanding of the physical mechanisms connecting the occurrence
of persistent hot and dry conditions in Brazil. However, to the best of
our knowledge, and with the exception of the recent works of Libonati
et al.33 and Ribeiro et al., '8! there is a clear gap in the identification
and quantification of the spatial pattern and temporal evolution of
impacts associated with CDHW in the country. We are confident that
obtaining a better understanding of the coupled phenomena of HWs
and droughts in the country is crucial to enhance the adaptive capac-
ity of different sectors, such as public health, civil defense, agriculture,

tourism, and public policy management. In this context, we would like
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FIGURE 5 Theimpact of soil moisture deficits and HW events during the Cerrado fire season (August-October) on burned areas in distinct
ecoregions of the Cerrado. The upper panels represent the year-to-year variability of the percentage of HW incidence over each ecoregion; the
dashed line is the 75th percentile over the time series (2001-2019) and the years highlighted in orange are the top three years with higher burned
areas. The bottom panels show the yearly average of maximum temperature T, (°C) and soil moisture (m3/m3): dot colors represent the burned
areain a given year; finally, dashed lines indicate the medians of T,,,,, and soil moisture during 2001-2019.

to highlight below some recommendations for the development of this

research field in Brazil:

» Disentangling the physical mechanisms and atmospheric patterns

associated with CDHW events. Given the complexity involved,
accurately forecasting CDHW events is a major challenge for climate
scientists. It requires a deep understanding of the various phys-
ical processes involved, including the associated soil-atmosphere
feedback. If the research community aims to improve the CDHW
forecasting field, it is mandatory to have a better understanding of
the large-scale meteorological conditions that trigger hot and dry
conditions observed in past events and how remote forcing factors,
such as sea surface temperature anomalies, influence these pat-
terns. With this information in hand, researchers can then develop
monitoring systems and even early warning systems that can pre-
dict the evolution of these events. To this end, it is urgent to
guarantee high-quality and long-term in situ observational datasets
around the country as well as refined satellite-derived information
covering land-related, meteorological, and hydrological variables,

an area where Brazil suffers serious deficiencies.”® Moreover, the

enhancement of regional physical models as climate and hydrolog-
ical modeling is also crucial for studying the current and future
dynamics of such compound events. For instance, a recent study
pointed out that, for the Amazonia rainforest, improving the rep-
resentation of the processes driving precipitation trends, such as
forest productivity response to global warming and shifts in the
Atlantic meridional overturning circulation, is crucial for better esti-
mates of future compound risk.23? In this context, the exploitation
of new techniques, such as machine learning, aiming to circumvent
current uncertainties and missing processes in Earth system models
is a promising field of research.

Quantitative mapping of high-intensity and high-frequency CDHW
areas. As more information is gathered across different Brazilian
regions, the understanding of spatial and temporal patterns (dura-
tion, frequency, and intensity) and trends of CDHW events will
move beyond a general approach and toward a region-specific one
based on the intrinsic characteristics of each ecosystem (e.g., geo-
graphical, climatic, urbanization, and degree of degradation). This
would allow the identification of still-unknown important climatic

and anthropogenic drivers of CDHW events in hotspot areas.*>>*
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Such an approach may serve to determine the effects of these
extreme events on different environmental and socioeconomic sec-
tors, allowing the adoption of more local strategies for better
management and prediction. Besides, regionalized climate projec-
tions can be applied in the assessment of CDHW events in such
vulnerable areas to identify changes between the present and future
regime and assess the impacts of regional climate changes.3?
¢ Quantification of the impacts and identification of regions/
populations with the highest vulnerability. The continuous expo-
sure of the country to CDHW episodes provides strong motivation
to explore adaptation strategies to increase societal and envi-
ronmental resilience. In this context, multidisciplinary scientific
research is essential to provide robust knowledge about the impacts
of CDHW events. Accordingly, impacts can be correlated with aux-
iliary economic or demographic data, such as population density,
average income, land cover and land use changes, social conditions,
and other factors that reflect the conditions of human life and nat-
ural ecosystems. In this way, and considering the likely increase in
frequency and amplitude of CDHWs in Brazil, 4144 there is a strong
need for work that provides clear guidelines for public health and
environmental policies related to CDHW events, contributing to
change the purely reactive response of historical basis and avoid-
ing the escalation of socioeconomic inequalities. As we have outlined
above, most of the current impact analysis on the country relies on
isolated droughts and HWs events. Accordingly, progress in impact
analysis may be accelerated if these extreme events are considered

combined instead of separately.
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Abstract

