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Fire has been a natural feature of the ecosystem for million years. Still, currently fire
regimes have been increasingly altered by human activities and climate change, causing
economic losses, air pollution, and environmental damage. In Brazil, savannas (locally
known as the Cerrado) occupy almost 25% of the area of the country and contain
70% of the concentrated burned area. Fire frequency is related to the use of biannual
fire in agricultural practices, aiming at cleaning cattle pastures, which act as ignition
sources for the surrounding natural vegetation. Here, we present an ecological model
to demonstrate how biennial fire affects plant biomass and carbon release from fine fuel
in the Cerrado. The BEFIRE model (Behavior and Effect of Fire) is the first quantitative
model to simulate the relationships between fire frequency, plant biomass, and fire-
associated emissions based on the synthesis of knowledge about fire behavior and the
effects on ecosystems compiled from experimental burnings in the Cerrado. Our model
uses microclimate variables and vegetation structure (the amount of the aboveground
biomass of trees, shrubs, herbs, and grasses) as inputs, and generates outputs related
to the fire behavior (fire spread rate, fire intensity, and heat released) and the fire effects
on the dynamic of plant biomass and post-fire carbon emissions. The BEFIRE model
predicts that biennial fires allow for the recovery of the biomass of herbs and grasses,
due to its fast growth. However, this fire interval does not allow for the recovery of
the biomass of shrubs and trees. These growth limitations alter the co-existence of
trees/shrubs and herbs/grasses and prevent the uptake of the total amount of emitted
carbon from the combustion of fine fuel. Based on the model results, we proposed
some recommendations for fire management in this threatened biome.

Keywords: aboveground biomass, climate change, carbon emissions, Cerrado, co-existence, fire behavior, fire
frequency, management

INTRODUCTION

Fire is a historical and frequent event that plays a key role in the processes and functions of global
ecosystems, influencing the dynamics of vegetation, biogeochemical cycles, and climate (Beerling
and Osborne, 2006; Pausas and Bond, 2020). In recent history, fire has increased in its frequency
mainly due to climate change, such as rising temperatures and intensified droughts, and due to
human activities (Enright et al., 2015; Bowman et al., 2020). Notably, the Brazilian savanna (locally
known as the Cerrado and occupying almost 25% of the area of the country) contains 70% of the
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concentrated burned area (Aratjo et al, 2012; Araujo and
Ferreira, 2015). A high frequency of fire events occurred in the
northern portion of the biome (Santana et al., 2020), where the
remaining native vegetation grows (Sano et al., 2010). This high
frequency is mainly related to the use of fire as a management
tool in agricultural practices like cleaning converted areas and
stimulating the resprout of pastures (Mistry, 1998; Miranda et al.,
2002). These practices use fire biennially and are important
sources of ignition for the spread of fire in the surrounding native
vegetation (Medeiros and Fiedler, 2003; Franga et al., 2007; Dias
and Miranda, 2010), especially during the dry season (August-
September) when the vegetation is more flammable (Miranda
etal., 2010). The biennial fire regime is associated with ecological
impacts, such as the reduction of tree biomass (Garda, 2018;
da Silva Rios et al., 2018; Montenegro, 2019), species diversity
(Silva, 1999; Ribeiro et al., 2012; da Silva Rios and Sousa-Silva,
2017), and the uptake of carbon emitted by fire (Sato, 2003;
Sato et al., 2010).

Additionally, prescribed burning—the intentional ignition
of controlled fire in the landscape—has been conducted in
ecosystems worldwide for environmental management purposes
(Knapp et al., 2009; Penman et al., 2011; Collins et al., 2019).
These burns are mainly carried out to reduce the risk of fire by
reducing the biomass available for burning and to conserve the
species of fire-prone ecosystems (Fernandes and Botelho, 2003;
Kolden, 2019). However, studies have shown that the application
of prescribed fires can shorten the fire interval and potentially
reduce carbon stocks (Peterson and Reich, 2001; Collins et al.,
2019). The main Brazilian environmental regulation, the Forest
Code, allows fire management in protected areas aiming at the
conservationist management of native savannas. Accordingly,
integrated fire management programs have been implemented
in some protected areas of the Cerrado since 2014 (Schmidt
et al, 2018). These programs consider ecological, economic,
and cultural aspects of fire use, to propose prescribed burns,
firefighting, and prevention (Schmidt et al., 2018; Moura et al.,
2019). However, these programs are recent and there is still
a lot of uncertainty associated with management decisions
(Schmidt et al., 2018; Moura et al., 2019), because of fragmented
knowledge on the relationships between fire behavior, effects on
multiple ecological processes, and different fire regimes (Gomes
et al., 2018). Fire ecology involves various aspects that are not
usually quantified together, such as fire behavior (fire spread,
fire intensity, and heat released), impacts on different vegetation
components (herbs and woody layers), and trace gas emissions
(Gomes et al.,, 2018, 2020). The lack of connection between these
studies hinders the understanding of the Cerrado's ecological
processes associated with the different fire regimes.

