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Protected Areas (PA) in Brazil have legalinstruments for the conservation and
protection of fauna and flora. The Sustainable Use Reserves (SURs) category
have mechanisms to ensure the security of traditional lifestyles. Despite the
existence of mechanisms and information that contribute to the protection
of forest areas, threats to its conservation such as deforestation, fires, and
climate extremes are increasing. Fires represent a major threat to many
sustainable development goals, such as climate, health and food security,
especially for people who depend on forest resources. This study covers two
SURSs, the Tapajos National Forest (FLONA Tapajos) and the Tapajés-Arapiuns
Extractive Reserve (RESEX Tapajos-Arapiuns) located in Para State, Brazilian
Amazon, where deforestation, fires and land conflicts have escalated during
the last decade. This research aimed to analyze environmental and land
management data to construct a Fire Exposure Index (FEl), identify the
pressure exerted on SURs and a tool to guide strategic planning since
exposure is a component of vulnerability, therefore also of risk. The index
is composed of four dimensions: fire, landscape, climate and territorial
management. We analyzed the spatio-temporal dynamics between
2003 and 2020 to determine the Fire Exposure Index in 2020. The results
indicate where and how interactions occur in priority areas, with regard to
fire, landscape, climate and territorial management. High values of FEI (above
0.8) were mainly distributed around the northern and southeastern part of
FLONA Tapajos in approximately 1,300 km?, an area occupied by a high
density of roads and agricultural expansion, which may affect the interior of
the SURs. In the RESEX Tapajos-Arapiuns, the area with high FEI occur along
the banks of the Arapiuns and Tapajos rivers, covering an area of about
330 km?, where most of the riverside communities live. The methodology
developed in this research is potentially replicable for other protected areas
in Brazil and in the world to support understanding and the development of
management strategies to deal with fire threats. The additional format of
communicating the results of this research to society and decision makers
was conceived as a dashboard to facilitate its use.
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1 Introduction

Sustainable Use Reserves (SURs) correspond to the majority
(73%) of protected areas in the Amazon, contributing to the
maintenance of essential environmental services, including climate
regulation [1, 2]. Agricultural activities traditionally carried out by
populations in these areas rarely lead to fire escapes in normal climatic
contexts, however, they have become riskier with climate change and
the local environment [3, 4]. It is pertinent to understand the dangers
that these areas are exposed to and contribute to the conservation of
these SURs for the planning of more effective and appropriate
interventions for their management [5, 6].

Environmental processes, such as changes in the drought
regime, make vegetation more vulnerable to burning, with the
potential to intensify fire escapes that cause forest fires [7, 8]. This
change in the pattern of occurrence of these events can make
traditional methods of preventing fire escape less efficient [4].
Among the factors that influence the increase in the occurrence
of fires in the Amazon are: deforestation, inadequate land
management, increase in forest edges [9, 10], proximity to
main roads and density of pathways [11, 12].

The analyses of the effects of forest fires, although widely
discussed, are constantly being improved, with results that
vary according to the space-time scale of the study. However,
the consequences of fires in tropical forests on social aspects
have been little explored by the literature, which has a large
part of the analyzes associated with physical-natural
the
responsible for the ignitions [13-15]. Thus, it is understood
that it is identify the
characteristics of the elements exposed in the SURs (ex.:

characteristics, although human action is main

essential to spatio-temporal
forest, productive and housing areas), as well as the
pressures to which they are subjected: the intensification of
droughts, the occurrence of fires and the dynamics of its
surroundings for the characterization of threats.

The [16] identified that forest fires occurrence are a threat
that disproportionately affect the poorest communities and delay
the achievement of the United Nations Sustainable Development
Goals (SDGs) [16]. Dozens of SDGs are compromised by the
occurrence of forest fires, including reduced agricultural
potential, loss of livelihoods and increased poverty [16].

Among the procedures indicated for decision makers is the
understanding of asset exposure levels (properties and
infrastructure) and access to information on fire risks. As a
better

prepare for, respond to and recover from wildfires [16]. It is

result, communities and local authorities will be
understood that it is essential to identify the spatio-temporal
characteristics of the elements exposed in SURs, such as forests,
productive and housing areas, as well as the pressures to which
they are subjected, such as the intensification of droughts,
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occurrence of fires and the dynamics of their environments
for the characterization of threats. In this study, the threat is
represented by fire, which can result in wildfires after its escape
during agricultural management.