The year 2020 had the most catastrophic fire season over the last two decades in the Pantanal,
which led to outstanding environmental impacts. Indeed, much of the Pantanal has been affected
by severe dry conditions since 2019, with evidence of the 2020’s drought being the most extreme
and widespread ever recorded in the last 70 years. Although it is unquestionable that this
mega-drought contributed significantly to the increase of fire risk, so far, the 2020’s fire season has
been analyzed at the univariate level of a single climate event, not considering the co-occurrence of
extreme and persistent temperatures with soil dryness conditions. Here, we show that similarly to
other areas of the globe, the influence of land-atmosphere feedbacks contributed decisively to the
simultaneous occurrence of dry and hot spells (HPs), exacerbating fire risk. The ideal synoptic
conditions for strong atmospheric heating and large evaporation rates were present, in particular
during the HPs, when the maximum temperature was, on average, 6 °C above the normal. The
short span of the period during those compound drought-heatwave (CDHW) events accounted for
55% of the burned area of 2020. The vulnerability in the northern forested areas was higher than in
the other areas, revealing a synergistic effect between fuel availability and weather-hydrological
conditions. Accordingly, where fuel is not a limiting factor, fire activity tends to be more modelled
by CDHW events. Our work advances beyond an isolated event-level basis towards a compound
and cascading natural hazards approach, simultaneously estimating the contribution of drought
and heatwaves to fuelling extreme fire outbreaks in the Pantanal such as those in 2020. Thus, these
findings are relevant within a broader context, as the driving mechanisms apply across other
ecosystems, implying higher flammability conditions and further efforts for monitoring and
predicting such extreme events.

1. Introduction wetland, on fire [1, 2]. More than 3.9 million hectares

were burned, an area four times larger than the long-
In 2020, the world witnessed one-quarter of the term average observed between 2001 and 2019 [3, 4].
Brazilian Pantanal, the largest continuous tropical The Pantanal 2020 fire (hereafter P20F) season may

© 2022 The Author(s). Published by IOP Publishing Ltd
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have directly affected 17 million native vertebrates
[5] and resulted in total national economic losses of
~USD 3.6 billion [6].

These extremely intense impacts inevitably raise
the doubt: why was the P20F so exceptional? Evid-
ence is mounting that the P20F resulted from a com-
plex interplay of distinct contributing components,
including human factors, landscape characteristics,
and adverse meteorological conditions [2, 7]. Glob-
ally, the year 2020 tied with 2016 for the warmest
year on record since record-keeping began in 1880
[8], with several record-breaking temperature (com-
pounded) events taking place in different regions. The
2019/2020 mega-fires in Australia were tightly linked
to record-breaking temperatures, both induced to a
large extent, by widespread prolonged severe dry-
ness [9-11]. The 2020’s catastrophic fires in Cali-
fornia were enabled by long-lasting dry conditions
across much of western U.S [12]. Among the 2020’s
unprecedented climate conditions favoring fire activ-
ity in Oceania, Euro-Asia and North America, South
America (SA) was not an exception [13]. Extreme dry
conditions were reported in countries across central-
south SA, reaching Argentina, Brazil, Bolivia and
Paraguay [14—16]. Much of SA has been in drought
since 2019, influenced by a warming trend in the sea
surface temperature of Pacific and Atlantic Oceans
[14-17].

The extremely dry conditions across central-
south SA were accompanied by heatwave (HW) epis-
odes throughout the austral spring which triggered
record-breaking daily maximum temperatures [18].
In Brazil, between the end of September and early
November, when anomalies were persistently above
5 °C in the central and southeastern regions, includ-
ing the Pantanal [18, 19], several warnings of the
HWS’ risk were issued.

