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Abstract: The controlled use of fires to reduce combustible materials in prescribed burning helps
to prevent the occurrence of forest fires. In recent decades, these fires have mainly been caused by
anthropogenic activities. The study area is located in the Pantanal biome. In 2020, the greatest drought
in 60 years happened in the Pantanal. The fire affected almost one third of the biome. The objective of
this study is to evaluate the effect of prescribed burnings carried out in 2021 on three macrohabitats
(M1: natural grassland flooded with a proliferation of Combretum spp., M2: natural grassland of
seasonal swamps, and M3: natural grassland flooded with a proliferation of Vochysia divergens)
inside the SESC Pantanal Private Natural Heritage Reserve. Multispectral and thermal data analyses
were conducted with remotely piloted aircraft systems in 1 ha plots in three periods of the dry
season with early, mid, and late burning. The land use and land cover classification indicate that the
predominant vegetation type in these areas is seasonally flooded grassland, with percentages above
73%, except in zone three, which has a more diverse composition and structure, with the presence
of arboreal specimens of V. divergem Pohl. The pattern of the thermal range showed differentiation
pre- and post-burning. The burned area index indicated that fire was more efficient in the first two
macrohabitats because they are natural grasslands, reducing the grass species in the burnings. Early
and mid prescribed burnings are a good option to reduce the continuous accumulation of dry forest
biomass fuel material and help to promote landscape heterogeneity. The use of multispectral sensor
data with high spatial/spectral resolution can show the effects of fires, using highly detailed scales
for technical decision making.

Keywords: burn area index; fire ecology; fire management; remote sensing; thermal band

1. Introduction

Fire is one of the main factors shaping vegetation [1]. It affects the structure and
functions of ecosystems [2] and acts as an evolutionary pressure, not only on pine lin-
eages [3]. It can have a natural origin [4] or it can be caused or instigated by anthropogenic
actions [5,6]. In certain ecosystems, fire may be one of the greatest drivers of diversity
due to the fire regime, which produces biotic and environmental heterogeneity [7]. Some
plant species show a beneficial response based on the natural fire regime [8,9]. Examples
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of this are provided in [10]. The response of natural grassland vegetation is positive after
the passage of fire, with the regrowth of vegetation and benefits to alpha and gamma
diversity and to biodiversity succession processes in areas subjected to prescribed burnings
(PB) [11]. Pyrobiodiversity describes the diversity of species and ecosystems related to
fire, their adaptation to fire, and the ecological processes that occur during and after a
fire [12]. Fire is important for the dynamics of many ecosystems, and pyrobiodiversity is
essential for maintaining the health and balance of these ecosystems [13]. Vegetation types
can be classified according to their fire recovery response as fire-independent, fire-sensitive,
fire-dependent (pyro-resistant), and fire-influenced [14]. The Pantanal biome is classified
as fire-dependent, where each phytophysionomy responds differently to the presence of
fire [15]. To date, there has been no single fire management strategy for the entire Pantanal
biome [16] due to its complexity, floodings, biomass, and land use [17].

The Brazilian Pantanal covers an area of 150,355 km? [18]. Itis a seasonally flooded
sedimentary basin surrounded by plateaus, mountains, and high hills. It is considered
the largest seasonal wetland in the world [19]. It is located at the center of the South
American continent [20]. The landscape of the Pantanal is defined by the interactions of
fires and flood pulses within its ecosystem. Changes in these natural cycles could drastically
alter biodiversity [21]. Rainfall plays an important role in flooded areas, accounting for
approximately 60% of the total influence on the variability of the flooded area [22]. In 2020,
the worst drought recorded in sixty years happened, with an average annual precipitation
26% lower than the averages recorded from 1982 to 2020 [23]. In January 2020, 3506 fires
were detected in the region, an increase of 302% compared to the averages recorded from
the period of 2012-2019 for this same month [18]. In addition, the largest fire occurred
in 2020, when flames destroyed almost one third of the biome [24], affecting a total of
3.9 million hectares [25,26] and emitting 115,576,561 tons of CO; into the atmosphere [18].
Recent estimates indicate that the fire had an indirect impact on 65 million vertebrates and
4 billion invertebrates, including threatened species such as Panthera onca, Myrmecophaga
tridactyla, Blastocerus dichotomus, Buteogallus coronatus, and Anodorhynchus hyacinthinus. It
also caused the alteration of habitat, shelter, and food for wildlife [27]. The main factors
that contributed to this catastrophic scenario were the following: a severe drought that
reduced water levels in the region, fires in the dry floodplain zone of the river, limitations
to control brigade members, insufficient fire prevention strategies, changes in land use, and
budget cuts [28].