The Tapajés National Forest (FLONA Tapajos) and the
(RESEX  Tapajds-
Arapiuns), located in Eastern Amazonia, have faced several
fire with
10 thousand km* of burned area of primary forest and
200 km* of secondary forest only during the 2015/16 El Nifio
[3]. of
environmental data and territorial management to build the
Fire Exposure Index (FEI) at FLONA Tapajés and RESEX
Tapajos-Arapiuns. In addition, it makes this information

Tapajos-Arapiuns  Extractive Reserve

challenges related to management, almost

Therefore, this research aims to use analysis

available on a dashboard to facilitate access to information for
decision makers, local communities and society, here called
users. The products resulting from this research have the
potential to support prevention and monitoring strategies in
order to mitigate the negative impacts associated with wildfires.

2 Background: Concept socio-
environmental exposure to fires

In this research, we were based on the exposure approach
determined by the fifth IPCC report [17]. In the report,
vulnerability, as a risk component, is defined as a function of
the exposure, sensitivity and adaptive capacity of the system to
threats. The approach relates exposure to a particular event or
process, according to the type and intensity of threats to which
the system is exposed.

The Sendai Protocol (United Nations Office for Disaster Risk
Reduction—[18]) presents seven targets for small and large-scale
disaster risk reduction by 2030. Understanding risk and
strengthening governance to manage disaster risk is one of the
priorities for action, according to this protocol [18]. Exposure
assessment is the first step to systematize and quantify the
hazards in which a population is inserted. This, in the context
of fires, is determined by the spatio-temporal behavior of the
interaction between fires, changes in land use and cover, and
climate pattern ([7]; [19] [20]).

The organization and management of territories can also be
considered elements of the exposure, as they determine the areas,
activities and procedures that can be used in the territory. When
populations occupy areas where exposure to fire is impossible to
avoid, land use planning and decisions may be accompanied by
other sources of local data and information to prevent or mitigate
risks [21]. Once the processes and locations most exposed to the
threat are known, managers and the population can be better
prepared to manage and prevent it.
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FIGURE 1

Location of FLONA Tapajos and RESEX Tapajos-Arapiuns.

Among the challenges identified by the [22], the need for
data and methods to increase knowledge of vulnerability
stands out. Despite efforts to define the behavior of fires
and their impacts, in Brazil there are no methodologies to
define a synthetic index as a subsidy to determine the exposure
of fires and the elements that contribute to its occurrence. An
index with this information is of great importance, since the
dynamics of exposure to the threat of fire can change over
days, weeks, months and seasonally.

3 Material and methods

3.1 Study area

This research covers two Sustainable Use Reserves (SURs): i)
the RESEX Tapajés-Arapiuns, Decree s/n’, of 6 November
1998 [23]; and ii) FLONA Tapajos, Decree No. 73,684, of
19 February 1974 [24]. Both are located in the west of the
State of Para, with administrative headquarters in the city of
Santarém (Figure 1).
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RESEXs are intended for traditional extractive populations to
protect their ways of life, to ensure the sustainable use of natural
resources, where subsistence agricultural activities are also
developed [25]. The FLONAs have as their basic objective the
sustainable multiple use of forest resources and scientific
research, in areas with predominantly native forest cover [25].
Although the category is not intended for populations, the
FLONA Tapajoés is home to traditional population that was
already living in the area before 1974, the year of its creation.

The territorial organization of the SURs is presented in the
table (Table 1). The population of the RESEX Tapaj6s-Arapiuns
is larger and has higher density, despite having a larger area, in
relation to the FLONA Tapajos. In FLONA there are three
villages of indigenous communities, while in RESEX there are
members of communities that identify themselves as indigenous,
representing about seven ethnic groups. Both SURs have
infrastructure and activities in common encompassing the use
of the forest products for subsistence and local scale markets. In
addition to the articulation that was built between FLONA
Tapajéos and RESEX Tapajés-Arapiuns to address issues of
strengthening territorial management, in both SURs, actions
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TABLE 1 Characterization of SURs; Levantamento em campo dos autores (2022).