System Dynamics (SD) is a modeling tool that integrates
multiple mathematical equations to describe the general behavior
of a system and is used with a view to unifying empirical
knowledge (Angerhofer and Angelides, 2000; Duggan, 2016).
SD can be used as a quantitative modeling tool for analyzing
the impact of recurrent disturbances such as fire, in complex
dynamic systems over time (Collins et al., 2013; Yan et al., 2016;
Godde et al.,, 2019; Thompson et al., 2019). It also considers
essential fire-related processes, such as interdependence between

system components, temporal feedback, and the non-immediate
responses of each component (Angerhofer and Angelides, 2000;
Duggan, 2016). The use of this modeling tool has contributed
to our synthesis of knowledge, decision-making capacity in
relation to fire management strategies, and provides a useful
basis for improving dynamic global vegetation models (DGVMs)
(Harris et al., 2016; Driike et al., 2019). However, conceptual and
quantitative regional fire models in the Cerrado are still incipient
in systemic terms, relying only on simplified models that do not
consider the relationships between fire behavior and effects on
ecosystem processes (Gomes et al., 2018).

Despite the lack of connection between studies about fire
behavior and its effects in the Cerrado (Gomes et al., 2018), the
information generated by studies using experimental burning
allow us to construct SD models. Thus, after an extensive
literature review about experimental fires in the Brazilian
savanna, we developed BEFIRE (Behavior and Effect of Fire)—the
first quantitative model based on SD for the Cerrado. The model
simulates the relationships between fire frequency, plant biomass,
and fire-associated emissions to improve the understanding of
fire effects on ecosystems and support decision making related
to fire management. In this study we simulated two scenarios of
fire frequency: I) one with a single fire (1F) in the dry season
(September), to represent a fire regime with a longer time interval
(4 years) favoring the recovery of plant biomass, and II) a scenario
with two biennial fires (2BF) in the dry season, to represent
the most common fire regime. The dynamics of plant biomass
and fire-associated emissions by the fire were simulated over
a period of 4 years post-fire to allow for the validation of the
model by field data.

MATERIALS AND METHODS
Study Area

The Cerrado biome is classified as an Aw tropical savanna
climate (Alvares et al., 2013). There is a high seasonality in the
precipitation distribution, with a rainy season (October-March)
and a dry season (April-September) (Silva et al., 2008). The
Cerrado biome is characterized by a mosaic of heterogeneously
distributed vegetation formations (grassland, savanna, and forest)
(Figure 1), mainly defined by a tree cover gradient (Ribeiro
and Walter, 2008). Fire occurrence in the Cerrado is also highly
seasonal, as during the rainy season there is a substantial increase
in the amount of plant biomass, while in the dry season this
biomass becomes highly inflammable (Miranda et al., 2010;
Hoffmann et al., 2012).