The fires in the Pantanal are caused by anthropogenic activities derived from the
opening of pasturelands for cattle [29], traditionally used to convert areas of natural
vegetation into agricultural lands [30], and intensified by the impacts of climate change
(longer drought periods) [31]. Fire dynamics are an important ecological factor for pastures
and savannas, influencing the evolution of vegetation [32]. Fire management is the technical
decision and action to avoid, preserve, control, or use fire in a given landscape. In turn,
integrated fire management (IFM) fully considers ecological, cultural, and social approaches
to managing fire [33]. Fire exclusion policies in protected areas have not produced the
results desired by environmental agencies [1]. Their decisions have often led to severe
fires due to the accumulation of combustible material [34], making it necessary to establish
an IFM policy to prevent large-scale fire impacts, such as those that occurred in this
biome in 2020. The results obtained in Brazil with the implementation of IFM since 2010
have reduced the area affected by fire and conflicts with communities, improving the
interaction between biological diversity and human societies [35]. Prescribed burning (PB)
is a technique commonly used to reduce the accumulated combustible material loads of
fire-prone ecosystems worldwide [36,37]. It considers key aspects such as season, weather
conditions, vegetation type and amount, and characteristics of combustible material [38].
PB is a controlled and intentionally ignited fire used for various purposes, such as reducing
combustible material loads [39], managing invasive species [40], improving habitats, and
promoting ecosystem health [41]. Evaluating PB using RPAS multispectral imagery allows
the successful evaluation of soil and vegetation burn severity at very high spatial resolution
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after PB [42]. High-resolution images from RPAS can be used to measure the effectiveness
of prescribed burning and post-fire management actions [43]. In addition to determining
impacts on vegetation [44] at a low cost with photogrammetric RPAS mapping at local
scales [45]. It is necessary to understand the beneficial effect of fire on landscapes [46] so
that proper management of combustible material can be established in the Pantanal [47],
since fires can shape vegetation without altering its natural regime of protecting habitats
and ecosystem services [48]. Although PBs have been used for predicting forest fires,
our understanding of their effects on wetland ecosystems is still evolving and requires
further research.

Satellite images are widely used to monitor the severity of fires and assess vegetation
recovery processes [49]. The process considers variations in the reflectance levels of spectral
signatures of the fire’s effect on vegetation [50]. The use of unmanned aerial systems (UAS)
provides higher spatial resolution compared to satellite imagery and manned aircraft,
resulting in more accurate burn maps in terms of spatial detail [51]. Remote sensing
techniques, including the use of a remotely piloted aircraft system (RPAS), offer a wide
range of possibilities to detect and monitor fires, which may help to solve management
problems and support near-real-time decision-making [52]. The use of RPAS for analyzing
the dynamics of vegetation in wetland areas subjected to prescribed burnings has high
potential in terms of spatial resolution, allowing us to determine how a fire may act as
a regenerator of vegetation in certain fire-dependent ecosystems [53]. It also allows for
rapid assessment of the ecological integrity of wetlands with multispectral imagery [54].
The use of multispectral sensors coupled with RPAS for fire management studies has also
shown great potential compared to satellite mapping in terms of classification accuracy
and spatial/spectral and temporal resolutions [51,55]. Spectral analysis allows us to obtain
a spectral response of vegetation at different wavelengths [56], which can be used to
estimate the severity of fires [57] based on the pre- and post-fire spectral response of the
vegetation. Studies have demonstrated the effectiveness of visible and near-infrared (NIR)
bands in forest fire detection and post-fire monitoring using different [58] airborne sensor
platforms. This is a potential application of this equipment for the spatial analysis of
burnings, and allows us to map fire-affected areas with precision, assessing their severity
using geoprocessing techniques to detect different levels of intensity [59]. The results
based on RPAS and spectral analysis contribute to a more complete understanding of fires,
allowing more informed decision making and efficient planning of [60] PB actions. This
study aims to evaluate the effect of PBs on three different macrohabitats within the SESC
Pantanal Private Natural Heritage Reserve (Brazil) (M1: natural grassland flooded with a
proliferation of Combretum spp., M2: natural grassland of seasonal swamps, and M3: natural
grassland flooded with proliferation of Vochysia divergens) during three periods of the dry
season (July, September, and October) in three analysis plots within each macrohabitat with
PBs: early, mid, and late. Spectral and thermal analyses were conducted with data from
a multispectral sensor coupled to an RPAS to generate data for the establishment of an
integrated fire management in the Pantanal biome.