RESEX Tapajés-Arapiuns FLONA Tapajos

Population 18 thousand inhabitants 4 thousand inhabitants

Families 3,500 families 923 families

Area 6,476.1 km* 5,273.19 km*

Communities 74 traditional communities 21 traditional communities and 03 indigenous villages
Infrastructure Microsystems for water distribution, electricity generator, unpaved streets, schools, soccer field, church

Activities Fishing, perennial crops, livestock, raising fish in ponds, small animals, native bees, hunting, fishing, plant extraction focused on the

manufacture of oils and rubber, construction of houses and handicrafts

TABLE 2 Remote sensing data used to access indicators.

Variables Description Period Source
Hot spots Hot spots recorded by satellites: Terra and Aqua/MODIS sensor 2003-2020 FIRMS/NASA
Use and Coverage Classes of forest, pasture, agriculture, water bodies, among others, with 30 m resolution 2003-2020 [49]
Secondary forest derived from MapBiomas 2003-2020 [31]
Infrastructure Highways 2012 DNIT
Precipitation Daily and monthly CHIRPS product data with 5 km spatial resolution 2003-2020 University of California
Surface Temperature Layer LST_Day_lkm, derived from the product MYD11A1 2003-2020 AppEEARS/USGS

are developed for the integrated management of associates and
cooperative members. This demonstrates the commitment of
traditional and local populations to make activities compatible
with sustainability objectives.

3.2 Data base

To generate the indicators for calculating the Fire Exposure
Index (FEI), data derived from remote sensing and socio-
environmental databases were used (Table 2). With this
dataset, it was possible to determine fire behavior, land use
and land cover patterns, precipitation and temperature in the
SURs (Table 2). It is considered that the roads are a constituent
part of the landscape, in this way, they were aggregated in the
infrastructure variable. The land use and land cover product
underwent a reclassification in order to define the four classes
that best suit the objectives of this research (Table 3).

Data of a socio-environmental nature were acquired through
the managing body of the protected areas, which defines the
zoning of the SURs: it includes the areas assigned to
management, recovery, preservation, housing, among others
[23, 24] (Figure 2). This information contributes to the
understanding of the management plan of the SURs, as well
as the distribution of the typologies of activities in the territory.
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The evaluation of the social characteristics of the SURs is
relevant because these areas translate spatially the activities
already developed and what can or cannot be done in the two
SURs. Therefore, based on the descriptions of each zone, the
weights described in item 3.3.1 were defined.

The precipitation data was acquired from the Climate
Hazards Center InfraRed Precipitation with Station (CHIRPS),
which incorporates remote sensing products with in-situ station
data starting in 1981 in 0.05° of spatial resolution [26]. We used
the CHIRPS spatial resolution to create the grid, which represents
the lowest spatial resolution data used in the research, for
integrate our analyzes. All cells directly in contact with the
SURs areas were evaluated. In this way, all grid points
presented at least one value of each variable to characterize it.

In this research, we also excluded the cells located completely
in water bodies and kept those that intersect with the land, since
the riverside area concentrates a large number of communities
and the majority of the population. The surrounding area defined
in this research is composed by a buffer of 10 km and all cells that
intersected the buffer boundary. According to the CONAMA
[27], which is the Brazilian collegiate responsible for adopting
measures of a consultative and deliberative nature regarding the
National Environmental System, any type of activity carried out
in the Protected Areas surrounding area may affect the biota, and
must be licensed by the competent environmental agency.
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TABLE 3 Adequacy of the Mapbiomas legend.

Original MapBiomas classes Classes

Forest Primary Forest
Secondary Vegetation

Countryside Training; Pasture; Soy; Other
Temporary Crops

Areas of Agricultural
Activity
Urban infrastructure; Mining; River, Lake and Others
Ocean

Some limitations have been identified in the dataset used
in this research. For example, many studies have filtered the
Terra and Aqua MODIS sensor hot spots based on their
confidence values (from 0% to 100%). According [28] the
user can use the three fire pixel classes determined by this
interval (low-confidence fire, nominal-confidence fire, or
high-confidence fire) if it is needed a maximum fire
detection and can tolerate false alarms. In this study we opt
to use all confidence levels, to ensure that all potential fire
ignitions were taken into account (Supplementary Figure S1).

