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2. Materials and Methods

Table S1 — Composition of the study region with the area of each municipality included and its
percentage of the municipality’s territory. Source: Authors

Area of the The area included in  Percentage of the
Municipality municipality State the study region = municipality in the

(km?) (km?) study region (%)
Acrelandia 1,807.96 Acre 34.48 1.91%
Boca do Acre 21,938.59 Amazonas 21,938.59 100.00%
Bujari 3,034.90 Acre 855.13 28.18%
Labrea 68,262.72 Amazonas 3,700.70 5.42%
Manoel Urbano 10,633.07 Acre 1,454.48 13.68%
Paiuni 41,624.44 Amazonas 8,084.03 19.42%
Porto Acre 2,604.92 Acre 2,058.17 79.01%
Sena Madureira 23,753.16 Acre 2,275.83 9.58%
Senador Guiormard 2,322.05 Acre 375.31 16.16%

2.1 Methodology diagram
M1 - Diagram of data
e Mila-Land Use

We used the data from the MAPBIOMAS project to generate the land use map of
the study region. Originally, the data containeds 31 land-use classes, which were grouped
into three classes:

1. Intact vegetation: old-growth tropical forest;
2. Productive land: agricultural and pasture areas;

3. Deforestation: clear-cut of old-growth forests (MapBiomas).

Fire 2023, 6, 2. https://doi.org/10.3390/fire6010002 www.mdpi.com/journal/fire
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After the reclassification of MAPBIOMAS data, we created the class “regrowth” in the same raster, with
secondary forest data from Silva Junior et al [1], which area based on MAPBIOMAS project data from the same collection
(5) of land use data (see more details in Figure S1).

S —
e
—
NS
- —_—
0\
Land use data from MAPBIOMAS Secondary forest from Silva
collection 5 (2003-2019)* Junior (2020)
* L
Use of GEE algorithm Use of GEE algorithm
for data acquisition for data acquisition**
Data
combination
Reclassification l
«Intact vegetation *Deforestation
+Productive land *Regrowth

*MAPIOMAS Project: https://mapbiomas.org/
** Secondary Forest algorithm: https://github.com/celsohlsj/gee_brazil_sv

Figure S1 - Land use data acquisition diagram. Source: Authors
e  M1b- Selection of Burned-area products
o Burned area

We considered three global burned area products (MCD64A1 [1], GABAM [2], and GWIS [3]) for producing the
combined product used in this study (see Table S2). Originally, these products were acquired from the same database
(MCD64A1) and processed with the near-infrared (apectral range 1230 — 1250 nm) and mid-infrared (2105 — 2155 nm)
band [4]. The differences between the products occur in the post-processing of the images. The application of these
techniques seeks to reduce the overestimations and underestimations indicated by differences between the simulated
and the real burned areas. However, it is important to emphasize that each product has an accuracy limit and errors of
omission and comission that are evalueted in the validation process [2,11-13] (see Table S3).

Table S2 - Specifications of burned-area products. Source: Authors

) Spatial
Name Developer Time Sensors/Inputs References
Resolution
Institute of Remote MCD64A1, Landsat
GABAM 1985-2020 30 m [1]

Sensing and Digital Earth, 8- OLI
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Chinese Academy of
Sciences
Group on Earth
MCD64A1, MODIS,
Observations (GEO) and
GWIS 2001-2020 Copernicus-Proba-V  Vector data [2,3]

Copernicus Work
and Fire CC1
Programs

MODIS (surface
2000-

MCD64A1c6 NASA reflectance and 500 m [4]
present . .
active fires)

Table S3 - Accuracy information for the three burned-area products

Name Overall Omission  Commission Validation Method References
Accuracy Error Error
Used a semiautomatic classification method,
manually refined, from Landsat 8, CBERS-4
MUX, and Gaofen-1 WFV data for 80
locations around the globe
In Brazilian regions, the GWIS products were
between between 9% to comPared with products dev_eloped by
GWIS 91% 9% 0 21% 21% Tropical Ecosystems and Environmental [7]
Sciences (TREES) project for the region of
Mato Grosso [5,6].

Global reference data were used for the
period from March 1, 2014 to March 19, 2015
from 30m resolution images of Landsat data

that were visually interpreted. These data
were stratified, allowing a probabilistic
sampling of these data in time and space to
carry out the validation of the burned area
data.