2. Materials and Methods
2.1. Study Area

The selected study area corresponds to areas of natural flooded fields that have
undergone woody encroachment, resulting in a loss of biological diversity and reduction
in native pasture productivity, affecting local livestock [61,62]. It is located in the Private
Natural Heritage Reserve SESC Pantanal, at the geographic coordinates —16°28'31"N,
—16°51'50"N, —56°00'06”W and —56°30'56"W in the municipality of Barao de Melgago
in the State of Mato Grosso, Brazil [63]. The total protected area is 107.996 hectares,
corresponding to almost 1% of the total extension of the Mato Grosso Pantanal [64]. The
climate in the reserve is typical savanna, of the “Aw” type according to the Koppen
classification [65]. This area is characterized by floods that occur due to the overflow of the
main rivers (Cuiabd and Sao Lourenco) and the relief slope in the plain. The phenomenon
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is also affected by the rainfall regime that occurs with greater intensity from November
to March, with an average annual rainfall between 1000 and 1500 mm, and by the low
permeability of the soil horizons [66]. The evaluated macrohabitats (namely M1: natural
grassland flooded with a proliferation of Combretum spp., M2: natural grassland of seasonal
swamps, and M3: natural grassland flooded with a proliferation of Vochysia divergens)
are representative of the reserve and show processes of woody encroachment, [67,68]
(Figure 1). Each macrohabitat is composed of three PB analysis plots: early, mid, and late,
corresponding to the months of July, September, and October 2021, respectively, periods
defined as suggested by the Fire in the Cerrado Project [69,70].
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proliferation of Vochysia divergens.

Figure 1. Location of the study area.

2.2. Data Acquisition

The data were collected using the MicaSense Altum sensor. It is a high-resolution
multispectral camera equipped with six different sensors, five multispectral bands, and
a long-wave thermal sensor (LWIR) that allows the collection of both multispectral and
thermal data [71]. The camera has a built-in global positioning system (GPS) and a solar
irradiance sensor (DLS 2.0) that records ambient light conditions and the angle of the sun
for spectral calibration. The equipment was mounted on a DJI Matrice 100 RPAS. Table 1
shows the spectral/spatial resolution characteristics of the sensor and the location of the
Altum camera’s spectral bands (Figure S1).

Prior to the operation of the PBs, an aerial photogrammetric survey was carried
out using an RPAS with a multispectral sensor attached. The early and mid burnings
occurred on July 14, 15, and 16 and September 15, 16, and 17, respectively, while the late
burnings occurred on October 26 and 27 2021 between 09:00 and 15:00. The post-fire flights
took place one or two days after the PBs. The fieldwork for the PBs is described in the
Supplementary Material.
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Table 1. Multispectral sensor features.

Band Name Central  Bandwidth Range Sensor Resolution GSD (Examples)
B1-Blue 475 nm 20 nm 443-507 nm Multispectral: 3.45 um Pixel size; GSD-120 m (~400 ft)
B2-Green 560 nm 20 nm 533-587nm 2064 x 1544 gX; 7'1132 X 15'133 m}r? Sensor size 52 cm (Multispectral)
mm Focal length; 81 cm (Thermal)
B3-Red 668 nm 10 nm 652-684 nm 48° x 36.8° Field of view (h X V) (
- _ Thy l: 12 Pixel size; 160 x 120 px;
B4-Red Edge 717 nm 10 nm 705-729 nm erm1a92 ><Hln4114 ;ﬁfnsslzrelsor si>z<e' px GSD-60 m (~200 ft)
B5-NIR* 840 nm 40 nm 785-899 nm 1.77 mm Focal length; ’ 2.64c1m (Mlﬁ’:ispeciral)
B6-LWIR* 11 um 6 um 5-17 um 57° x 44.3° Field of view (h X v) cm (Thermal)

Nm: nanometer, p: micrometer, NIR*: near-infrared, LWIR*: long-wave infrared, GSD: ground sample distance.