The second source of uncertainty relies on the land use and land
cover data. Land management in the region is usually based on shift

10.3389/fphy.2022.1064162

cultivation and fallow practices which enables the growth of
secondary forests. These areas, after few years are cleared for
production and fire is used during this process [29, 30]. Since
the Mapbiomas dataset only presents one category of land cover to
designate forests, we have updated the dataset by distinguishing the
secondary forests and its age, by combining it with the product
developed by [31]. This dataset identify when the Mapbiomas
classify a pixel that was in another class in the previous year as a
forest, and reclassify it as a secondary forest. This procedure was
applied in this research to identify the old growth forest, where its
integrity can be assessed.

Regarding the infrastructure data used, roads and highways, its
limitations due to the divergences between the planned and executed
roads are well documented in the literature. In addition, un-official
opening of new roads, many times unplanned or illegally, is a
common practice. The mapping of these small roads has been a
challenge for many years [32] and recently a new dataset has been
released [33]. However, we opt to use the official dataset, since the
opening of new unplanned roads inside the protected areas has been
minimal due to the governance existent there.

The main limitation in surface temperature data is related to
the presence of clouds, which influences the detection of low
values, even negative values or lack of information. [34] identify
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FIGURE 2

Zoning of SURs and surrounding areas; The 10 km limit around the SURs was defined based on CONAMA Resolution No. 13/90, due to the

potential of activities in these areas to affect the unit.
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TABLE 4 Components of the Fire Exposure Index (FEI); * The inversion is necessary so that the semantics of the lowest and highest value of this indicator
continue to be the lowest and highest exposure, respectively, mathematically represented by: x = 1 - year.

Dimension Indicators Description Premise
Fire Hot spot positive Occurrence of hotspots exceeds the long-term average. Simple | This above-normal behavior is related to increased
anomaly indicator: number of months of positive anomaly in the cell | exposure
Monthly recurrence | Frequency of heat source data in the cell. Simple indicator: The repetition of a fire, even within the normal range, can
of hot spots number of months of recurrence lead to a slow increase in exposure
Hot spots’ Intensity | Intensity (watts) of the heat source flame. Simple indicator: High values are associated with a higher burning of
average intensity of foci in the time series combustible material
Landscape Forest Integrity Central area 300 m from the edge of the forest [54]. Simple | The greater the forest integrity, the lower the exposure to
indicator: inversion* of the percentage of core area in the cell in | direct anthropic disturbances. At this distance the tree
2020 mortality is high
Agriculture Agricultural use area Simple indicator: percentage of the class = Human activity is the main cause of fire ignition
in 2020
Roads Road density. Simple indicator: road length (km)/cell The presence of roads in the landscape contributes to the
area (km?) occurrence of fires
Climate Rain Occurrence lower than the negative pattern of precipitation. = Exposure is greater when the climate behavior has more
Simple indicator: number of months of negative anomaly negative rainfall anomalies, positive temperature
anomalies and higher water deficit value in 2020. Because
Temperature Occurrence above the negative average temperature pattern. the stronger the association between the climate

Simple indicator: number of months of positive anomaly

Water Deficit

Precipitation is lower than the evapotranspiration of plants in
the period. Simple indicator: value in module (no sign) in 2020

dimension and the spread of fire into the forest, the
greater the exposure of forests to fire events

Territorial
Management

Zoning

Zoning maps of the SURs management plan. Composite index:
sum of the weighted zone percentage in the cell

The management of permitted uses in the areas is
associated with greater or lesser exposure. Details in

Item 3.3.1

that at nighttime, failures can reach 97.9% and can be minimized
if a 16-day composition is performed. Thus, in this research we
used the daytime and obtained the monthly average to minimize
these limitations without producing new information through
interpolation.

3.3 Building the fire exposure index (FEI)

Exposure is defined in this work by the time that the socio-
environmental elements were under the effect of the occurrence
of fire and its conditioning factor (climate, land use and
landscape) associated with territorial management (zoning).
The behavior of these variables was evaluated monthly
between 2003 and 2020 to determine the exposure of SUR
territories to fire. The proposed index to determine exposure
is composed of four dimensions: fire, landscape, climate and
territorial management. Table 4 lists and describes the data used
to obtain the indicators. In areas where management is permitted
and which have been subject to the conditioning factors
recurrence which contribute to the exposure to fire, its value
will be higher.

