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Abstract Fires are a fundamental part of the Earth System. In the last decades, they have been altering
ecosystem structure, biogeochemical cycles and atmospheric composition with unprecedented rapidity. In
this study, we implement a complex networks-based methodology to track individual fires over space and
time. We focus on extreme fires—the 5% most intense fires—in the tropical forests of the Brazilian Legal
Amagzon over the period 2002-2019. We analyse the interannual variability in the number and spatial
patterns of extreme forest fires in years with diverse climatic conditions and anthropogenic pressure to
examine potential synergies between climate and anthropogenic drivers. We observe that major droughts,
that increase forest flammability, co-occur with high extreme fire years but also that it is fundamental to
consider anthropogenic activities to understand the distribution of extreme fires. Deforestation fires, fires
escaping from managed lands, and other types of forest degradation and fragmentation provide the ignition
sources for fires to ignite in the forests. We find that all extreme forest fires identified are located within a
0.5-km distance from forest edges, and up to 56% of them are within a 1-km distance from roads (which
increases to 73% within 5 km), showing a strong correlation that defines spatial patterns of extreme fires.

1 Introduction

Fire is an Earth system process that has been shaping
vegetation dynamics and influencing atmospheric com-
position for millions of years. Humans have been using
fire to manage the landscape for millennia [1-3]. Cen-
turies of experience in managing fuel to lower fire risk
and maintain a diverse landscape is captured in tradi-
tional and often indigenous knowledge in many trop-
ical semi-arid regions, such as African savannas, Aus-
tralia or the Brazilian cerrado [4,5]. However, over the
past decades fires have often been used as a cheap tool
in deforesting tropical forests, which are not adapted
to fires and undergo significant alterations in compo-
sition, structure and functions [6,7]. In the Brazilian
Legal Amazon (BLA), about 4600 km? of forest were

lost to deforestation in low (2012) and up to 27800 km?
in high (2004) deforestation years [8]. The establish-
ment and enforcement of the Action Plan to Prevent
and Control Deforestation in the Brazilian Legal Ama-
zon (PPCDAm) in 2004, together with the Soy Morato-
rium in 2006, and the Zero-Deforestation Cattle Agree-
ments in 2009 allowed to progressively reduce defor-
estation rates from 2005 onwards [9,10]. While the use
of fire in deforestation was an accepted paradigm for a
long time, Aragao et al. [11] suggested a decoupling
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between deforestation and fire because the decrease
in fire activity was not as strong as the decline in
deforestation during the period 2003-2015. However,
Libonati et al. [12] revisited the decoupling hypothe-
sis recently and found a much weaker decoupling for
the same period, which consequently reinforces the role
of deforestation as a major driver of fire in Amazonia.
Management fires that escaped from agricultural lands
and cattle pastures in previously deforested areas into
the surrounding forests became the largest driver of for-
est burning [13,14]. Despite reduced deforestation, fire
frequency increased in drought years which is usually
linked to anomalously warm phases of the tropical east-
ern Pacific (related to the El Nino Southern Oscillation,
ENSO) and the northern Atlantic oceans (related to the
Atlantic Multidecadal Oscillation, AMO).
Anomalously warm Sea Surface Temperature (SST)
in the tropical North Atlantic weakens northeast trade
wind moisture transport during the summer resulting
in reduced rainfall during the dry season especially in
western and southwestern Amazon [15,16]. Warm SST
anomalies in the equatorial Pacific suppress convec-
tion and subsequent rainfall over the northern, central
and eastern Amazon [17-19]. A combination of eastern
Pacific and tropical north Atlantic warming may cause
more severe, prolonged and/or widespread droughts
[20-23]. In addition to extreme droughts, ongoing cli-
mate change has already influenced rainfall seasonality
in the Amazon basin, by delaying the onset of the rainy
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season at the end of the calendar year which is pro-
jected to continue in the future [24]. This is not only
putting the functioning of the tropical rainforest at risk
but also the livelihoods of local communities living from
the goods and services the Amazon rainforest provides
to them [25].