Previous studies suggest that the P20Fs were
strongly influenced by the most extreme drought
recorded in the region since 1950 [2, 7, 18] which was
accompanied by the occurrence of several prolonged
periods of extremely high temperatures. Compound
drought-HW (CDHW) events usually cause more
severe wildfires than single events of drought or HW
alone [20] and are being routinely reported world-
wide [21-26], including in Brazil [27]. Although
understanding the factors that influence the regional
occurrence of a CDHW event is imperative, so far, its
characterization and association with fire outbreaks
have not been fully explored in wetlands such as the
Pantanal. Thus, this study aims to assess, for the first
time, the severe CDHW conditions and the land-
atmosphere feedbacks associated with the P20Fs. A
detailed analysis of the exceptional P20F season is
provided together with the spatial and temporal ana-
lysis of surface conditions and the associated synop-
tic patterns. The present approach provides a more
comprehensive understanding of the physical land-
atmosphere coupling mechanisms associated with
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this extreme climate event, highlighting its dominant
role in the observed record-breaking fires.

2. Data and methods

2.1. Datasets

Burned area (BA) was obtained from two main
sources. Monthly values were obtained from the
MCD64A1 collection 6 derived from the MODIS
(moderate resolution imaging spectroradiometer)
sensor at 500 m spatial resolution from 2001 to 2020
[28]. For improved accuracy on day-to-day variabil-
ity of BA [29], daily values for 2020 were obtained
through the ALARMES dataset with a 500 m spatial
resolution using images from the visible infrared ima-
ging suite imager sensor [29].

Meteorological parameters, including maximum
temperature (Tmax), precipitation, surface net solar
radiation, geopotential height and temperature at
several levels of the atmosphere were extracted, at
daily scale, from the European Centre of Medium-
range Weather Forecast ERA-5 reanalysis dataset [30].
Soil moisture, evaporation and potential evaporation,
at daily scale, were obtained from the Global Land
Evaporation Amsterdam Model (GLEAM v3.5a)
[31, 32]. All variables were retrieved at a gridded
0.25° x 0.25° spatial resolution and the composite
anomalies were computed with respect to the clima-
tological seasonal cycle (1981-2010).

Surface meteorological fire danger conditions
were evaluated using the fire weather index (FWI)
[33], allowing summarizing the chances of a fire
to ignite and propagate and to foresee hazardous
fire conditions [34]. The FWI product is provided
by the Copernicus Emergency Management Service
[35], computed with meteorological fields from the
ERAS reanalysis [36]. Daily values were obtained for
the historical period (1980-2020) on a regular grid
of 0.25° x 0.25° resolution [37]. All analyses were
carried out for the Brazilian sector of the Pantanal
wetland.

2.2. Methodology

2.2.1. Fire analysis

To assess the exceptionality of the P20Fs we con-
sidered the ratio between the total BA in 2020 and
the respective mean BA for the 2001-2019 period.
We also estimated the fire return period, defined as
the ratio between the 20 years that encompass our
study period (2001-2020) and the annual recurrence.
Finally, we computed the 75th percentile (P75) of the
2001-2019 period and the percentage of the 2020 BA
with no fire and low recurrence (1-2 years). The
above-mentioned metrics were computed for each of
the nine hydrological subregions of Pantanal [38],
to evaluate regional discrepancies within the biome
(figure 1(a)).
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Figure 1. (a) Location of Pantanal within Brazil (left) and the nine hydrological subregions with land cover and land use
information from the MapBiomas Collection 5 [61, 62] (right). (b) Subregional ratio between the area burned in 2020 and the
mean annual BA (2001-2019), colors represent: light purple for values < percentile 25, purple for value between percentiles 25
and 75 (included), and dark purple for values >percentile 75; (c) Return period (central map) and annual variability of BA in
each subregion (2001-2020) (associated plots). Each subregion is labelled according to table S1, and values estimated using the
MCD64A1 product.