To evaluate the different indicators in relation to exposure, a
linear transformation was carried out to produce dimensionless
indicators, according to [35]. This process allows the spatialization
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and observation of the behavior of the indicators through a
representation scale of a relational nature. The scale ranges from
0 to 1, where the value “1” indicates greater exposure and the value
“0”, less exposure. For qualitative indicators, stratified exposure
values were assigned, considering, for example, the zoning areas,
provided for in item 3.3.1.

Therefore, the FEI is calculated by the sum of the indicators
resulting from the linear transformations as presented in Table 5.
The variables that make up the dimensions are summed and
transformed into the final synthetic index, the FEI It should be
noted that the evaluation was carried out for the year 2020, which
considered the entire time-series data of all variables for the
18 years studied.

3.3.1 Building composite indicators

The management dimension is determined by the
mapping carried out by the Instituto Chico Mendes
(ICMBio) teams in partnership with the populations of the
SURs to define zones and rules of use. ICMBio is the institute
responsible to executing the actions of the National System of
Conservation Units, a law instituted in the year 2000 which
combines the rules and procedures for the Brazilian protected
areas [25]. The management indicator is composed of three
and seven zones for the RESEX and FLONA, respectively, in
addition to the surrounding area defined in this research. A
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TABLE 5 Procedure to calculate the FEI. The value “1” indicates greater exposure and the value 0, less exposure.

Data range Transformation Dimension sum Dimension Output
(min-max)

Number of months of positive 0-25 T1 (0-1) Linear transformation of Fire (0-1)

anomaly of hot spots (T1 + T2 + T3) = V1

Number of months of recurrence 0-59 T2 (0-1)

Average intensity of the hot spots 0-234,5 T3 (0-1)

Semantic inversion of the 0-1 T1 (0-1) Linear transformation of Landscape (0-1)

percentage of core area in the cell (T1 + T2+ T3)=V2

in 2020 . .

Linear transformation of (V1

Percentage of the productive class 0-0.867 - *+ V24 V3 + V4) = FEI

in 2020

Density of roads in the cell 0-1,518 -

(km/km?)

Number of months of negative 1-10 T1 (0-1) Linear transformation of Climate (0-1)

rainfall anomaly (T1 + T2 +T3)=V3

Number of months of positive 1-7 T2 (0-1)

surface temperature anomaly

Value in module of water deficit in 99,298-281,152 T3 (0-1)

2020

Sum of the weighted zone 1-4 T1 (0-1) V4 Territorial

percentage in the cell Management (0-1)

TABLE 6 Characterization of the activities allowed according to the management of the SURs and their surroundings.

Zone Description Weight
RESEX Preservation Area destined to the maintenance of the natural ecosystem, without interference of human actions, 1
where species of flora and fauna use it for the reproduction, growth and transit of the gene flow
Community forest management | Provides less intensive use conditions than Housing: “protection belt” that of Preservation 2
Habitation Allows the use of soil and natural resources: intended for the installation of housing infrastructure, 2
swiddens, and other structures that cover areas and primary needs of communities
FLONA Primitive Where there has been little or minimal human intervention, containing species of flora and fauna, 1
monuments and natural phenomena of relevant scientific interest
Preservation High degree of integrity, repopulation matrix, with the purpose of preserving watercourse springs 1
Habitation Areas intended for housing traditional populations, land use, installation of infrastructure, management 2
and socio-economic development
Overlap It occupies two areas at a territorial interface (traditional communities and indigenous peoples)
Community forest management | Areas of native forest with economic potential for the sustainable management of forest resources
Florestal Recovery In regeneration after suffering degradation in forest cover and/or soils
Conflicting use These are areas occupied by activities such as agriculture, mining and prospecting
Surroundings These are areas where threats coexist with opportunities for the integration of SURs with their 4
immediate surroundings

scale of weights determined from their description was

adopted to mathematically weigh the importance and

influence of each zone for fire exposure (Table 6). For these

weights, it was assumed that these rules are obeyed within the
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area of the SURs, and are not followed in the surrounding
areas. An evaluation of the weights assigned to the zones was
carried out to assess their influence on the results. The

minimum and maximum intervals were defined and in
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which zones the weights could be changed, totaling

25 variations and finally obtaining the interquartile
difference (Supplementary Table SI).