In the vast Brazilian Amazonia, ground-based infor-
mation on fire occurrence and impact on vegetation is
scarce or anecdotal. High-resolution data are required
to determine fire regimes and their respective changes
caused by climate and human land-use changes [26-
28]. Remotely sensed datasets on fire occurrence (active
fires) [29] and extension (burned areas) [30] enable us
to fill this data gap and explore large and diverse areas
such as the Brazilian Legal Amazon of more than 5
million km? in size.

While complex network approaches have been applied
to examine extreme rainfall events [31], long-term rain-
fall variability [32], continental moisture transport [33]
and climatic factors influencing global mean temper-
ature [34], they have not been used so far to explore
fire extremes. We apply the complex networks-based
methodology developed in Traxl et al. [35,36] to fire
data for the first time. We implement this novel
methodology to identify individual fires and track their
evolution over space and time. The advantages of such
an individual-fires approach have been highlighted in a
recent study by Andela et al. [37]. Thus, it is possible
to calculate the integrated fire intensity for individual
fires, and use it for the definition of extreme events.
In this study, we define extreme fires as the 5% most
intense fires. This subset of extreme fires is responsible
for almost 30% of the total burned area in the BLA over
the study period 2002-2019. We compare spatial occur-
rence and interannual variability of extreme fires in
evergreen forests of the BLA and interpret both spatial
and temporal patterns in relation to large-scale climate
events, and to anthropogenic drivers such as deforesta-
tion and road development. We address the following
objectives: (1) apply a novel network-based method-
ological approach that enables us to identify individ-
ual fires for the evaluation of spatio-temporal dynam-
ics of extreme fires in Amazonian evergreen forests. (2)
Inspect spatio-temporal differences in the distribution
of extreme forest fires in years with diverse climatic
conditions and degrees of anthropogenic pressure. (3)
Identify potential impacts of climatic drivers such as
the ENSO- and AMO-associated severe droughts, as
well as anthropogenic drivers such as deforestation and
distance from roads and forest edges on the spatio-
temporal variability of extreme fires.

2 Data and methods

We define our study area following the boundaries of
the Brazilian Legal Amazon (BLA), a political con-
cept conceived to plan and promote regional develop-
ment. It encompasses the states of Acre (AC), Amapa
(AP), Amazonas (AM), Mato Grosso (MT), Para (PA),
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Rondénia (RO), Roraima (RR), Tocantins (TO) and
part of Maranhdo (MA) (ca. 5 million km?). Approx-
imately, 66% of this territory was covered by tropical
evergreen forests in 2018 [38] (Fig. 1), on which we focus
in the present study. Apart from the Amazon biome,
the BLA also includes part of the Cerrado biome, along
southern MT, TO and MA, and part of the Pantanal
biome in southwestern MT [39].

We retrieve the Thermal Anomalies and Fire
MOD14A1 and MYD14A1 C6 datasets over the period
from 2002 to 2019 to feed our spatiotemporal fire clus-
ters algorithm. These products, which register daily
hot pixels in a 1-km sinusoidal grid, are provided by
the Moderate Resolution Imaging Spectroradiometer
(MODIS) sensors on board the satellites Terra and
Aqua [40]. Furthermore, we overlay the fire data with
the annual 500-m IGBP classification scheme of the
MODIS MCD12Q1 Land Cover Type C6 product in
the previous year to select only those fires that occured
in evergreen forests [38]. Each 1-km resolution active
fire has four 500-m resolution pixels with land-cover
information. To assign a land cover to the fire clusters
we aggregate the land-cover information of all the con-
stituent events within and select the class that covers
at least 80% of the cluster area. If none of the land-
cover classes within the cluster reach that threshold, we
discard the fire. Thus, we make sure that the fires we
work with are really located in a particular land-cover
type. Deforestation data is supplied by the PRODES
project, which monitors clear cut deforestation in the
BLA since 1988 [8], and the road network is provided
by the Brazilian Institute of Geography and Statistics
(IBGE) [41,42].