GABAM 93,92% 30,13% 13,17% [3]

MCD64A1c6 99,70% 72,60% 40,20% [4]

Considering the errors of omission and commission present in each product [2,11-13], we used the burned area data
the different products to build our database for the study region. We did not perform data validation, but rather an
intercomparison between the products [4]. We used the sum of all products in a 5km x 5km grid to minimize this
problem. According to the methodology of Pessoa et al. [16], we used the non-parametric Kolmogorov-Smirnov statistic
to analyze the significance of the data (p-value <0.05) and the fuzzy similarity to identify the burned areas that were
common between the products.
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- Input '
. Creating a
S5Km x 5Km grid
GABAM

)

g% X — Calculatlpn Qf burned area . | Non-parametric Kolmogorov-
¢ e GWIS o 4 == proportion in the grid cell y Smirnov two-sample test
/’\_\
A
" MCD64A1c6

= Calculation of the mean and standard
deviation of the results of the 10000 p-values
resulting from the analysis

Fuzzy similarity analysis and selection of
combinations with values greater than 0.8

UL Sl MCD64AL GABAM GABAM GWIS
GABAM - 0.850 0.844 N X %
Cell grid selection with fuzzy GWIS & 0850 - 0.957 GWIS | MCD64A1 | MCD64AL
similarity values greater than 0.8 < 957 -
ty 8 MODIS | 0.844 U Mean 6,97€-05 1,04E-04 | 5,94E-01
sd 2,96€-04 | 3,18£-04 | 2,91€-01

Selection of reference polygons
fore each selected grid

- Construction of the burned area
product and correction of overlaps

Visual analysis with Landsat 8
images for possible adjustments

Burned area product

Figure S2 — Burned area diagram. Source: Authors

o Milc—Active Fires

We used the data from the BDqueimadas project to create the active fires map of the study region. We selected
the same active-fire pixel data from the BD Queimadas product in all temporal analyses (Terra and Aqua) (see more
details in Figure 54).

~

Selection of study area data for the years
2003-2019

\ PP 5 ‘
Access to BD Queimadas platform*

Selection of common satellites for the
period (Terra and Acqua)

Active fire product J

*DB Queimadas Project: https? dglinpe.br/q Jeimada:

Figure S3 - Active fire diagram. Source: Authors
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e Mild-Climatic data products

We used ERA 5 data for climate analysis in the study region, acquired through the Google Earth Engine platform.
We consulted the literature to select the most frequent climatic data in fire studies in Amazon's regions, which we
characterized by temperature and precipitation (see more details in Figure S4). We calculated the descriptive statistics
of the data and applied the non-parametric Kendall and Sens-Slope tests to analyze the significance of the data
concerning temporal frequency. We used climatic anomaly analysis to complement the trend test, since the results were
not significant for the temperature and precipitation data but were significant for the precipitation and temperature
anomaly data.

Identification of variables that impact
[ ERAS the fire seasonality

‘.-.ﬁ""

N
J}‘-_"-
P ———
ERAS5 data from
produced by ECMWF /

Copernicus Climate
Change Service*

Variables Reference

rainfall, humidity, temperature and lightning Kelley et al (2021)*

rainfall, and i ipi index Teodoro et al (2022)**

temperature, rainfall, AMO, MEI Aragdo et al (2020)***

*Kelley, Douglas 1, et al. “Low meteorological nfluence found in 2019 Amazonia fires * Biogeosciences 18.3 (2021): 787-804.
o Eduardo, ”

year impact of fire f

12 0. Anderson. "

USe Of GEE algorithm for - - implicagBes ambientais, s8o. (2020).
data acquisition

Selection of the most frequent
variables in studies on fire behavior

Precipitation

Use of monthly time frequency data

L to identify fire variation across

temperature and rainfall changes

Temperature

*Copernicus Climate Change Service (C3S) (2017): ERAS: Fifth generation of ECMWF atmospheric reanalyses of the global climate. Copernicus Climate Change
Service Climate Data Store (CDS), (date of access), https://cds.climate.copernicus.eu/cdsapp#!/home

Figure S4 — Climate data diagram. Source: Authors

Item: Identification of variables that impact the fire seasonality (table)

Variables Reference
Rainfall, humidity, temperature, and lightning Kelley et al (2021)*
Temperature, rainfall, and standardized precipitation index Teodoro et al (2022)**
Temperature, rainfall, AMO, MEI Aragdo et al (2020)***

*Kelley, D. L, et al. "Low meteorological influence found in 2019 Amazonia fires." Biogeosciences 18.3 (2021): 787-804.