We used the savanna formation to parameterize the
developing SD model, as this type of vegetation is the most
representative of the biome (in millions of hectares, savanna
~ 76, forest ~ 40, and grassland ~ 8) (Sano et al, 2010).
Savanna formation is characterized by the coexistence of different
vegetation strata, such as trees, shrubs, herbs, and grasses
(Ribeiro and Walter, 2008), which are differently affected by
fire (Sato, 2003; Sato et al.,, 2010). Thus, we considered these
vegetation strata and their respective biomass dynamic (before
and after fire).
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FIGURE 1 | Location of experimental fires carried out in the Brazilian Cerrado
and distribution of the main types of vegetation in the Cerrado from
MapBiomas (http://mapbiomas.org/), classification of vegetation strata in the
savanna, and their contributions to the fine fuel composition (online version in
color). (1) Ecological Reserve, Distrito Federal; (2) Serra do Tombador Nature
Reserve, Goias; (3) Agua Limpa Ranch, Tocantins; (4) Jalapao State Park,
Tocantins; (5) Chapada das Mesas National Park, Maranh&o; (6) Tanguro
Ranch, Mato Grosso; (7) Serra do Sincora, Bahia, and (8) Ecological Station of
Santa Béarbara, Sao Paulo. Descriptions of the study areas are shown in
Supplementary Table S1.

Database Construction

Information regarding ecological processes related to the
structure and function of this vegetation type was obtained
from an extensive literature review from 1994 to 2020 (see
Gomes et al., 2018, 2020), using the following platforms: Web of
Science, Science Direct, Google Scholar, and the Brazilian Digital

Library of Theses, and Dissertations. We used the following key
words: (prescribed burns* OR fire) AND (behavior* OR effect™
OR management® OR regime* OR emissions * OR frequency).
We included research papers, theses, and dissertations that
used prescribed burns to characterize the fire behavior and
effect in the Cerrado. We identified eight experimental burn
studies distributed throughout the Cerrado biome (Figure 1
and Supplementary Table S1): (1) IBGE Ecological Reserve,
Distrito Federal (Kauffman et al., 1994; Miranda et al., 1996;
Castro and Kauffman, 1998; Silva, 1999; Castro-Neves, 2000;
Medeiros, 2002; Sato et al., 2010), (2) Serra do Tombador Nature
Reserve, Goias (Fidelis et al., 2013; Gorgone-Barbosa et al,
2015; Rissi et al., 2017), (3) Agua limpa Ranch, Totacantins
(Cachoeira et al., 2020), (4) Jalapdo State Park, Tocantins
(Schmidt et al., 2016), (5) Chapada das Mesas National Park,
Maranhdo (Schmidt et al., 2016; Montenegro, 2019; Santos,
2019), (6) Tanguro Ranch, Mato Grosso (Balch et al., 2008;
Brando et al., 2014), (7) Serra do Sincord, Bahia (Concei¢io and
Pivello, 2011), and (8) Ecological Station of Santa Barbara, Sao
Paulo (Brooklynn et al., 2020).

Heading Principles of the BEFIRE Model

We developed the BEFIRE model to support the decision-
making process in protected areas determining the frequency of
prescribed burns in the Cerrado. We use the method of System
Dynamics to combine qualitative analysis with quantitative
analysis (Angerhofer and Angelides, 2000; Duggan, 2016). This
method is widely used to describe the mechanism of a disturbance
using a dynamic view, thus analyzing the relationships and links
between various factors caused by the disturbance, as well as the
consequences of these factors on the event over time (Godde
etal,, 2019; Thompson et al., 2019). We used the system dynamics
simulation software Vensim (2017) to simulate these processes.
Detailed descriptions on the relationships and equations used are
described below and in the supporting information.

The BEFIRE model simulates the effect of fire on vegetation
and emissions (Figure 2). Each of these compartments is
represented in the model as stocks. The stocks represent the
balance of resource (biomass and carbon, respectively) based
on losses and gains over time. This value depends on what
has happened in the past (Angerhofer and Angelides, 2000;
Duggan, 2016). In this model the plants biomass varies monthly,
depending on the monthly rates of the defined increases or
decreases. The loss and gain rates were based on literature from
long-term experiments and were specific to the Brazilian savanna
(Figure 1 and Supplementary Tables S1, S2), where it was
possible to obtain the monthly rates of plant biomass variations
(with and without fire) (Supplementary Tables S2, S3).
Since reductions in biomass represent plant mortality and
increases in biomass represent plant recruitment, we calculated
the plant biomass using an allometric equation specific for
Brazilian savannas (Roitman et al., 2018; Supplementary
Figures S1, S2).