2.3. Photogrammetric Processing

The images obtained from the sensor were processed using Agisoft Metashape version
1.7.5 and the Structure from Motion (5fM) and Scale-Invariant Feature Transform (SIFT)
algorithms, allowing the generation of high-resolution spatial and radiometrically cali-
brated multispectral orthomosaic data. The processes in Metashape include (1) aligning
images by calculating the position and orientation of cameras and detecting matching key
points between images, (2) generating a dense point cloud using depth maps calculated
from stereo matching, (3) classifying the dense point cloud to separate ground points,
(4) building a digital elevation model (DEM), and (5) generating the orthomosaic. Finally,
the orthomosaics were exported for each plot in GeoTIFF file format using the EPSG Sirgas
2000 21S datum. The real reflectance values were obtained by dividing each band by 32,768
to obtain normalized values within the range 0 to 1. For the thermal images, the LWIR
thermal band calibration was used (= (B6/100) — 275.13).

The reprojection function was used on all post-PB images using ArcGIS 10.8 software.
Subsequently, metadata calibration was performed on the orthomosaics generated from
the six independent spectral bands captured by the MicaSense Altum sensor: blue 475 nm
(B4), green 560 nm (B5), red 668 nm (B6), red edge 717 nm (B7), near infrared 840 nm
(B8), and thermal 11 pm (B9) [72], as well as their respective wavelengths. The equipment
used, parameters for conducting flights, photogrammetric processing to obtain thermal
and multispectral orthomosaic products, supervised classification of pre-PB coverage, and
classification of fire severity were examined through respective analyses to determine their
effects on each macrohabitat. Figure 2 presents the data.
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Figure 2. Flowchart of procedures performed in the study.
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2.4. Supervised Classification

The support vector machine (SVM) was used for data classification according to the
method in [73]. It is a reliable and effective machine learning algorithm for the classification
process of multispectral aerial images. Classification is the process through which the
algorithm is trained to identify different types of ground cover using training samples and
regions of interest (ROIs), which are specific areas of the image used as training samples
in supervised classification [74]. This study used SVM to identify pixel variability in
determining three classes: grass cover (1), shrub cover (2), and tree cover (3) for pre-fire
images and determine the effect of PB on each type of cover in post-fire images. The ROIs-
train were created by selecting pixels with a random sampling, with a size of 2 x 2 pixels,
choosing a total of 20 pixels for each class distributed over the entire area of each plot.

The evaluation of the classification for the different periods of PB was by means of
accuracy indexes and verification during field tasks, validating the three types of physiog-
nomy of each plot (pre-fire condition before PB). To test the accuracy, 10 sites of each class
were sampled (ROIs-truth) from the images processed using visual analysis according to
the criteria in [75], considering them as true fields to establish unbiased results of the analy-
ses and not sampling the same sites used as references for the classification (ROIs-train).
The construction of a confusion matrix covering the following parameters was performed:
kappa index, overall accuracy. The evaluation of classification quality was based on the
following kappa index ranges: poor (<0.20), acceptable (0.20-0.40), good (0.41-0.60), very
good (0.61-0.80), and excellent (0.81-1.00), as established in [76].

2.5. Fire Severity

Monitoring based on electromagnetic spectrum regions, infrared, and thermal regions
allows for a detailed discrimination and quantification of fire severity and temperature
levels, as observed using the MicaSense Altum sensor [75]. To calculate the burned area,
the “Image change workflow” tool in ENVI 5.3 was used. Its compares two images of the
same geographic extent taken at different times. It identifies differences between them.
The difference can be computed for a specified on a feature index. It uses the Normalized
Difference Vegetation Index (NDVI) of pre- and post-fire images as a reference. The initial
input images (pre-PB) and post-input (post-PB) were taken to obtain the output of the
area where the mute value, in this case affected by the fire, indicates the area where
there is a decrease in vegetation coverage [76]. This process geometrically aligns two
images with different viewing geometry and/or different terrain distortions into the same
coordinate system. This registration identifies and establishes common joining points
through reprojection with a first-order polynomial deformation for change determination
and burned area determination.

Similarly, the Burned Area Index (BAI) presented by [77] was specifically used for the
discrimination of burned zones in the red and near-infrared spectral domains, providing
a high discrimination capacity compared to other burning indices. Table 2 shows the
spectral indices used. The BAI allows for separating and determining the area affected by
fires during the three periods of analysis according to the classification pattern presented
in [59,78,79]. For this purpose, there were five classification levels: non-burned area (1),
low-severity burn (2), medium-severity burn (3), high-severity burn (4), and very high-
severity burn (5). The areas of the plots were verified after burning was performed during
fieldwork PBs.