**Teodoro, PE, et al. "Twenty-year impact of fire foci and its relationship with climate variables in Brazilian regions." Environmental Monitoring and Assessment 194.2 (2022):
1-17.

***Aragao, LEOC, CHL Silva Junior, and LO Anderson. "O desafio do Brasil para conter o desmatamento e as queimadas na Amazonia durante a pandemia por COVID-

19 em 2020: implicagdes ambientais, sociais e sua governanga.” Sdo José dos Campos (2020).
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Figure S5 - Monthly counts of fire pixels and mm of rain over the analyzed time series (2003-2019)
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e Mle- Selection of land-tenure products
o CAR

The Rural Environmental Registry (Cadastro Ambiental Rural, or "CAR") is a self-declaratory electronic public
registry, which is regulated by law n® 12.651, 2012 and Normative Instruction MMA n° 2, of May, 5 2014 and integrates
environmental information on “rural proprieties” about permanent preservation areas, legal reserves, restrictions on
use, remaining cover of forest and of other native vegetation and consolidated areas. We used this information to create
a “rural properties” grid of the study region, including the corrections of Freitas et al [55] to eliminate overlap in CAR
polygons, an we reclassified the data concerning “fiscal modules” (see Table S3), which are defined by National Institute
for Colonization and Agrarian Reform (INCRA). More details are provided in Figure S6.

Table S4 - Fiscal module sizes in the study region

Municipality State Fiscal Module size (ha)
Boca do Acre Amazonas 100
Pauini Amazonas 100
Labrea Amazonas 100
Acrelandia Acre 100
Senador Guiormard Acre 100
Porto Acre Acre 70
Bujari Acre 70
Sena Madureira Acre 100
Manoel Urbano Acre 100

CAR

%%*fﬁ

; .:;g;.g

Selection of data for the

Correction of the rural properties area overlap
with data from Freitas et al (2018) **

Access to rural property study area
delimitation data on the Classification of data according to the
SICAR platform* number of fiscal modulese of the rural
property

C
Q .. &“IE
l&;{w p
*SICAR: https://www.car.gov.br/publico/imoveis/index

**Freitas, F.L.M. de; Guidotti, V.; Sparovek, G.; Hamamura, C. Nota Técnica: Malha Fundiéria Do Brasil. In Atlas - A Geografia da Agropecudria Brasileira; 2018;
Vol. 1812, p. 5.

Figure S7 - CAR diagram. Source: Authors
o Deforestation data

We used the data from the TERRABRASILIS project (PRODES and DETER) to create the new deforestation and
old deforestation classes for the study region, where:
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e New deforestation: areas with the recent removal of vegetation cover detected by the DETER project; and

e Old deforestation: areas with agriculture, pasture, and secondary forest, i.e., “consolidated areas” not surveyed

by DETER project and classified as “non-forest” by PRODES.

TERRABRASILIS l

Download data from PRODES
and DETER

PRODES

DETER

Access to TERRABRASILIS
platform*

*TERRABRASILIS: http://terrabrasilis.dpi.inpe.br/app/map/deforestation?hl=pt-br

Figure S8 - Deforestation diagram. Source: Authors

o Protected lans

Deforestation time classification for
fire spread analysis

) Creation of two classes: new
deforestation and old deforestation

‘New deforestation: areas with the recent removal of
vegetation cover detected by the DETER project

-Old deforestation: areas with agriculture, pasture, and
secondary forest, i.e., consolidated areas not surveyed by
the DETER project and classified as non-forest by PRODES

We selected protected land, here define as undesignated forests, indigenous lands, conservation

units, and the legal reserves and permanent protection areas (APPs) that are self-declared in the CAR, to

analyze the expansion of fire and deforestation that overlapped with protected lands (more details see the

Figure S8).
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CAR

d ; ?4_
{ v aka
%%’v » Selection of protected area data that were
declared in conjunction with the CAR
’41,,‘ eg N\ )
Access to rural property VE———
delimitation data on the i
SICAR platform* ———
Analysis of the expansion of fire in protected - N—
land 1.,
* <
P x4

BREHE

Indigenous lands and
( Conservation units

&

l\\:\“\,\
S N »(‘f"\ S
S\a
&
c

\/if‘ -
LN

*SICAR: https://www.car.gov.br/publico/imoveis/index

Figure S9 - Deforestation diagram. Source: Authors

M2 - Diagram of Raster analysis
We separated the raster analysis into two inputs (represented by rasters and vector inputs) and used DINAMICA
EGO 6 to create two processing models:

- Part I - with the input in raster format: we used DINAMICA EGO 6 to delimit the burned area and active fires
in each region. For this process, we applied the 'Calculate map', 'Calculate categorical map', and 'Calculate area’ functors
to select the areas (see more details in Figure S9 and below in section §52 Raster analysis topic).