The first step of the model (Figure 2—Step 1) was given
by the initial biomass values (inputs) for each plant strata
(Supplementary Table S3), which can vary according to the
characteristics of each site. We calculated the contribution of
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FIGURE 2 | (A) Structure and (B) flowchart of the BEFIRE model. The numbers represent the steps of the model (online version in color).

each of these plant strata to the fine fuel load (Figure 2—Step 2),
because the composition of fine fuel available is an important
predictor of the fire behavior and its effect in the Cerrado

(Hoffmann et al.,, 2012; Brooklynn et al., 2020; Gomes et al.,
2020). The fine fuel load corresponds to biomass (living or dead)
on the soil surface, made up of grasses, leaves, and fine branches
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with diameters up to 6 mm (Luke and McArthur, 1978) and,
estimated up to a height of 2 m (MCT, 2002). Approximately
95% of the biomass of the herbs-grasses stratum is available
for burning (Batmanian and Haridasan, 1985; Miranda et al,
2010; Hoffmann et al., 2012), while only 0.01% of the trees-
shrub biomass is available (Nardoto et al., 2006; Hoffmann
et al., 2012; Figure 1). Next, we quantified the fuel material
consumption rates (Figure 2—Step 3), which can vary from 80 to
90% according to microclimatic variables (MCT, 2002; Miranda
et al., 2010; Gomes et al., 2020).

The fire spread rate, fire intensity, and heat released equations
defined the fire behavior subsystem (Table 1). These parameters
have been widely used in the Cerrado biome, and have been
considered satisfactory in representing the fire behavior (Miranda
et al., 2010; Hoffmann et al., 2012; Gomes et al., 2018, 2020;
Brooklynn et al., 2020; Cachoeira et al., 2020). The fire spread
rate equation (Figure 2—Step 4) was obtained from a selection
of models, specific for the Brazilian savanna (Table 1; Eq. 1),
where the vapor pressure deficit (VPD) and wind speed were
the most important variables in determining the fire spread rate
(Gomes et al., 2020), then the microclimate characteristics in the
model were represented by two input variables: VPD and wind.
Actually, the VPD (Table 1; Eq. 2) has also been used in global
models of fire behavior (Driike et al., 2019) as an important
metric by considering both the relative averages of temperature
and humidity in its equation (Allen et al., 1998). It represents a
measure of the evaporative demand that drives water loss from
fine fuels (Brooklynn et al., 2020).

We wused the equation of Byram (1959) to calculate
fire intensity from the fire spread rate and fuel consumed
(Figure 2—Step 5), which corresponds to the rate of energy
release per unit of length (Table 1; Eq. 3). The heat release
(Figure 2—Step 6) was also used according to Rothermel and
Deeming (1980), which corresponds to the released heat per
unit area and is a product of the intensity over the fire spread
rate (Table 1; Eq. 4). These two parameters have been used in
most fire behavior studies (Gomes et al., 2020) and have been
considered strong predictors of the severity of fires in the biome
(Miranda et al., 2010; Hoffmann et al., 2012; Brooklynn et al,,
2020; Gomes et al., 2020).

The carbon emissions (Figure 2—Step 7) were calculated
according to the Brazilian inventory of anthropic emissions of
greenhouse gas (MCT, 2002), based on the Intergovernmental
Panel on Climate Change (IPCC) guidelines (Table 1; Eq. 5).
This methodology consists of estimating carbon emissions (with
and without fire) from the amount of biomass (living and
dead) of vegetation (Table 1 and Supplementary Table S1). The
last step corresponds to the carbon stock in the atmosphere
(Figure 2—Step 8) where the carbon dynamic is given by the
carbon emitted by the fire (input) and the carbon that is being
absorbed (output) by the vegetation over time, thus closing the
systemic relationship between vegetation, climate, and fire.

We also created two fire frequency scenarios. The first involves
a single fire (1F) to simulate the recuperation of the plants
biomass and the carbon dynamic 4 years after the fire. In the
second, we used two biennial fires (2BF) to simulate the effect
of consecutive burning, similar to the burning regime of the

biome (Dias and Miranda, 2010; Santana et al., 2020). All these
simulations refer to the fire period at the end of the dry season
(specifically, in September), when climatic conditions increase
susceptibility of wildfires (Miranda et al., 2002).