Table 2. Spectral index.

Index Spectral Formula Reference
Normalized Difference (oNIR—pRed) 150]
Vegetation Index (NDVI) (oNIR+pRed)
Burned Area Index (BAI) 1 [77]

(0.1—pRed)*+(0.06—pNIR)>
Note: p NIR: near-infrared band and p Red: red band.
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3. Results
3.1. Land Use and Land Cover

In general terms, the pre-fire supervised classification using the SVM algorithm indi-
cates that the predominant vegetation in all macrohabitats is of the grassland type, except in
M3, which is more heterogeneous and presents a proliferation of V. divergens with a higher
percentage of trees and shrubs compared to the other two macrohabitats (Figure 3). The
light fuel material is pasture and the heavy fuel material is woody vegetation in all plots.
The predominant cover of M1 and M2 is of the grassland type: over 73% in each study
plot, which is because they are macrohabitats of clean natural grasslands, the first with
a degree of proliferation of Combretum spp. and the second of seasonal swamps. Table 3
shows the spatial distribution and differences in the three types of coverage in each PB plot
of the macrohabitats.

Table 3. Percentage of each macrohabitat covered by vegetation growth form present before PBs.

Macrohabitat Macrohabitat 1 Macrohabitat 2 Macrohabitat 3
PB Plot Early Mid Late Early Mid Late Early Mid Late
Tree cover 11.46 11.38 5.55 8.84 8.90 14.51 21.91 14.62 44.30
Shrubland 12.88 8.84 14.76 1.91 18.68 6.42 22.84 25.44 35.04
Grassland 76.36 80.48 80.14 90.06 73.17 79.87 56.06 60.64 25.20

The accuracy of the overall index showed values above 80% for the years studied,
with the lowest value occurred in M3-Early (90.66%) and the highest (97.54%) in M2-Mid.
The kappa index showed values above 0.89, indicating excellent performance for the
classification of all analysis plots, and a substantial agreement between the classification
and the values presents in the field. Table 4 shows the different overall accuracy values and
kappa coefficient for each plot.

Table 4. Overall accuracy and kappa coefficient of land use and land cover classification for each PB.

Overall Accuracy

Macrohabitat PB Plot Kappa Coefficient
Pixels Percent

M1: natural grassland flooded Early (77,884/79,121) 93.38% 0.9236
with a proliferation of Mid (190,632/195,989) 97.27% 0.9228
Combretum spp. Late (317,114/329,808) 96.15% 0.9617
) Early (98,788/100,910) 95.92% 0.9163
Mzs‘;:‘olﬁl g;j;frllar;d of Mid (108,235/110,961) 97.54% 0.8905
P Late (274,823 /283,666) 96.88% 0.9036
M3: natural grassland flooded Early (10,393/112,356) 90.66% 0.9533
with proliferation of Mid (101,010/105,009) 96.19% 0.9376
Vochysia divergens Late (150,842/162,692) 94.28% 0.9152

The orthomosaics produced allow an easy observation of the area affected by PBs for
each analyzed plot (Figure 4). They show the before (pre-fire) and after (post-fire) for each
event. The obtained resolution scale is 5.4 cm/pixel ground sampling distance (GSD). In
them, it is possible to clearly distinguish three land use and land cover classes mapped in
the Pantanal landscape, with natural formations of grasslands and seasonal flooding areas
of macrohabitats, and the different firebreaks and plot delimitations.



Remote Sens. 2023, 15, 2934 8 of 21

580720 580800 581175 581260 581515 581600

8158270

8158460

Macrohabitat - M1

8151905

Macrohabitat - M2

o
2
@
2
w @
-
©

8150300

Macrohabitat - M3

8150025

8150210

LEGEND - CLASS
- Tree ] Grassland Shrubland

>» -

Figure 3. Natural cover within the analysis plots for each period of PB evaluated.
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3.2. Thermal Sensor Behavior

The box plot shows the sensor’s thermal variation (Figure 5). Prior to the various
disturbances, the average temperature for the PBs ranged from 24.8 to 39.13 °C, showing
a more stable level in July and variation for the other two burning periods. In the case
of post-fire events, the average temperature ranged from 21.61 to 39.82 °C. The highest
recorded temperature was for the mid burning plot (September) in M3, which was 94.29 °C,
and the lowest was 19.97 °C for the early burning plot (July) in the same M3.
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Figure 5. Pre-PBs and post-PBs, thermal band behavior.