2.2.2. Heat wave identification

HW was defined as a period of three or more consec-
utive days with daily Tmax values above predefined
climatological (1981-2010 base period) percentiles

(80th, 90th and 95th) of Tmax for each calendar day
(on a 15 day moving window). Based on this defini-
tion, a secondary metric was computed: the percent-
age of the Pantanal domain under HW conditions
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(% Pantanalyw ). This method was already used in
previous studies conducted for the USA [39] and
Brazil [27] and consists of determining the yearly per-
centage of the total Pantanal cells (cellsPAN oy, ) that
experienced HW conditions:

cellsPANpw
Pantanal = ——— x 100. 1
YcPantanalgy cellsPAN ota1 (0

Per year, the number of total cells (cellsPANqta1)
is obtained by considering the total number of grid-
points within the region (cellsPAN;c40q) and the
hypothetical total number of days that could exper-
ience HW conditions (cellsPANme):

cellsPANora = cellsPAN egion X cellsPANgme.  (2)

In our particular case, the cellsPANy, corres-
ponds to the total number of days of the fire season in
the Pantanal (July to October [3]). For instance, for
a particular year, a percentage of 100% indicates that
all the Pantanal experienced HW conditions during
all the fire season days.

2.2.3. Drought conditions

Drought conditions were assessed by analyzing soil
moisture anomaly composites and monthly standard-
ized precipitation index (SPI) values [40] from 1980
to 2020, using a 6 month accumulation timescale
(SPI-6) and precipitation from ERA5 reanalysis as
input data. SPI is widely used to characterize drought
conditions using a purely meteorological perspect-
ive: it indicates the number of standard deviations
by which the observed precipitation anomaly deviates
from the long-term mean in a particular location.
To better assess the long-term tendencies (quanti-
fied by applying a 1st-degree polynomial regression)
and interannual variability, we further analyze the
temporal evolution of key average meteorological
parameters over the fire seasons between 1980 and
2020.

2.2.4. Relating fires with the heatwave/drought
conditions

We first identified the temporal evolution of each haz-
ard (fire, HW and drought) at the daily scale for the
entire Pantanal allowing the identification of concur-
rent behaviour, i.e. co-occurrence of two or even three
of these hazards. Since the Brazilian Pantanal is quite
large, we also analyzed the co-occurrence of the mul-
tiple hazards for each one of the nine hydrological
subregions. During the fire season, we calculated, at
the subregional level, the percentage of the BA dur-
ing the identified hot periods (HPs), defined here as
consecutive HWs separated by days with a short heat-
stress relief and under drought conditions.

R Libonati et al

3. Results

3.1. The 2020 fire season in perspective

The P20Fs show an increase in BA for almost all sub-
regions ranging from ~60% to 1190% of the histor-
ical mean value (figure 1(b)). Higher ratios are found
in the northern subregions, namely Sao Lourengo
(I) and Cuiaba (IV), which burned ~65% and
55% of their area in 2020 (table S1 available online
at stacks.iop.org/ERL/17/015005/mmedia), respect-
ively. These values were absolute outliers within the
historical series (figure 1(c)), as so far these subre-
gions had burned a yearly average of ~5.1% and
5.8% (table S1), respectively. In the P20Fs only one
subregion burned less than its annual average over
the 2001-2019 period: Negro de Mato Grosso do Sul
(VII); which, along with Miranda (III) and Baixo
Paraguai (V), obtained the lowest ratios to histor-
ical mean values (figure 1(b)). Historically, the north-
ern regions are characterized by lower return peri-
ods, whereas the southern regions burn more regu-
larly (figure 1(c)). However, this historical tendency
was reversed in 2020, when most of the BA was in for-
ested areas of northern Pantanal. Conversely, south-
ern and south-eastern subregions, characterized by
large extents of pasture and grasslands (figure 1(a)),
burned considerably in 2020 but did not reach record
levels. Nevertheless, with the exception of Negro de
Mato Grosso do Sul (VIII), the BA from the P20Fs
went above P75 of the historical time series for all
southern subregions (table S1).