To aggregate fire data into spatiotemporal clusters
that we can track over space and time, we employ
network theory. In network theory, a complex sys-
tem is represented as a graph. The individual parts
of the system are represented by the graph’s nodes,
and their pairwise relations by edges. Here, we rep-
resent the MODIS fire and land-cover remote-sensing
data as a graph. Pixels within the study region affected
by fire constitute the nodes of the graph, while edges
between them are created upon spatio-temporal prox-
imity (Fig. 2a). We consider a pair of fire events as
neighbors if they are in the same three-dimensional
(latitude, longitude, time) Moore neighborhood, and
no spatial or temporal gaps are allowed. The structure
emerging from the constructed edges between neigh-
boring fire events allows us to identify spatiotemporal
fire clusters as the connected components of the graph
(Fig. 2b). Details of the methodology used to determine
the clusters computationally can be found in Traxl et
al. [35].

Once the individual fires—i.e., spatiotemporal fire
clusters—are identified, the integrated fire variables of
their constituent fire events can be computed. Unlike
in other studies where burned areas or single-pixel
hotspots are employed, the individual-fires approach
allows to determine which of them are extreme fires
based on their integrated intensity, i.e. the Fire Radia-
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Fig. 1 Extension of tropical evergreen forests in 2018 [38]
(green shaded area) and cumulative deforested area over
the period 1988-2018 [8] (orange shaded area) in the dif-
ferent states of the Brazilian Legal Amazon: Acre (AC),
Amapéd (AP), Amazonas (AM), Maranhdo (MA), Mato
Grosso (MT), Pard (PA), Rondénia (RO), Roraima (RR)
and Tocantins (TO). Main rivers are depicted in blue. Dark
red solid lines indicate the geographical location of main
roads [42]. Primary roads in the tropical forest are labelled.
The Trans-Amazonian highway (BR-230), the most exten-
sive project ever planned in the Amazon tropical forest,
runs along 4000 km from the state of Paraiba in the north-
east region of Brazil to the state of AM. The BR-~163 links
Cuiab4, in central Brazil, and Santarém (PA), on the south-
ern margin of the Amazon river, connecting crop production
centers in MT with the international port of Santarém. The
BR-158 and BR-155 were planned to connect agricultural
poles in northeastern MT and the port of Marabd (PA).
The BR-319 runs through a pristine area of the Amazon
tropical forest from Manaus (AM) to Porto Velho (RO) as
an alternative to the waterway to transport products from
the Manaus Free Trade Zone to Sao Paulo. The BR-174 con-
nects Manaus (AM) with the state of RR and continues to
Venezuela, being the only road connection of the state of
RR with the rest of the country

tive Power (FRP). We chose to analyse fire intensity
(i.e. the radiant energy released by fires), because it is
a crucial variable to estimate socio-ecological impacts
of fires as well as burned biomass and fire-induced emis-
sions [43,44]. We select only extreme forest fires, mean-
ing those fires whose intensity (FRP) was greater than
or equal to the 95th percentile of the variables’ distri-
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bution, i.e. the most intense 5% of the sample. Extreme
fires largely contribute to the total forest burned, since
70% of the extreme fires are also within the 5% largest
fires (by area) identified. In the context of the entire
study period, extreme fires accounted for almost 70%
of the total integrated intensity, and almost 30% of the
total integrated burned area in the BLA forests (data
not shown). Henceforth, we will refer to the extreme
individual fires in Amazonian tropical forests simply as
extreme fires.

3 Results and discussion

3.1 Temporal variability

We find a total of 351.991 fire clusters in tropical ever-
green forests of the BLA over the period 2002-2019,
which account for 43% of the total number of fire clus-
ters registered in the 18-year period in the region. Of
those, a total of 17.606 fire clusters were categorised
as extreme events—the most intense 5%—and selected
from the sample. We observe that the interannual vari-
ability of extreme forest fires shows a strong, posi-
tive relationship with drought and/or high deforesta-
tion years (Fig. 3a). When plotting the annual number
of extreme fires against the total number of fires, we
find a strong linear correlation with a Pearson correla-
tion coefficient of 0.97. The highest ratios are observed
at the beginning of the study period (2003-2006) when
deforestation rates were the highest (Fig. 3b).