The thermal band behavior of the sensor shows a remarkable differentiation in terms
of temperature levels in the prescribed burning events carried out one or two days after
the passage of the fire. Figure 6 shows the spatial behavior of temperature levels in °C
obtained during the flights. Red colors indicate higher temperatures and green colors
indicate lower temperatures. This spatial temperature behavior correlates directly with the
burned area of the plot. In areas with a greater presence of tree specimens, they generate a
lower temperature at the site where they are (due to the difference in combustible material
conditions of each growth form), while grassy areas show the highest level of variation
post-fire events.
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3.3. Climatological Variables in the Prescribed Burning Moment

The climatological variables acquired in the field correspond to the data Table 5
shows. Data were environmental conditions during the execution of the OPs for each plot
according to the burning period. The average wind speed ranged from 0.7 to 3.3 km/h. As
a parameter for performing the PB, burnings were carried out against the wind direction,
and the wind presented different directions for each disturbance. Similarly, the behavior
of the relative humidity of the environment presented high variation between burning
periods and plots, but stable behavior during the execution of the burning for each plot.
The values obtained were 38.8% for the mid burning plot of M1, which was the lowest
humidity in relation to the behavior presented by the same macrohabitat but evaluated in
the late burning period, which was 76.5%, the highest recorded.

Table 5. Climatological variables before PBs.

Rain Variable M1—PB Early M2—PB Early M3—PB Early
Wind speed (km/h) 0.7 2.7 0.8
30 days without rain Temperature (°C) 31 354 36.2
Relative air humidity (%) 54.7 38.6 40.6

Rain Variable M1—PB Mid M2—PB Mid M3—PB Mid
Wind speed (km/h) 1.9 1.3 25
5 ,t(;lo daYS Temperature (°C) 40 36.6 40.1
without rain Relative air humidity (%) 38.8 483 436

Rain Variable M1—PB Late M2—PB Late M3—PB Late
Wind speed (km/h) 1.6 3.3 0.7
Les§ }tlhan 1 c.iay Temperature (°C) 29.7 29.6 35.1
without rain Relative air humidity (%) 76.5 69.8 60.5

Note: The data correspond to average data for each parameter collected during the PBs.

On the other hand, the temperature can be correlated with the behavior of the thermal
band presented in Figure 6 and the data in Table 5. In September, the recorded temper-
atures reached average maximum values of 40 °C, 36.6 °C, and 40.1 °C for each parcel
of macrohabitats in this burning period. In contrast, M3, despite recording higher ambi-
ent temperatures for all three PB events, suffered a lesser effect from the passage of fire
compared to the other two areas of analysis. This is directly associated with the type of
macrohabitat (natural flooded grassland with proliferation of V. divergens). For October, less
than one day had no rain before performing the PBs. This directly affected the behavior of
the fire associated with the types of vegetation cover formation, where there was a higher
number or presence of tree specimens, and the effect of the passage of fire was smaller.

3.4. Effects of Burning on Vegetation Cover

The burned area within each macrohabitat and plot is shown in Figure 7 (‘Effect of
burning on study macrohabitats’). It indicates the total burned area for each vegetation
type. The plot that showed the highest degree of burning corresponded to the macrohabitat
M2 during the early PB, with a total burned area of 86.79%, mainly comprising the burning
of the grassland cover (83.14%), which was also the highest burned value recorded for this
type of cover in all analyzed plots. The arboreal cover had a lower effect of fires compared
to the other two vegetation classes, which presented an effect no higher than 5.95%. In turn,
the highest effect of fire on the arboreal cover was directly associated with the macrohabitat,
with a higher number of tree specimens present in M3, and the mid burning plot of this
macrohabitat showing an effect of 8.37% for this type of cover, achieving the objective of
PB by reducing the light fuel material composed of grasses and pastures and causing a low
impact on the arboreal cover. The macrohabitats show distinct linear behavior with respect
to the BP period. While M1 and M2 show an overall decrease in burned area over time, M3
does not follow a clear linear decreasing trend. In the case of M2, although the increase in
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the final period may indicate a greater effect of burning, the overall trend is still a decrease
in burned area.

100%
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Figure 7. Effect of burning on study macrohabitats.