Most subregions in the Pantanal burn within a
4 month period from July to October (figure S1) and,
in this regard, 2020 kept as expected: a steady BA
increase from July to September is seen in Pantanal,
with a peak on 12 September (116605 ha) and a
secondary observed on 27 September (95478 ha;
figure S1). Médio Paraguai (VII) and Taquari (IX)
showed the earliest signs of burning in July, while
the remaining subregions burned over August to
October, and solely Baixo Paraguai (V) and Médio
Paraguai (VII) showed considerable BA in the earlier
weeks of November. The latter subregion burned con-
sistently over a period of 5 months, severely contrast-
ing with its historical series where BAs mainly occur in
September and October. It is also worth noting how
Meédio Paraguai (VII) burned very little in previous
years (2016-2018; figure 1(c)).

Around a third of the BAs in the P20Fs had been
undisturbed since 2001, and another 31% burned
only once or twice over the entire study period (table
S1). Of the entire P20Fs, 64% of BAs were areas
not accustomed to regular and systematic burning.
Noteworthy are the cases of Cuiabd (IV) and Médio
Paraguai (VII) with ~18% and 19%, respectively, of
areas that had not or barely burned within the last
19 years.
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3.2. Compound drought and heatwaves

Results show unprecedented extreme heat conditions,
with Tmax anomalies for the last two fire seasons
over the Pantanal (2019 and 2020) positioned in the
high-end tail of the empirical distribution of aver-
age Tmax anomalies (figure 2(a)). By contrast, the
years 1992, 1990, 1984 are in the low-end tail, as in
general, the years within the first half of the analysis
period. The time series of Tmax (figure 2(b)) is char-
acterized by a pronounced and statistically significant
positive trend of 0.76 °C per decade, responsible for
warming throughout the last four decades of ~3 °C.
Accordingly, the spatially averaged Tmax level dur-
ing the P20F season was 34 °C, roughly 4 °C higher

than the average for the first decade in the 1980s.
The percentage of the Pantanal under HW condi-
tions (figure 2(c)) followed, closely, the Tmax evol-
ution (figure 2(b)). Because of this sharp warming
trend, the spatial and temporal signature of HWs had
marked increase, with unprecedented extreme heat
conditions in 2020 as well. Analyzing the monthly
SPI-6 values from 1980 and 2020 (figure 2(d)), one
concludes that during the 21st century most of the fire
seasons were preceded by the occurrence of precip-
itation deficits. As previously described, this period
also marks a sharp increase in the Pantanal under HW
conditions (figure 2(b)), indicating that after the turn
of the century the CDHW conditions became more
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frequent, in particular for 2020. Accordingly, 2020
was also marked by record fire danger (figure 2(e)):
fire season averaged FWI reached values above 30
for the second year in a row. Previously, 2010 held
the highest value, consistent with widespread drought
conditions in neighboring biomes [41, 42]. Higher
fire danger values over the last two decades strongly
contrast with those of the 20th century, with a signi-
ficant positive trend over the last 40 years.

In general, 2020 was marked by the occurrence of
numerous HW episodes over the Pantanal when the
daily area-averaged Tmax values were considerably
above the expected levels for several periods of three
or more consecutive days (figures 3(a) and S2). Thus,
several HPs were also observed, particularly during
the fire season. The first HP occurred from 26 August
to 1 September, the second from 5 to 20 September
and the third from 25 September to 15 October (red
boxes in figure 3(a)).