The areas destined for the preservation of both SURs and
the primitive areas of FLONA Tapajos received the lowest
weight (1), since human interference is not allowed in these
areas, which reduces exposure to possible ignitions caused by
agricultural activities. In the areas where weight two was
assigned, it was considered that the uses developed by the
populations respect the conservation rules established by the
management. However, the human presence may be
responsible for the ignition of the fire escape, which,
combined with the other conditions presented in the
research, has the potential to cause wildfires.

Weight three was assigned to areas that are already at
some stage of forest degradation, which makes them more
susceptible to fire. Finally, a weight of four was assigned to
areas that do not develop activities consistent with the
expected conservation for FLONA Tapajés and in the
both  SURs.  The

organization highlights the importance of considering the

areas  surrounding proposed
individualities of each SUR to carry out their respective
evaluations. The percentage values of each zone present
in the cell were weighted by their respective weights,
added and, finally, transformed into the zoning indicator

for each SUR.

3.4 Data visualization

In this research, a dashboard was used as an alternative
for data visualization in order to make the generated data
more accessible and to synthesize spatially, through graphics,
all the products generated through the analysis carried out.

For this, we structured a database with the information of
each step by the procedures described in Table 4 in Section 3.3.
Both the results of the indicators, real and with linear
transformation, were made available in the created dashboard,
to provide access to the user/stakeholder. In addition, the
information entered in the dashboard can be exported in table
format. The user will also have access to the grid generated in this
research, and will be able to attach the information, in order to
carry out evaluations based on the available product.

4 Results
4.1 Fire exposure index (FEI)

The resulting dimension of fire indicators showed lower
exposure (0-0.1) distributed in 65.7% of RESEX Tapajos-

Arapiuns, 74.5% of FLONA Tapajos, 48.5% and 10.8% of the
surroundings of RESEX Tapajoés-Arapiuns and FLONA Tapajos,
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respectively (Figures 3A, E), which together represent 52% of the
entire study area. In these areas the fire exposure derived from the
landscape configuration reaches 0.45, with 39.5% of the Tapajos-
Arapiuns RESEX, 34.4% of the Tapajos FLONA, 21.6% and 4.5% in
the surroundings of the Tapajés-Arapiuns RESEX and FLONA
Tapajos, respectively (Figures 3B, F). Within the SURs, the exposure
of the management dimension is up to 0.1 in 28.3% of the areas, in
16.4% of the Tapajos-Arapiuns RESEX area and 43.9% of the
Tapajos FLONA area (Figures 3D, H). In these areas, fire
exposure is 0 and landscape exposure less than 0.1 occurring in
91% and 56.6%, of the two protected areas, respectively.

The behavior of the climatic dimension is spatially different
from the others, occupying the area of the SURs with exposure
values decreasing in the north-south direction (Figures 3C, G).
The dimension presents the highest concentration of exposure
values between 0.4 and 0.7, representing 74% of the area of the
RESEX Tapajés-Arapiuns and its surrounding, and 58.4% of the
FLONA Tapajos’s area and its surrounding.

The highest exposure values in the other dimensions,
especially fire, follow the spatial distribution of the territorial
management dimension. It was observed that the assignment of
weights does not influence the result of the final index, since the
fire and landscape indices follow the same spatial pattern. Which
was confirmed during the evaluation carried out on the weights
in Supplementary Table S1, the greater the assigned weight, the
greater the exposure in the area, while the decrease in weights
presents the lowest maximum interquartile difference.

It is observed that the high values around FLONA Tapajos
are mainly concentrated at the intersection of two of the main
federal highways in the region. However, the presence of the SUR
is evidenced due to the greater presence of less exposed cells in it.
In 2020, the highest FEI values, between 0.8 and 1, were
distributed in the areas surrounding the SURs, decreasing as
one approaches their interior (Figure 4A). Areas with lower
exposures (0.1-0.3) cover more than 3,800km? representing
more than 72% of the FLONA Tapajos (Figure 4B). The
medium exposures (0.4-0.7) totaled less than 40%, distributed
in areas of immediate contact with the surroundings. In the
Tapajos-Arapiuns RESEX the exposure is lower (0.1-0.3) in
59,5% distributed in the habitation and
management zones. The exposure is higher (0.8-1) in 28% of

of the area,

the surrounding area, mainly close to the Arapiuns River.