- Part II - with the input in vector format: we converted the vector to raster and the 'ID' (number of property class
identification) was the reference of the concerned analysis. We extracted the values by the 'Extract map values' functor
with the 'ID’ as a key to mapping the burned area values (in raster format). Finally, we use the create table to export the
values to the table (see more details in Figure S9 and below in section §52 Raster analysis topic).
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Part |

Land use

~a

Secondary forest

PRODES

DETER

%?Clkhus

The calculation was performed using
the GDAL library in Python language*

Using the calculate area functor to calculate the
burned area that intersects each analyzed region

*GDAL library: https://pypi.org/project/GDAL/

Part Il

Burned area product Active fires

4 ]

o
W

Use of Dinamica EGO software to calculate the
burned area in each analysis region (2003-2019)

Information on burned area for land use

and secondary forest from 2003-2019

e

¥
)

vl

Burned area product Active fires

CAR

P4

7 “' p o
-
Undesignated
Forest and protected areas

Figure S10 - Raster analysis diagram. Source: Authors

§52 Raster analysis

Information on burned area from 2003-

2019

Use of Dinamica EGO software to calculate the
burned area in each analysis region (2003-2019)

U

Data extraction by area typology
identification key

l

5

areas information key

Creation of the burned area table indexed to
each CAR, Undesignated Forest and protected

Use of the Calculate map and Calculate Categorical map
functors to calculate the intersections of burned area
and active fire in the different uses of the region

|t Cakulate
Y categorical
Map

qe=

Map #1

Pl

Map #1

e

Extract Map

Values

5

Create
Table

e Data reclassification from the MapBiomas project and data selection according to each land category.
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We used Dinamica EGO software to create a model (Figure S6) to reclassify MapBiomas data by land category, where
the original MapBiomas map was separated into three categories: agriculture and pasture, forest and deforested areas.
The map of burned areas was then merged with the new MapBiomas map to identify the distribution of burned areas

in each land-use and land-cover category.

‘_ ::J;:Ed :E Select the + 7 Reclassify .
burned o d (normalized q Save Map
B area g values) \ L
"2019.4if" | #7 Burned area > "2019 batif"
of non

Y

forest origin g || Save Table
% Land use /— ~a w Calc Areas L"-_l—-l

— - Year 7
+ 7 Reclassify
JE

| "2019.csv"
"2019.tif"

Figure S11 -Model developed in Dinamica-EGO software for MapBiomas data to reclassify and select burned areas by land category.
Source: Authors

e Selection of the total area value according to the classification of each CAR “property”

We separated fire occurrences located inside the rural properties from the Rural Environmental Registry (CAR) [8,9]
and calculated the all burned areas using Dinamica-EGO software (Figure S7). We studied fire spread in legally
protected portions of rural properties (permanent preservation areas and legal reserves) and analyzed fire behavior in
areas of old (management areas) and new deforestation in the study region with data from the TerraBrasilis project
[10].

8 d S ] E
‘_ urne + 7 Select the # 7" Reclassify
brbns burned = 4G (normalized
"2019.tif" " area g values)
| @ - Save Table
&)

Y

m = Extract w2 Create
| \)values — K-)Table

[ #m can S ko

"car.tif"

Figure S12 - Model developed in the Dinamica-EGO software for selecting and estimating the burned areas following the rural
property size of their CAR data class. Source: Authors

e Selection of the total area value of secondary forest data
We identified fire occurrences in the secondary forest using the model created in Dinamica-EGO (Figure S8). This selects

the burned areas and calculates the total area.
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% — burned

_/ area s Select the + 7 Reclassify
burmed Y mormalized
area values) _ . |
"2019.tif" % _
| . ‘ 4 U PIP— s Create ﬂ Save Table
- values '\) table +—
% — Secundary m A . "2019.csv" |
fons d% secundary -
forest
"2019a.tif" | ‘

Figure S13 - Model developed in the Dinamica-EGO software for selecting and estimating the burned areas in secondary forests
following their data classes. Source: Authors

e Analysis of the fire spread in protected areas (Conservation Units and Indigenous Lands)
We analyzed the burned area in protected areas to quantify fire spread in these territories in the period from 2003 to
2019.