Throughout 2020, a temporal match between
the occurrence of HPs and increasing values of BA
(figures 3(a) and S2) was observed. However, it was
during the austral winter and the three considered
HPs that this temporal correspondence was more pro-
nounced, indicating a close relationship between the
induced atmospheric heat-stress conditions and the
occurrence of fires. On average, the Tmax value for
the three HPs was 38.5 °C, representing a stagger-
ing temperature anomaly of about 5.8 °C. In fact, on

1 October (the 6th day of the third HP) the mean
Tmax value reached 41 °C, establishing a new record-
breaking level for the region. A very similar value
was observed nine days later on 10 October, defin-
ing this as a period of outstanding extreme heat stress
conditions. During this HP of 21 d, the Tmax val-
ues were on average 6.5 °C higher than the expected
mean levels and a total of 983 900 ha burned, a value
that accounts for 25% of the total BA recorded dur-
ing 2020 in Pantanal. The BA recorded over the entire
Pantanal during these three massive HPs accounted
for 55% (60%) of the total 2020 (fire season) BA. In
all subregions, with the exception of Baixo Paraguai,
the BA observed during the three HPs accounted for
more than 50% of the amount from the fire sea-
son. Moreover, in six of the nine subregions, this BA
amount corresponds to more than two-thirds of the
fire season, reaching 95% in Miranda (figure S2).
The months preceding the 2020 fire season were
marked by large deficits in precipitation (figure 2(d)),
within the drought period. During the P20F sea-
son, precipitation levels were lower than expec-
ted, reaching zero or near-zero values for most
of the days (figure 3(b)). Thus, the drought pat-
tern and soil desiccation that initiated during the
first months due to a drier wet season substantially
amplified throughout the following months, leading
to extreme negative anomalies of accumulated soil
moisture (figure 3(c)). These precipitation deficits
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combined with clear sky conditions that were linked
to large amounts of incoming shortwave radiative
energy at the surface and enhanced diabatic processes
(figure 3(a)), induced large evaporation rates from
the surface to satisfy the high atmospheric demand
for water. This combined process was crucial for the
establishment of the pronounced soil moisture defi-
cits and evaporative stress observed during the P20F
season.

Concurring warm and dry conditions controlled
the partitioning of water and energy fluxes at the sur-
face. The evaporative fraction observed during 2020
followed very closely the precipitation and temper-
ature regimes (figures 3(c) and S2). Several periods
marked by a sharp decrease in the evaporative frac-
tion values were clearly paired with dry episodes com-
bined with extremely hot conditions. Thus, negative
anomalies of the evaporative fraction were a constant
presence during 2020 (figures 3(c) and S2). However,
it was during the fire season that the values reached

their minima indicating the presence of a strong
soil moisture-temperature coupling regime (water-
limited) in which disproportional surface losses in the
incoming shortwave radiation through upward sens-
ible heat flux allowed a re-amplification of the near-
surface (air) temperatures. The atmospheric cooling
through latent heat flux was then suppressed as well as
the capacity of the surface to mitigate the low atmo-
spheric humidity levels.

Finally, we evaluate the synoptic conditions that
triggered the development of such CDHW events
(figure 4). The spatial pattern of the 500 hPa geo-
potential height anomaly field indicates the presence
of concentric positive anomalies during the second
and third HPs over the Pantanal (figures 4 (b) and
(c)). During the first HP, positive anomalies were
also observed. However, they resulted from a north-
west extension of the high-pressure system located
over the South Atlantic Ocean (figure 4(a)). Excep-
tional low-tropospheric heating was also recorded
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as it can be observed by analyzing the 850 hPa
temperature anomaly field. These conditions rep-
resent an enhanced anomalous anticyclonic circu-
lation pattern over the Pantanal. This continental
high-pressure anomaly was widespread and respons-
ible for the air subsidence, causing pronounced adia-
batic heating at the surface, through air compres-
sion, as well as the persistent clear sky conditions
that promoted enhanced diabatic heating at sur-
face (figure S3), low levels of humidity and the
absence of precipitation episodes. Therefore, the ideal
synoptic conditions for strong atmospheric heating
and large evaporation rates were present through-
out the P20F season, in particular during the third
HP, when the Tmax values were, on average, 6 °C
above the expected levels (figure 4(f)). Changes in
the low tropospheric wind configuration were also
observed, showing the signature, close to the sur-
face, of this anticyclonic circulation pattern. During
the two first HPs, it can be observed that the wind
pattern presented a higher-than-normal northeast—
southwest orientation (figures 4(d) and (e)). This
anomalous wind pattern was marked by a conflu-
ence throughout a north-south oriented asymptote
towards south Paraguay (during the first HP), and
throughout a northwest-southeast oriented asymp-
tote towards southeastern Brazil (during the second
HP). In fact, by analyzing the mean of the observed
wind configuration recorded during these two peri-
ods (figures S3(a) and (b)) one may conclude that air
masses predominantly from the northeastern regions
moved towards the Pantanal. During the third HP
the 925 hPa wind pattern was substantially differ-
ent (figures 4(f) and S3), showing an anomalous
northwest-southeast orientation over the Pantanal.
Nevertheless, a pronounced confluence similar to the
one observed during the second HP was present.
In fact, the asymptotes marking these regions of
strong confluence were, for all the analyzed HP’s,
oriented towards the regions where the anomalies
of Tmax were higher. This could indicate that the
intense daytime heating in the low troposphere over
these regions caused the lifting of air, imposing pro-
nounced changes in the normal near-surface wind
configuration.