The most severe droughts registered in Amazonia in
the twenty-first century were linked to ENSO and/or
AMO events. As several studies have reported, those
events are associated with increased mean tempera-
ture, decreased levels of rainfall, and an extended dry
season [17,46,47]. The year 2005 witnessed an exten-
sive AMO-associated drought identified as a 1-in-100-
year event in the BLA [16,48]. The 2010 drought
started during an El Nino event and then became more
intense with the anomalous warming of the tropical
north Atlantic [16,21]. The combination of both phe-
nomena caused the 2010 drought to be more severe
and remain for longer than the 2005 drought [49].
Lewis et al. [16] found that ca. 60% more arca was
affected by the drought in 2010 compared to the year
2005. At the end of the year 2015 and beginning of
2016, one of the greatest El Nifio events of the last
decades—combined with the regional warming trend—
struck the region with unprecedented warming and the
most extensive area under extreme drought severity
[19,50].

Of the total deforestation in the BLA over the study
period, 45% occurred in the first four years (2002
2005) [8], peaking in 2004 (Fig. 3a). At that time, as
Aragéo et al. [51] stated, land conversion through defor-
estation was one of the main drivers of fire dynamics
in the region. Through successful public policy (PPC-
DAm) and later interventions in beef and soy sup-
ply chains [52,53], a declining deforestation trend was
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Fig. 2 a Sketch of a spatiotemporal fire cluster (black
lines) propagating in space and time (grey lines). A tem-
poral axis is added to the MODIS sinusoidal grid (longitude
and latitude). MOD14A1 and MYD14A1 active fires consti-
tute the nodes of the network, and edges indicate whether
fires are neighbors on the spacetime grid. Connected nodes
in the system generate the individual fire clusters. Figure
derived from Fig. 1b in the work by Traxl et al. [36]. b High-
resolution illustration showing the progression over space

observed from 2005 onward (Fig. 3a). However, as
already discovered by Aragdo and Shimabukuro [54],
forest fire numbers did not show the same decrease
as deforestation rates at that time because most of
the burned forests were driven by escaping fires from
managed land [13,14]. The increase in fire numbers
observed in the most recent years (Fig. 3a) has been
linked to the current increased deforestation activities
[55].

We find that extreme fire activity in Amazonian
tropical forests upsurged during the three most severe
droughts of the last 100 years in 2005, 2010 and 2015,
with a total of 2388, 850 and 773 extreme fires, respec-
tively (Fig. 3a). The largest density of extreme fires
over the evergreen forests of the BLA was observed
in 2005 (7.2 x 10~* extreme fires/km? tropical forest)
coinciding with high deforestation rates. High density
values were also detected in the drought years of 2010
(2.5 x 10™* extreme fires/km?) and 2015 (2.3 x 1074
extreme fires/km?) with lower deforestation rates. The
increase in extreme fires found in 2012 (519 events,
Fig. 3a) may be related to the progressive grass inva-
sion of burned forests described by Veldman and Putz
[56]. Silvério et al. [57] found that grasses advanced
much faster into the burned forests between 2008 and
2011—after the 2007 fires, than they did in the years
2004-2006. As a result of the accumulation of grassy
fine fuel loads on the forest ground, forest fires became
up to four times more intense. Thus, rapid coloni-
sation by grasses contributed to create the scenario
for more intense forest fires in 2012. We registered
another increase in extreme fire activity in 2017 (725
events, Fig. 3a) that we connect to the extreme heat
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and time of an extreme fire registered in northeastern Mato
Grosso in 2004. It lasted 10 days, starting on the 04.09.2004.
Each dot represents an active fire within the extreme fire
cluster, and the different colours indicate each of the time
steps of the extreme fire cluster development. Background
is the MODIS Nadir BRDF-Adjusted Reflectance (NBAR)
500-m resolution daily product (MCD43A4) [45] on the day
when the fire started

and widespread drought severity in the years 2015-
2016. Jiménez-Mufioz et al. [49] found that up to
13% of Amazonian tropical forests endured extreme
drought at the beginning of 2016, which set the con-
ditions for more extreme forest fires in 2017. On the
other hand, the year 2013 was classified as excep-
tionally wet based on the positive rainfall anoma-
lies and a short dry season [11]. These conditions
did not promote high intensity forest fires and there-
fore, we observed the lowest number of extreme fires
(179 events, Fig. 3a) over the study period in that
year.