We also tested different scenarios (moderate, medium, and
extreme) for VPD, wind, and fine fuel in order to simulate
their effects on fire behavior and carbon emissions defined
according to their range of variations in the studies compiled
(Supplementary Table S4). All input variables of the BEFIRE
model, both vegetation (as fuel load and recovery rate) and
microclimate (VPD and wind), allow the BEFIRE model’s
parametrization for other regions of the Cerrado.

The BEFIRE model contains the following assumptions: (a)
vegetation is a native Cerrado savanna; (b) the prescribed burning
is carried out in September; (c) the terrain is flat; (d) fine fuel
follows a continuous spatial distribution; (e) fires are at the
surface; (f) fire mainly consumes fine fuel up to 2 m in height,
and (g) fire follows the direction of the wind. The BEFIRE
model does not consider: (a) ignition risk and patterns of fire
spreading; (b) influence of species composition on fire behavior
and effects, and (c) influence of topography on fire behavior.
All these parameters have been highlighted as important drivers
of fire behavior, but operating at larger spatial scales (Jin,
2010). The current version of the BEFIRE model does not
yet present a spatial component (i.e., its simulations represent
only one pixel of an image). Moreover, these limitations can
be justified by the lack of sufficient empirical knowledge for
the calibration and validation of the BEFIRE model. However,
the BEFIRE model can become an important basis for future
models and studies that consider these relationships between fire
behavior and landscape.

RESULTS

Our simulations demonstrate different patterns of biomass
variation over time between plant strata (trees, shrubs, herbs, and
grasses) and between burning scenarios (1F and 2BF) (Figure 3).
In the simulation 1F, the biomass of trees, herbs, and grasses
recovered more rapidly than the biomass of shrubs. After the
fire occurrence the biomass of trees declined (initial = 0.90;
post-fire = 0.54 kg m~2) and recovered its initial biomass in
approximately 12 months. Shrubs also lost much of their biomass
after the fire (initial = 0.13; post-fire = 0.07 kg m~2). However,
their biomass recovery rate was slower than trees, and they did
not regain their initial values before fire (end = 0.09 kg m~2).
Although herbs (initial = 0.08; post-fire = 0.01 kg m~2) and
grasses (initial = 0.20; post-fire = 0.03 kg m~2) lost much of
their biomass after the fire, they regained their initial biomass
quickly 15 months after the fire, maintaining its seasonal cycles of
biomass variation. At 48 months post-fire, the amount of carbon
released from fine fuel consumption (0.23 kg m~?2) was gradually
absorbed by the vegetation in recovery.

In scenario 2BF, the pattern of simulated biomass recovery also
varied among plant strata. However, it showed a greater decline
in biomass recovery rates compared to scenario 1F (Figure 3).
These simulations showed that over a 2 year interval, the biomass
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TABLE 1 | Equations used in the BEFIRE model.

Parameters Equation

Abbreviation (reference)

1. Fire spread rate r=0.08 x VPD +0.044 x W
(ms™7)

2. Vapor pressure deficit
(kPa)

VPD = {[1 — (UR/100)] x VPS
SVP = 610.7 x 10757 /(237.3+T)
I=hxwxr

3. Fire intensity
(kd.m=1s=1)

4. Heat released

(kd m~=2)

5. Carbon emissions from fine fuel
consumption (kg m~2)

H=1/r

Ce = [(FLBC x FOLB) x FCLB] +
[(FDBC x FDBO) x FCDB]

VPD = water vapor pressure deficit (kPa) Gomes et al., 2020
W =wind (ms™—1)

UR = relative air humidity (%)
SVP = saturated pressure vapor

T = average air temperature (°C)

Allen et al., 1998

H = effective heat of combustion (kJ kg—")
w = fine fuel consumption (kg m~2)
r = fire spread rate (m s~ ')

Byram, 1959

Rothermel and
Deeming, 1980

MCT, 2002

| = intensity of the fire front (kJ.m~1 s~ 1)

r = fire spread rate (m s~ )

FLBC = fraction of live biomass consumption
FOLB = fraction of oxidized live biomass