Therefore, during three HPs, the ideal synoptic
conditions, triggering high rates of potential evap-
oration from the occurrence of clear sky conditions
linked to atmospheric subsidence (figure S3), were
observed over central SA, particularly in the Pantanal.
However, due to the desiccated soil already observed
at the time (figure 3(b)), the surface could not meet
such atmospheric water demand. This led to low
rates of actual evaporation and, consequently, to pro-
nounced evaporative stress in the region (figure 3(c))
when extreme low levels of evaporative fraction were
observed during these periods. The spatial pattern of
the SPI-6 values, computed from the months when
these HPs occurred, confirms severe meteorological
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drought conditions (figures 4(g)—(i)). An approx-
imately northwest-southeast oriented broad region
extending from northern Bolivia to southeast-
ern Brazil, with Pantanal in its center, endured
pronounced negative SPI-6 levels from August to
October (ranging from —1 to —4). The soil moisture
deficits during the three HPs (figures 4(g)—(i)) con-
firm this situation and are spatially consistent with
the analysis of figure S2 by showing the high potential
of soil desiccation in inducing low levels of evapor-
ative fraction. A similar situation was also observed
southwards, particularly over southern Paraguay and
over northern Argentina. It is noteworthy the spa-
tial match between the regions with strong positive
Tmax anomalies and areas with negative soil moisture
anomalies, emphasizing CDHW conditions, unequi-
vocally associated with the land-atmosphere feed-
backs over these SA regions and particularly over all
subregions of the Pantanal (figure S2).

4, Discussion and conclusion

Previous studies for several regions in the globe,
markedly Europe, the Mediterranean, the USA and
Australia, highlighted the key role played by land-
atmosphere feedbacks in the amplification of fire
episodes [43—46]. However, to the best of our know-
ledge, the inter-links played by CDHW and fires in
Brazil remained practically unknown, particularly in
wetlands. Here, we provide evidence that the unpre-
cedented P20Fs were favored by the joint effect of the
observed drought and hot conditions. In fact, most of
the P20Fs occurred simultaneously to CDHW epis-
odes, which have fuelled fires through two distinct
mechanisms, in a cascading effect. First, long-term
precipitation deficits and large evaporation rates were
essential to dry out the soil and vegetation and to
reduce the flood pulse, providing unusual amounts
of fuel to fires. In parallel, soil desiccation also played
a key role in boosting the concurrence of extremely
hot conditions through the establishment of a water-
limited regime and an increase in the sensible heat
flux between the surface and the atmosphere, increas-
ing flammability thresholds.