In the year 2019, in the absence of particular drought
conditions, we find an increase of 57% in extreme fires
compared to the previous year, and the highest num-
ber since 2007 (Fig. 3a). The density of extreme fires
over the BLA in 2019 (2.6 x 10~* extreme fires/km?
tropical forest) was even greater than in years when
severe droughts struck the region, e.g. in 2010 and 2015
(Fig. 3a). In Amazonia, Barlow et al. [55] observed three
times as many active fires in August 2019—typically the
peak of the fire season (alongside September)—than in
the same month in 2018. Also, Lizundia-Loiola et al.
[58] found a larger amount of burned area in Brazil
in 2019 than in the previous year. Both studies align
with our findings of increased extreme fire activity in
the tropical forests of the BLA in 2019 compared to
the previous year. When we consider the most recent
years, i.e. the time interval from 2007 to 2019, we find
an above-average number of extreme fires in 2019. How-
ever, if set into the context of the entire study period
(2002-2019), we observe that 2019 is below average.
When taking this 18-year period into account, the high-
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Fig. 3 a Annual amount 10000
of fires (gray bars, right
y-axis) and extreme fires
(black bars, left y-axis) in
tropical forests of the
Brazilian Legal Amazon
over the period 2002-2019.
The gray line (right y-axis)
displays the annual
deforested area. Labels A
and E indicate the
anomalous warming of the
northern Atlantic (AMO)
and tropical eastern Pacific
(ENSO) oceans,
respectively, which are
related with reduced
rainfall. Stars denote the
selected years for the
analysis. b Relationship
between annual extreme
fires and total fires.
Triangles denote high
deforestation years (above
average for the period
2002-2019). Symbols of
years selected for the
analysis are shown in red
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est extreme fire years are concentrated at the begin-
ning of the time-series (Fig. 3a), or at the upper end
when plotting numbers of extreme fires against num-
bers of fires (Fig. 3b). Lizundia-Loiola et al. [58] also
reported the 2019 annual area burned in Brazil being
close to the long-term average. The increase in extreme
fire activity which we also found in 2019 (Fig. 3a) has
been associated with increasing deforestation rates by
several studies [59-61]. In agreement with that, we find
34% more deforested area in 2019 than in the pre-
vious year, and the highest deforestation rate since
2009 (Fig. 3a). Clear-cut deforestation for agriculture
and rangelands raises emissions of aerosols and green-
house gases from fires used in the process [62]. In 2019,
thick, dark smoke from the Amazon deforestation fires
reached distant big cities, including Sao Paulo [63],
which received a lot of political attention and media
coverage. Public awareness of the critical situation of
the Amazon forests and the negative impact of these
fires on public health increased during this episode
[64].

15000 20000 25000 30000 35000

Number of fires

3.2 Spatial variability

Our study reveals differences in the spatial distribution
of extreme forest fires as well as certain patterns that
remain stable over the study period. Droughts co-occur
with a high number of extreme fires in the years 2005,
2010 and 2015 (Fig. 3a), although there is some vari-
ability in the spatial distribution. We find a large num-
ber of extreme fires concentrated in the states of Acre,
Rondoénia, northern half of Mato Grosso and Pard in
2005 (Fig. 4a). This is consistent with previous studies
that locate the epicentre of the AMO-driven drought of
2005 in western Amazonia [65,66]. In 2010, both the
El Nino and warming of the tropical north Atlantic
occurred simultaneously and areas in the southwestern
Amazonia and the state of MT were especially affected,
as reported by previous research [16,47], and as shown
in Fig. 4b. In 2015, extreme fires concentrated in north-
eastern Amazonia (Fig. 4¢) as a result of the impact of
one of the strongest ENSO events on record [67,68]. By
estimating the relative percentage difference between
the extreme fires distribution per states in 2015 and
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Fig. 4 Spatial distribution of extreme forest fires in the
Brazilian Legal Amazon in a 2005, b 2010, ¢ 2015, and d
2019. Fire clusters are represented by red points. Dark red
solid lines indicate the geographical location of main roads

2005, the spatial shift becomes apparent. In 2015, the
number of extreme fires increased only in the states
of Roraima and Maranhéao (157% and 47% of increase,
respectively) compared to values in 2005. The most sig-
nificant decrease in the number of extreme forest fires
in 2015 was observed in Mato Grosso (83%), Rondonia
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[42]. The extension of the tropical evergreen forest [38] is
demarcated in green. See Fig. 1 for names and details of the
roads

(81%) and Acre (78%). This means, more extreme fires
occurred in the southwestern states (MT, RO and AC)
in 2005, but concentrated in the northern and eastern
states (RR, MA) in 2015.