4.2 Dashboard—FEI| 2020

Figure 5 presents an example of the dashboard interface, which
is available as an online monitoring system that contains the data
and analyzes developed in this research. The spatialized data of the
FEI for the year 2020 and the graphics with the information for all
cells are available. The dashboard allows the user to trigger a filter by
selecting the cell of interest so that the graphs are redistributed to
illustrate the behavior of each variable. In this way it is possible to use
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the information to support planning and management activities of
the area regarding wildfires prevention. The platform can potentially

fire exposure resulting from escapes. However, in years of extreme
drought such as the 2015/16 El Nifio, occurrences of hotspots and
burned areas were recorded inside the Tapajos-Arapiuns RESEX [3,
20]. This highlights the importance of monitoring the fire conditions,
presented in this research with the exposure associated with them.

be updated every month to subsidize long term monitoring of the
management practices.

The difference between the typologies and the territorial
5 Discussion planning determined by their respective zoning may have
contributed to the fact that FLONA Tapajos had lower FEI
Anthropogenic activities worldwide are the main responsible values. The Tapajos FLONA appears to contain the advance
for the occurrence of fires [7]. This is confirmed when the

distribution of exposures associated with degradation by fire

of pressure exerted by its surroundings, unlike what was observed
in the Tapajos-Arapiuns RESEX, which has greater exposures
and forest fragmentation is evaluated in areas intended for use by than its surroundings. This is an expected behavior, as there are
populations. The territorial management index acts as a guide in areas allowed by the zoning for agricultural use, which can
the configuration of fire exposure and landscape. However, produce favorable conditions for fire escapes to the forest.

[39] identify that SURs with boundaries close to places with

high rates of deforestation, conversion of forest into agriculture

exposure can be attenuated or intensified according to the
behavior of the climatic index, the main responsible for the
propagation of fire in the forest [36, 37]. In this case, climatic and/or fire incidence need long-term management planning to
exposure influences higher FEI values, reaching up to 0.7 in the
central areas of the SURs, which in the other indicators did not

present exposures greater than 0.4.

guarantee their conservation. The authors also claim that
population density acts in the protection of their territories. In
this way, the conservation potential arising from the presence of
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In the central areas of the SURs, exposures related to forest

fragmentation have values lower than 0.1 for the fire dimension. This
is due to the occupation of housing and agricultural activities being
concentrated on the banks of the rivers, following the distribution
proposed in the management plans (Figures 1, 2) [23, 38]. Even
following the management plan, in the Tapajos-Arapiuns RESEX the
areas further inland are not occupied, so there are no high values of

09

local communities at the FLONA Tapajos is observed, since it
maintained a low occurrence of hotspots even with greater
pressures exerted by its surroundings and/or in years of
extreme weather (e.g., 2005, 2010 and 2015/16) [3, 20, 40, 41].

In management committee meetings held in 2019, which some
authors participated, there were reports that some fires that affected
FLONA Tapajos originated in areas close to its border. The large
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number of fire occurrences during the 2015/16El Nifio was
accompanied by community mobilization to prevent fires from
reaching the SURs. At FLONA Tapajos, as suggested by [39],
population density was potentially one factor the successfully
contributed to the containing of fires before reaching more
communities. Despite the population density, in the RESEX
Tapajos-Arapiuns this pattern was not observed, as large areas were
burned in the interior of the SUR, where climatic exposure showed high
values, which could act as an exogenous factor. This type of event makes
it difficult to implement the measures already developed by managers in
the monitoring and prevention of forest fires within the SURs.
Therefore, prevention activities can benefit from the knowledge of
the exposures of the areas of contact of the SURs with their
surroundings.

The gap between fire management policies and local realities
marginalizes the fire-use practice without considering the
of failed
interventions [15]. Thus, fire management represents a socio-

limitations communities and contributes to
environmental problem, with solutions that should be developed
in a participatory manner with the different actors involved [42].
It is understood that by depicting the dynamics of fire exposure is
essential to contribute to the creation of risk management
strategies, mainly through integrated products, as they can