High-pressure systems are known to favor
CDHW conditions [47], particularly in the Pantanal
[18] and also over surrounding regions such as South-
east Brazil [27]. These high-pressure (anticyclonic)
anomalies are linked to large-scale teleconnections
induced by perturbations of inter-tropical oceanic
modes such as the Madden—Julian oscillation [45]
and the El Nifio-Southern oscillation [48]. In the
analyzed CDHW events, positive anomalies of the
500 hPa geopotential heights associated with higher
surface pressure over Central SA contributed to pro-
nounced diabatic heating rates at the surface and
strong atmospheric subsidence, allowing the escala-
tion of temperatures and leveraging high evaporation
rates until the soil dry out.
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The occurrence of concurrent hazards (CDHW-
fires) is widespread over Pantanal, showing however a
great spatial variability in the amount of area affected
by fire in each subregion. The P20F occurred mainly
in forested zones (in the north) and areas that exper-
ienced no flooding and, consequently, had a huge
amount of biomass as fuel, mainly as histosols [3],
while the fires during the 2001-2019 fire seasons ten-
ded to occur in savanna environments (mainly in the
south). This fact reinforces the relative contribution
of climate and fuel as drivers of fire activity [43, 49].
Accordingly, in regions where fuel was not a limiting
factor, fire activity tended to be more vulnerable to
CDHW, increasing flammability and the probability
of high fire spread.

Previous studies have shown that differences in
hydrology modulate nexus between large-scale cli-
matic or geomorphic drivers and vegetation (fuel
availability) in the Pantanal [50]. Therefore, it is
fundamental to consider the hydrological variabil-
ity to understand fire dynamics, through the influ-
ence of the seasonal north-to-south flood-pulse wave
of the Paraguay River, as noted before for Amazo-
nia floodplains [51]. In general, summer rainfall in
surrounding areas of the Pantanal results in a slow-
moving flood pulse from north to south. Due to com-
plex processes of water retention and flow through
floodplain, inundation of the central and southern
Pantanal may occur several months after the rainfall
peaks [48]. Under these circumstances, areas in the
northern Pantanal and areas away from floodplains,
vegetation biomass respond synchronically to rain-
fall [50]. Moreover, as we showed here these areas
have spatial matches between strong positive Tmax
and negative soil moisture anomalies, particularly in
some hydrological regions in the north. On the other
hand, in flooded areas, rainfall and vegetation pro-
ductivity are not clearly correlated [50]. This dynamic
suggests that land-atmosphere physical mechanisms
responsible for triggering the amplification of fires
as we showed here seem to operate more strongly in
the years without large floods, as in 2019 and 2020.
It is likely that these mechanisms do not have the
same importance and synchronicity across the differ-
ent regions of the Pantanal, nor during years of large
floods.

Climate change scenarios from state-of-the-art
models, project significant warming in the Pantanal,
and although changes in the precipitation pattern
are less clear cut than those expected for temperat-
ure [52, 53], projected changes in SA monsoon have
shown a reduction in the length of the rainy season by
the end of the century [54]. Indeed, our results high-
light that the current trend in the Pantanal temper-
ature since 1980 is approximately four times greater
than the average global warming [8]. The fact that
CDHW events are expected to become more frequent
and intense worldwide under future climate scenarios
[55] may reinforce the occurrence of large fires as also
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shown for other regions [20, 41, 43, 44, 56, 57]. We
are confident that our findings are relevant for other
regions of the world, as some of the driving physical
mechanisms described here, namely those respons-
ible for the CDHWs, also apply across other ecosys-
tems, implying higher flammability conditions and
further efforts for monitoring and predicting such
events.

It is worth mentioning that fire is also influ-
enced by drivers beyond those directly associated
with weather conditions, namely fuel availability and
socio-economic factors. As stated by previous authors
[2, 4, 58], the P20F outbreak is not attributable to
just a single factor, but rather results from a com-
plex interplay among several contributing factors,
including weather conditions, availability of fuel
(vegetation), and human ignition sources (both acci-
dental and intended) [2]. A recent study showed that
human-caused fires exacerbated drought effects on
natural ecosystem during the P20F season, with more
BAs primarily over natural areas [59].

Accordingly, any strategy to mitigate the effects of
wildfires in the Pantanal needs to consider a combin-
ation of these factors and the different characterist-
ics of each one. Accordingly, integrative fire strategies
should require adaptive and social transformative
perspectives [4, 60]. Thus, our results may improve
the assessment of potential high-impact hazards, like
the P20F, helping stakeholders to act upon these com-
plex events.
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