The fact that the drought in 2015 was more intense
and extensive but registered lower fire activity than
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during the 2005 drought (Fig. 4a vs. ¢) points to defor-
estation as the dominant driver of extreme fires. It is
known that forest fragmentation and edge effects from
deforestation expose forests to warm conditions allow-
ing fuel loads to dry out more rapidly and therefore, sus-
tain higher-intensity fires [69,70]. Thus, the high defor-
estation rate registered in 2005 (Fig. 3a) is linked to the
high number of extreme fires in that year. We discover
that every single extreme fire we identified in the trop-
ical forests over the entire study period is within 0.5-
km reaching distance from forest edges, i.e. deforested
areas, activities related to mining and logging, as well as
clearings for small ranching and farming, both legal and
illegal. The states of Amazonas and Paréd accounted for
73% of the evergreen forests in the BLA in 2018. How-
ever, while PA concentrated 32% of the total deforesta-
tion in the BLA over the period 2002-2019, AM accu-
mulated only 8% of the total deforestation [8]. Tropical
forests in PA have been more heavily impacted than in
AM, mainly due to the higher number of roads devel-
oped in PA (Figs. 1, 4). There is a consensus that roads
are directly and indirectly related to deforestation [71-
73]. The transportation network increases forest acces-
sibility and rapid expansion of the agricultural frontier
into the forests, which perpetuates forest degradation
[74-76]. The typical pattern of forest colonisation leads
to the opening of secondary paths branching from main
roads, which allow new settlers to penetrate further into
the tropical forests. We observe a clear arrangement
of extreme fires along roads, for instance following the
Trans-Amazonian highway (BR-230), the largest infras-
tructure project through the tropical forest in the BLA
(Figs. 1, 4). Another example is the characteristic fire
pattern in PA along a polygon formed by the highways
BR-163, BR-230, BR-155 and BR-158, which connect
agricultural and timber production centers with distri-
bution ports (Figs. 1, 4).

We explore the spatial distribution of extreme fires
with respect to the road network in 2005 [41] and 2014
[42] and find a strong correlation between them. We
notice that 57% and 40% of the total number of extreme
fires are within 1-km distance from roads in 2005 and
2014, respectively. If the distance is expanded to a
radius of 5 km from roads, we find 75% in 2005 and 61%
in 2014 of the extreme fires within that area (Fig. 5). We
deduce that the higher number of extreme fires close to
roads in 2005 compared to 2014 is related to the high
deforestation activity reported in 2005 (Fig. 3a) and
the need of a very large number of paths in the tropi-
cal forests to reach the deforestation sites. By the year
2014, following a significant drop in deforestation rates
(Fig. 3a), road opening activities had decreased very
much, and also an important number of the paths con-
structed in 2005 had been abandoned. Thus, the lower
number of roads in use in 2014 led to a reduced num-
ber of extreme fires linked to roads. It is very important
to consider that new unofficial or illegal unpaved roads
are constantly being opened in the tropical forests [77],
which makes it difficult to keep road maps in the region
up to date. This suggests that even higher numbers of
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Fig. 5 Cumulative number of extreme fires in the Brazilian
Legal Amazon (in percentage) within various distances from
the road network in 2005 (points) [41] and 2014 (triangles)
[42]. Input data is subject to uncertainty due to the lack
of resources to register unofficial or illegal unpaved roads.
Even higher numbers of extreme fires may be connected to
roads in Amazonian forests than quantified here

extreme fires may be connected to roads in Amazonian
forests than quantified in our analysis.