3.5. Severity of PBs

The severity degree of the burnings is presented in Figure 8. Green colors indicate
unburned areas and red colors indicate areas with high burn severity. M3 had a lower
degree of alteration due to fire, with percentages of unburned area of 64.83% and 88.97%
for the early and late PBs, respectively. The September events showed a similar behavior
for the three different macrohabitats compared to the other two periods of PBs. The early
plot of M2 recorded the highest area burned, revealing that the unburned area was only
0.55%. On the other hand, the early PB plot of M1 had the highest burn severity, with
20.23% of its total area. Figure 9 shows the percentage of the effect of different levels of fire
severity associated with BAI for the three vegetation covers in the analysis plots presented
in Table S1.
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4. Discussion

The results of this study contribute to determining the effect of prescribed fires as a
way to prevent large wildfires in three different types of macrohabitats in the Pantanal
biome. Studies have shown the importance of remote sensing as a fire management tool
in conservation units [80]. They can establish priority areas for IFM [14] and constitute an
important management input within the SESC Pantanal Private Natural Heritage Reserve.
Remote sensing is an alternative method to evaluate and characterize the effects of fires [81],
and the use of RPAS allows us to obtain high-detail images in spatial resolution, generating
new perspectives in terms of spatial and temporal resolution [55]. In our study, we obtained
a high level of detail (GSD 5.4 cm/pixel), allowing us to evaluate the effects of fires
on vegetation and measure the efficacy of prescribed fires, showing the applicability of
multispectral data obtained using RPAS for fire damage analysis [42]. The effect of different
prescribed fires on the types of vegetation cover determined using the SVM algorithm
indicates an adequate differentiation in the three types of cover identified in our analysis
plots, showing a suitable spectral separation of classes [82]. The kappa index shows that
the SVM classification algorithm presents a high degree of accuracy and allows a clear
understanding in terms of differentiating vegetation phytophysiognomies [83]. According
to our kappa statistic values, the classification performance level in the current study can
be classed as excellent [84]. The Altum camera allows the correct identification of plots and
plant phenotypes [85].

Thermal analysis in the mid-infrared and thermal domains, including the mid-infrared
(MIR: 2.5-8 pum) and thermal infrared (TIR: 8-14 um) bands [86], allows us to determine
the water stress plants are subjected to. This spatial behavior reflected in grassland covers,
which have the highest level of variation for post-fire events in PBs, thus demonstrated that
different forms of plant growth, such as grass, shrubs, and trees, presented varying levels
of flammability, as well as revealing the dominant role that grasslands have as drivers
of flammability in tropical savannas [87] by being the cover that is most affected by fire.
Burned areas are also related to the continuity of fine combustible material and wind, where
natural grassland flooded with a proliferation of Combretum spp. and seasonal bog natural
fields are prone to fire, but with adapted ecological characteristics [88] compared to natural
flooded fields with proliferation of V. divergens. The spatial pattern has a higher tree density,
providing protection of plots against wind, thus igniting the combustible material process
at a slower pace [89,90].

These differences in the effects of burning on vegetation cover can be attributed to
factors such as vegetation composition and fire resistance. Climatic variables, microclimate,
fuel quantity, and fuel type contribute to vegetation flammability [91]. The results suggest
that in the macrohabitats evaluated here, the severity of burning is more related to the
period without rain (periods of more than ten days without rain (PB-mid) and 30 days
without rain (PB-early)) than to air humidity and temperature. Studies such as [92] report
that the use of PB in tropical areas occurs at the beginning of the dry season, resulting
in less severe forest fires. In Brazil, fire management occurs at the beginning, middle,
and end of the dry season [69]. Our PBs were conducted during three periods of the dry
season: in July, September, and October. However, it was an atypical year in terms of
rainfall patterns. We based our information on historical data from two meteorological
stations (Poconé and Barrao de Melgaco) of the Brazilian National Water Agency (ANA)
(www.snirh.gov.br/hidroweb/serieshistoricas (accessed on 20 January 2023)) (Figure S11),
close to the study area. The data correlate with what happened in 2020, where irregular
weather patterns could generate large forest fires [93]. Weather conditions are important
for understanding fire behavior in a prescribed burn. Wind speed can affect [89,90] fire
spread, while temperature and relative humidity can influence the intensity and severity of
burns [87]. It is vitally important to consider these meteorological factors when planning
and executing prescribed burning, ensuring the safety and effectiveness of fire management
actions [88-90].