help to support the planning and territorial management of
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these SURs in the face of internal and external pressures. This
importance has increased in the last few years as Brazil has faced
a scenario of weakening of the environmental protection [43].
The need and existence of time for the development of public
policies together with specialists for the planning of long-term
conservation strategies has been identified long ago and is still a
measure to be taken today [44]. In this research, the important role
of local organization arrangements of SURs in fire management is
also highlighted [4], compared to what is found in their surrounding
areas. In addition, the production of the tool with open access aims
to bring science closer to decision makers, and represents a system
that allows the manager to know the areas with greater exposure to
fires and, from that, support strategic planning mitigate them.
The exposure obtained through this research can direct actions
related to SDGs. The prevention of landscape degradation by fire can
reduce an impact associated with the reduction of agricultural
potential, leading to the loss of livelihoods, mainly of the women
[16]. Among the impacts of fire on agriculture, even if indirect, are the
spread of pests and diseases, food security, water supply, among others
[45]. Economic consequences and negative impacts on human health
from the occurrence of fires in the Amazon are also observed [46].
Additionally, the results and their arrangement in the panel
developed in this research provides mechanisms that support risk
prevention, configuring a new component of a risk information
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system, complying with one of the Sendai Protocol’s objectives
[18]. In Brazil, some initiatives use early warning systems to
prevent and fight forest fires, and confirms the importance of this
kind of tool [47-52]. [53] developed a plan that guides actions
based on activities already carried out for each alert level for a
network of protected areas in the Pantanal biome. The activities
that must be carried out by institutions from different spheres
(municipal, state, federal and non-governmental) involve
communication strategies and local actions.

We observed some limitations in this study methodology
associated with the 0.05° spatial resolution: the transition areas
between the territorial manage zones and the large areas with
water resources present, at this scale has a mixed dimension,
inherent to the data aggregation strategy [REF]. An example is
when the largest area inside the cell is composed of the primitive
zone and a smaller area is the surroundings, which can lead to low
exposure of territorial management, but the dynamics in the other
dimensions of exposure are greater, making it necessary more detailed
analyzes on the influences of FEI on the cell. In these situations, a
higher spatial resolution could reduce these mixed land cover and
other typologies. However, for some of the variables used, such as the
climatic data, there is currently no higher resolution dataset.

The weights assigned to the zones are based on the
assumption that their respective management plans are
followed in the SURs. This can influence the index use in
areas where the plan is not being respected or followed. This
caution must be observed in the replication of the methodology
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developed in this research, since the results were adherent to the
reality of each SURs. In this study, this problem is minimized
since the ICMBio managers are also part of the study, which
means a deep knowledge of the management plans and activities
in the protected areas territory.

6 Conclusion

Data from remote sensors and territorial management were
used in this research in order to carry out a socio-environmental
analysis to determine exposure to forest fires in FLONA Tapajos
and RESEX Tapajos-Arapiuns. The integration of socio-
environmental data allowed the temporal assessment of the
dynamics of hotspots and the different relationships with their
factors and conditions. The characteristics of this process were
associated with territorial management data for the construction of
the Fire Exposure Index (FEI). The research also provides a socio-
environmental basis for the development of prevention strategies,
since the areas most exposed to forest fires are identified in detail.
In this way, preventive activities can be better targeted and more
effective, given the identifications of landscape and climatic
variables that occur spatially heterogeneously in the territory. In
addition, the potential for intra-annual updates of the distribution
of exposure in the territory was identified, since the monthly time
scale was considered to obtain the indicators of the dimension of
fire and climate.
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In the study area, more than four thousand kilometers were
identified with higher exposure to fires (0.8-1), concentrated in
the areas surrounding the SURs, mainly in FLONA Tapajos’
surrounding. The largest exposures within these SURs are in the
Tapajos-Arapiuns RESEX, which presented, in 2020, about
4,600 km> of area in medium exposure (0.4-0.7). The
application of the approach developed in this study is useful
to indicate in an integrated way the places of greatest exposure to
forest fires. The methods were developed by using freely available
data and are displayed on-line, free of cost, which makes this
methodology replicable for others SURs.

Within the scope of SURs, this methodology can be applied
in future studies to assess the adherence of the management plan
to the activities carried out in their zones, by exploring the
temporal monitoring of exposure and the indicators
responsible for its intensification or attenuation. It is
recommended that data collection in the field and the use of
information to access the other variables that determine
vulnerability should be considered future researches. In
addition, there is potential to expand the analysis to other
territorial  political ~definitions, such as the Brazilian
municipalities, making it possible to understand the
distribution of exposure in the Brazilian territory based on the
zoning present in their master plans.
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