The dominance of anthropogenic drivers on the spa-
tial distribution of extreme forest fires is also observed
in 2019, when significant fire activity was registered
despite average climatic conditions. In that year, the
highest deforestation rate in the BLA since 2009 helps
to explain the high fire activity (Fig. 3a). The spatio-
temporal link between deforestation and fire that was
observed in the early 2000s has been reported again
in the last years [59]. We detected some unusual fire
activity in the states of Roraima and the southern and
central regions of Amazonas in 2019 (Fig. 4d), com-
pared to the spatial patterns of extreme fires in the
other years analysed. Thus, extreme fire distribution in
RR and AM is likely to be related to ignition sources
provided by increasing deforestation activities for agri-
cultural expansion, the main driver of fire activity in
the region in 2019 [58]. Agriculture frontier expansion
increases the risk of escaping fires from managed agro-
pastoral lands [13]. The current Brazilian government,
strongly supported by the powerful agribusiness sec-
tor, operates to open the vast and ecologically sensitive
Amazon rainforests to greater commercial exploitation
[78,79], which poses an additional threat to tropical for-
est conservation.

While global climate change has the potential to
increase drought conditions, anthropogenic drivers of
forest degradation (deforestation, roads, logging, min-
ing, farming, etc.) provide the ignition sources that
determine fire distribution in the sensitive tropical
forests of the BLA [68,80]. Furthermore, anthropogenic
fire behaviour adapts to the eco-climatic conditions
[81,82]. Even localised drought conditions may encour-
age anomalous increased anthropogenic fire activity
through deforestation and land management [83]. In
line with this, we observe spatiotemporal correspon-
dence between high extreme fire years and drought
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years and/or high deforestation years. According to our
findings, all the extreme fires are a direct consequence
of forest clearing, and therefore, they are always asso-
ciated with forest edges. Among the activities respon-
sible for creating forest edges, we find that roads are
a prominent factor in defining the spatial distribution
of extreme fires. Comparing the spatial patterns of
extreme fires in years with different regional climatic
conditions and degrees of human influence helps us to
identify the most affected areas in each case (Fig. 4).
The individual-fires approach also allows us to flag loca-
tions that burn for the first time, e.g. are part of the
pristine tropical evergreen forests or previously pro-
tected areas, and to disentangle the diverse and inter-
related fire driving forces. Focus should be put on iden-
tifying the agents who cause fires, and applying specific
measures to halt the fire-driven transformation of trop-
ical Amazonian forests and, therefore, reduce its asso-
ciated carbon emissions.

4 Conclusions

In this study, we use a novel network-based representa-
tion of fire events in order to track and investigate local
formations of spatio-temporal fire clusters of high inten-
sity in evergreen forests of the BLA. Our findings are
in line with previous studies underscoring that both cli-
matic and anthropogenic factors determine the spatio-
temporal distribution of extreme fires in the region. We
observe that climatic extreme events define the inter-
annual fluctuation of extreme fires but they also affect
their spatial distribution. The epicenter/s of droughts
induced by ENSO- and AMO-events or a combination
of both, are usually spatially distinct in Amazonian
tropical forests. The interannual variability and spa-
tial distribution of deforestation also helps to explain
extreme fire patterns in Amazonian tropical forests.
The link between fire activity and deforestation was
strong until the year 2005, after which policies imple-
mented to prevent deforestation led to some spatio-
temporal decoupling between both processes. However,
in recent years, and especially in 2019, data suggest that
the connection between fire activity and deforestation is
getting stronger again. Spatially, all identified extreme
fires were located within 0.5-km distance from forest
edges, which are constantly growing as a consequence
of forest-clearing for a wide range of purposes. Extreme
fires are closely distributed along the roads that run
through the Amazon tropical forests. Apart from aug-
menting forest flammability at the drier forest edges,
roads allow further colonisation of the Amazon pristine
forest bringing ignition sources into the forests through
activities such as logging, grazing and farming. We find
up to 57% of extreme fires within 1-km distance from
roads and up to 75% if the distance is extended to 5 km.
Our results highlight the relevance of properly assessing
the synergistic effects of continued deforestation, ongo-
ing climate change and fire to control the advancement
of forest degradation. This knowledge should feed into
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the strategies and policy mechanisms aimed to protect
the undisturbed Amazonian forests.
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