FCLB = fraction of carbon in live biomass
FDBC = fraction of dead biomass consumption
FDBO = fraction of dead biomass oxidized
FCDB = fraction of carbon in dead biomass

of herbs and grasses also recovered and maintained their seasonal
cycles of biomass variation. However, the proportion of tree
biomass lost by fire increased (1st fire = 40%; 2nd fire = 60%)
after the second fire, while the proportion of biomass recovered
over time decreased relative to the first fire, recovering only 60%
of their initial biomass (initial = 0.90; end = 0.54 kg m~2)
after 24 months. The decline in bush shrubs was even more
pronounced after the second burning, recovering only 23% of
their initial biomass before the fire (initial = 0.13; end = 0.03 kg
m™ 2) after 24 months. These trees and shrubs biomass reductions
were reflected in the atmospheric carbon dynamic, resulting in
less carbon being absorbed by the vegetation regrowth during
this time interval.

During the experimental fires studied, the environmental
variables of microclimate (VPD [mim = 1; max 5 kPal;
wind [mim = 0; max = 2 m s~!); and fine fuel (mim = 0.2;
max = 1.1 kg m?) were shown to vary widely (Supplementary
Table S2). Our simulations also showed that variations in VPD
values, wind speed, and fine fuel influenced the fire spread rate,
fire intensity, heat, and carbon released (Table 2). Extremes
values of fine fuel (0.8 kg m?2), VPD (5 kPa), and wind speed
(4 m s™1) resulted in increased fire spread rate (0.94 m s~ 1), fire
intensity (11,124 (k] m), heat released (11,780 (k] m~2), fine fuel
consumed (0.76 kg m?), and carbon released (0.26 kg m?).

DISCUSSION

Tree biomass recovers more rapidly after one fire event (1F)
than other vegetation strata, as tree individuals are generally
more protected from fire damage, because of higher height, trunk
diameter, and bark thickness (Hoffmann et al., 2003; Souchie
et al, 2017). Therefore, damage caused by fires is generally
associated with partial damage to individual trees, such as topkill
(Hoffmann and Solbrig, 2003; Hoffmann et al., 2009; Souchie
et al., 2017) and this permits more rapid regeneration through
sprouts produced from the trunk or tree crown (Moreira et al.,
2008; Souchie et al., 2017). However, for smaller individuals

(< 2 m), such as shrubs, fire can cause complete death of the
trunk due to greater exposure to higher temperatures, making
regeneration more difficult (Moreira et al., 2008; Hoffmann et al.,
2009; Gomes et al., 2014).

On the other hand, the recovery of tree biomass declines with
increased fire frequency, as the 2 year fire intervals (2 BF) may
not be sufficient for the thickening of bark or for trunk growth
above the height of greatest exposure to flames (Souchie et al.,
2017; Keeley and Pausas, 2019). Other studies also demonstrate
the decline in tree biomass in Brazilian savanna after three (Rios,
2016; da Silva Rios et al., 2018) and five biennial fires (Sato,
2003; Sato et al., 2010). This decline in the biomass of trees
and shrubs due to successive fires impedes the absorption, over
time, of carbon emitted during burns (Sato, 2003; Sato et al.,
2010). Furthermore, recurrent fires impact carbon emission not
only as a consequence of the combustion of plant biomass,
but also in relation to emissions from the soil after burning
(Santos, 1999; Pinto et al., 2002). Burnt areas of the Brazilian
savanna show greater soil respiration compared with non-burnt
areas, especially during the rainy season (Pinto et al., 2002). It
is also important to consider that in the case of tree and shrub
death, other biomass compartments such as woody material
and roots become carbon sources to the atmosphere through
decomposition (committed emissions) (Davidson et al., 2002).
Additionally, fire intervals shorter than 3 years may impede the
vegetation from reabsorbing the nutrients that were lost during
burns (Pivello and Coutinho, 1992). The predicted changes in the
BEFIRE model demand new approaches to fire management that
will maximize the adaptive capacity of these strata to recover the
initial biomass.

The biomass of herbs and grasses recover rapidly, even after
biennial fires. Fire reduces tree cover, promoting a microclimate
with greater temperatures and sun exposure, which favors the
germination of these strata (Musso et al, 2015). The non-
occurrence of fire makes the soil temperature more stable,
which hinders the germination of Cerrado species that require
temperature fluctuations to interrupt the dormancy of their
seeds (Kolb et al., 2016). Studies have also demonstrated that
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the biomass of herbs and grasses in the Brazilian savanna is
maintained even after five biennial fires (Andrade, 1998; Sato,
2003; Neto, 2005; Miranda et al.,, 2010; Sato et al., 2010).