www.snirh.gov.br/hidroweb/serieshistoricas

Remote Sens. 2023, 15, 2934

16 of 21

In the Pantanal biome, natural flooding processes and fire may affect the structure of
vegetation in seasonal wetlands [94]. In general, the greatest effect of fire occurs on the
coverage of grass species and the layer of combustible material close to the surface [95].
Grass is the fuel that is most rapidly incinerated. PBs contribute to reducing the fine
combustible material in the area, as this coverage presents higher rates of propagation
and intensity compared to forested areas [96]. The homogenization in the Pantanal biome
is mainly due to activities resulting from changes in land use, namely the opening of
vegetation for pastures and agricultural areas, making the territories more homogeneous
and potentially intensifying fires [31,97]. Homogeneous areas will be more affected by
fire than heterogeneous areas, where the impact of fire is lower (M3). On the other hand,
the process of woody invasion is a major problem in the Pantanal [61], homogenizing the
landscape and resulting in the reduction in grassland areas, causing a loss of diversity
due to the monodominance of aggressive plants such as Combretum laxum Jacq. [98] and
V. divergens, associated with the flood cycle in the Pantanal [62]. They are present in the
evaluated macrohabitats M1 and M2. Therefore, PBs in these areas can act as a renewing
agent for native vegetation and as an inhibitor of invasive vegetation [53], achieving the
objectives of fire management in protected areas by generating heterogeneous mosaics of
the landscape for the protection of biodiversity [99].

The BAI used to determine the effect of fires on vegetation shows suitability for
detecting post-fire burned areas, taking advantage of the visible (B3) and NIR spectral
characteristics and making clear the observation of the spatial pattern of fire behavior,
as well as its severity level, mainly associated with grassland cover. This spectral index
and the NDVI in tropical wetlands allow an adequate discrimination of fire-damaged
surfaces [100]. The use of a multispectral sensor makes it easier to record high-precision,
rapid, and indirect measurements based on the vegetation spectral response [101]. The
spectral behavior of the severity of burnings indicates a low level of impact on tree covers,
as observed in the electromagnetic spectrum reflectance response [102]. The severity of
the burnings may affect vegetation recovery [103], being low in the upper covers and
eliminating the combustible material present in the plots of the M1 and M2 macrohabitats
and the PB-mid plot of M3.

5. Conclusions

There is no single fire management strategy for the entire Pantanal biome. It must be
addressed integrally [104] according to the type of fuel material, phytophysiology, climatic
conditions, and duration of flooding at the landscape scale and considering the different
macrohabitats of this ecosystem associated with cultural and economic uses and involving
different stakeholders in their management [105]. This study contributes to the understand-
ing of the effects of PB as a preventive measure against large forest fires in three different
macrohabitats of the Pantanal. Spectral analysis allows obtaining the true response of
vegetation pre- and post-fire. It also shows the severity level of the fire’s passage over the
vegetation. The use of RPAS data provides information with high detail. The overall classi-
fication accuracy was high, with values above 80%, indicating reliable model performance.
Early burning periods (PB-early) are the best option and can meet management objectives.
Mid burning periods (PB-mid) are also good options, but they require a higher degree
of experience on the part of firefighters and more inputs. The results revealed that PBs
had a varied impact on the different vegetation cover types, demonstrating that PBs were
effective in terms of reducing combustible material in grassland areas while minimizing the
impact on tree cover. By implementing PBs, it is possible to increase ecological niches by
generating heterogeneity within the landscape in fire-adapted ecosystems, presenting good
results in terms of reducing accumulated fuel material composed mainly of pastures and
functioning as a measure of protection against and prevention of fires. It is necessary to plot
a map of biomass refills of combustible materials for the Pantanal biome to allow adequate
planning and implementation of PBs [106]. The cost-benefits of implementing IFM may
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reduce the costs of burned areas by 50% [107]. Currently, the management approach based
on IFM allows a reduction in large-scale forest fires [108].

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/rs15112934 /51, Figure S1: Attribute description of the features
and electromagnetic spectrum of the MicaSense Altum multispectral sensor and RPAS; Figure S2:
Flight planning; Figure S3: Drone calibration; Figure S4: Recognition of plant physiognomies; Figure
S5: Pre-burn flight; Figure S6: Prescribed Burn; Figure S7: PBs in the experimental macrohabitats;
Figure S8: Fire control; Figure S9: Post-fire flight; Figure S10: Burn verification; Figure S11: Pattern of
precipitation regime in the region; Table S1. Percentage PBs severity. Reference [109] is cited in the
supplementary materials.
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