% — Protect Areas

“protect_areas.tif" \
| m#=y; Extract

- =, Create
K) values \) Table »

I_I':!I Save Table

Y B:JmEd s Select the s7° Reclassify [ [ “car.csv”
aro burned " d (normalized
area o values)
"2019.tif"

Figure S14 - Model developed in the Dinamica-EGO software for selecting and estimating the burned areas in secondary forests
following their data classes. Source: Authors

M3 - Diagram of the statistical analysis

We applied a non-parametric test (Kendall tau and Sen's slope) to calculate the trend in raster values from 2003 to 2019
using RStudio software. The analyses were associated with burned area, deforestation, temperature anomalies, and
precipitation anomalies. We calculated the temperature and precipitation anomalies because the precipitation and
temperature variables were not significant in the first process of statistical analyses. We therefore used the PyQgis
platform (in QGIS 3.16.5) to create a raster file of temperature and precipitation anomalies in the study region and use
these variables for trend calculation. The analyses identified any increase or decrease in values in the temporal series
and mapped the occurrence of positive trends associated with burned areas in the study region.
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Q
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Figure S15 - Statistical analysis diagram. Source: Authors
3. Results
Precipitation Temperature
(annual mean from (annual mean from
2003-2019) 2003-2019)
P
Precipitation | Temperature
mm/year Celsius/year
2.438,45 24,55
! 1.886,05 (a) 23,74 (b)

Figure S16 — Mean annual (a) rainfall, (b) temperature, (c) active-fire pixels, and (d) burned area in the period from 2003 to 2019
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Figure S17 - Deforestation variation per km? for the study region in the period from 2003 to 2019, where in blue are the years before
the new Brazilian Forest Code and in red are after new Brazilian Forest Code.

Table S5 - Analysis of variation in the burned area (km?) based on (a) land use from MapBiomas (2021) and (b) secondary forest
from Silva Junior et al. (2020). Source: Authors

@) 2003 2004 2005 2006 2007 2008 2009 2010 2011
Forest 348 141 681 246 253 234 46 419 33
Agriculture and 684 103 1635 331 328 407 87 856 68
pasture
Deforestation 2.05 0.50 5.63 3.71 143 2.73 0.44 3.03 0.03
2012 2013 2014 2015 2016 2017 2018 2019 -
Forest 135 90 74 199 413 226 166 295 -
Agriculture and 143 114 90 297 537 213 248 343 -
pasture
Deforestation 125 017 0.19 6.83 2.46 098 046 1.55 -
(b) 2003 2004 2005 2006 2007 2008 2009 2010 2011
Extent 876 268 2549  3.80 3.97 584 104 1201 0.66
Lost 555 073 9.35 1.58 0.71 088 022 1.93 0.09
Increment 262 038 2.25 0.58 0.55 115 017 1.61 0.07
2012 2013 2014 2015 2016 2017 2018 2019 -
Extent 324 362 1.86 979 1328 450 362 1137 -
Lost 045 074 0.42 1.80 4.03 125 126 1.58 -

Increment 0.48 0.84 0.17 0.85 0.59 0.30 0.55 4.61 -
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Figure S18 -Cumulative percentage of burned area in the study region for the period from 2003 to 2019. Source: Authors
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Figure S19 - Percentage of the burned area in the time series (2003-2019) in protected areas in the study region. Source: Authors
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Figure S20 - Analysis of burned areas from 2003 to 2019 and in protected areas (Conservation Units and Indigenous Lands).
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properties from 2003 to 2019

Percentage of burned area rural
properties based on CAR claims from

2012 to 2019

Figure S21 - Analysis of burned areas in protected areas (Conservation Units and Indigenous Lands) and different classes of rural

properties. Source: Authors
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Figure S22 - Percentage of burned area in the classes of rural properties identified by the CAR for the period from 2003 to 2019.
Source: Authors
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Figure S24 - The burned area in the undesignated forest for the period from 2003 to 2019. Source: Authors
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