Furthermore, the proportions of living and dead biomass in fine
fuel are the same after 1 year (Andrade, 1998). In this case,
fire management, aiming to reduce fine fuel in order to reduce
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TABLE 2 | Fire behavior and carbon emission simulations for the Brazilian savanna
using the BEFIRE model with three scenarios (inputs: 1 moderate, 2 medium, 3
extreme) for fine fuel and microclimate.

Scenarios
Input 1 2 3
Fine fuel load (kg m~2) 0.6 0.7 0.8
Vapor pressure deficit (kPa) 3 4 5
Wind speed (ms~) 2 3 4
Output
Fire spread rate (m s~ ") 0.58 0.79 0.94
Fine fuel consumption (kg m~2) 0.57 0.67 0.76
Fire intensity (kd.m s) 5,158 8,148 11,124
Heat released (kJ m~2) 8,835 10,308 11,780
Carbon emission (kg m~2)  Total (100%) 0.19 0.23 0.26
Herbs—grasses (80%) 0.15 0.18 0.21
Trees—shrubs (20%) 0.04 0.05 0.05

the occurrence of wildland fire (uncontrolled fire) may not be
effective due to the rapid recuperation of biomass in these strata
while damaging trees and shrubs.

Grasses correspond to approximately 70% of the biomass of
fine fuel (Andrade, 1998; Hoffmann et al., 2012). As such, this
stratum is responsible for the greater part of the carbon emissions
during fire. Also, the proportion of oxidized biomass after fire
corresponds to 100% of the dead biomass and 62% of the living
biomass of the fine fuel in the Brazilian savanna (MCT, 2002).
In this case, we can presume that fires in the late dry season
would cause greater carbon emissions, since the amount of dead
grasses biomass is greater in this period than in the rainy season
(Silva and Haridasan, 2007).

The use of mathematical models to predict the behavior
and effects of fire is an important step for fire management
in the Cerrado (Gomes et al., 2020). The BEFIRE model can
be used to help in the decision making process associated
with recent fire management policies for the region. In this
case, we suggest monitoring VPD and wind in order to carry
out prescribed burns with higher fire spread so as to cause
a lower impact on woody savanna vegetation. A lower fire
spread rate may cause the ignition of branches and cause severe
damage to the vascular tissues of the plant, resulting in death
(Kayll, 1968; Silva and Miranda, 1996). We also recommend
monitoring the amount of fine fuel to avoid wildland fire in the
managed areas reaching high intensity, or the release of great
quantities of heat.

On the one hand, biennial fires negatively affect tree and shrub
biomass, on the other hand herbs and grasses need to be managed
with fire in order to maintain the biodiversity and functioning of
the ecosystem (Pinheiro and Durigan, 2009; Abreu et al., 2017;
Durigan et al., 2020). As such, we suggest the use of prescribed
burns in mosaic configurations with different fire frequencies (no
fire and quadrennial fires). In this way, at some locations there
would be quadrennial fires to maintain the functioning of the
ecosystem, while at other locations there would be the prevention
of fire and fighting of non-planned fires at intervals lower than 4

years, aiming to preserve the structure of the woody vegetation,
allowing the persistence of species exclusive to each fire regime.
As well as this, areas with variation in structure and floristic
composition can serve as a refuge for fauna in the case of wildland
fire. These factors suggest that a careful evaluation of the multiple
aspects and consequences of fire management for the different
vegetation strata are essential to guarantee the conservation and
functioning of the Cerrado ecosystems.

Concerning the impacts of the fire in the Cerrado, previous
studies have shown that when considering isolated fire events, the
timing of the fire has little effect on the woody vegetation (Sato,
1996, 2003; Rissi et al., 2017). However, in the case of frequent
fires these effects may be intensified, resulting in reductions in
the carbon stocks in woody vegetation, with these reductions
reaching 9% for early dry season burns, 39% for mid-dry season
burns, and 55% for late-dry season burns (Sato, 2003). As
such, we suggest that future models and management strategies
should consider the interactions between frequency and period
of fire.
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