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Abstract

This study investigated the pattern distribution of fires in the Brazilian Amazon and their relationship with deforested areas from
2003 to 2022. The primary objective was to analyze fire spots’ spatial and temporal variation. First, we examine whether open
vegetation (non-forest areas) in the Amazon exhibit a higher density of fire spots than forested areas. Second, we analyze how
the density of fire spots in deforested areas varies with the time elapsed since deforestation. Using recent fire monitoring data and
satellite imagery, the study employed statistical techniques to reveal significant patterns and trends. Our findings indicate that fire
spot density is associated with deforestation in forested lands; however, this relationship does not hold for non-forest ecosystems.
Fire spots are more frequent in years with higher deforestation rates, exhibiting similar trends in both forested and non-forested
areas. Nevertheless, fire spot density is generally higher in originally forested lands subjected to anthropogenic activities compared
to non-forest areas experiencing similar disturbances. In contrast, fires are more common in non-forest ecosystems with minimal
or no disturbance compared to forested areas. Additionally, we observe variations in fire spot density over time in deforested areas,
with higher densities occurring in the year the forest was cleared. In non-forest vegetation, the frequency of fires is similar in natural
and anthropized areas, but both are lower compared to areas where vegetation has been recently suppressed. This study enhances
our understanding of the environmental impacts of deforestation and provides valuable insights for formulating management and

conservation policies in the Amazon.

1. Introduction

Forests, woodlands, savannas, grasslands, shrublands, tundra,
deserts, and wetlands are at risk of burning around the world
daily (Hardesty et al., 2005). In Brazil, the potential impacts of
fire and interpretation of fire patterns change depending on the
affected ecosystem or biome. For instance, Cerrado, Pantanal,
and Pampa are fire-dependent, as fire can be an important ele-
ment in maintaining the predominant herbaceous vegetation
(Fidelis et al., 2022; Damasceno-Junior et al., 2021). In the
Amazon biome, there are enclaves of open vegetation, such as
savannahs, Campinas, and other phytophysiognomies that are
also dependent on fire, which in this article are called non-
forest areas (NF). Conversely, Amazonian and Atlantic rain-
forests are fire-sensitive, as their biological characteristics are
adversely affected by fire events (Carvalho et al., 2023; Lapola
et al., 2023). The Caatinga is considered fire-independent due
to the lack of continuous flammable fuel and low incidence of
lightning (Pivello et al., 2021).

In the Amazon, fire patterns changed since the 1970s, and their
occurrence has increased due to anthropic activities coupled
with climate changes (Alencar et al., 2015; Aragdo et al., 2016).
Anthropic fires in Amazon have reached record levels in the last
20 years (Pivello et al., 2021), being, on average, almost twice
as high as in Cerrado in that period (with the area of the Amazon
being nearly double that of the Cerrado) (Silveira et al., 2020).
Most fires in Brazil occur in the transition between Amazon
and Cerrado (Alves and Alvarado, 2019) in the region with the

highest concentration of vegetation loss in the Amazon, known
as the "arc of deforestation” (Messias et al., 2021).

Fire activity has been highly and positively correlated to defor-
estation (Cano-Crespo et al., 2021). Fire is used as a tool in
the deforestation process (Silveira et al., 2020) and as a man-
agement practice for different crops (Cano-Crespo et al., 2015).
Gatti et al. (2023) reported that fire emissions rose by 8% in
2019 and 4% in 2020 compared to the average emissions from
2010 to 2018. These increases coincide with significant forest
loss in the Amazon during those years (10,129 km? in 2019 and
10,851 km? in 2020) (INPE, 2024).

In this context, it is relevant to analyze spatio-temporal changes
in patterns of fire spots and their relationship with deforested
areas. This study presents the main distribution patterns of fires
in the Brazilian Amazon over the last two decades. Here, we
aim to test two assumptions: 1) Amazonian non-forest (NF)
areas (fire-dependent) present a higher density of fires-spots
than Amazonian forested areas (fire-sensitive); 2) the amount
and density of fire spots in deforested areas may vary depend-
ing on the time since the deforestation event.

2. Materials and methods

Fire spots between 2003 and 2022 were obtained from Queima-
das Program (https://terrabrasilis.dpi.inpe.br/queimadas/), de-
veloped by the National Institute for Space Research (INPE).
The spots were detected through the reference satellite
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AQUA_M-T (MODIS, with passages in the early after-
noon). Annual deforestation data sets (from 2002 to 2022)
and the forest/non-forest limits were accessed from the the
Brazilian Amazon Rainforest Monitoring Program by Satellite
(PRODES)/INPE (Almeida et al., 2022), available on TerraB-
rasilis Plataform (https://terrabrasilis.dpi.inpe.br/).

First, we computed the number of fire spots for each year
between 2003 and 2022 in areas naturally constituted by non-
forest and forest vegetation. Spots overlapping the water mask
were discarded from the analysis. Given the difference in
size of forest/non-forest areas in Amazon (3,827,380 km? and
279,492,08 km?, respectively), these values were transformed
into density (number of fire spots per km?).

Next, fire spots over areas originally covered by forests were
further typified according to four types of land cover at the ana-
lyzed time: 1) forest removed in the same year of the fire spots
detection; 2) forest removed in the year before the detection of
the spots; 3) anthropic areas, i.e. areas in which forest removal
happened at least three years before the year being analyzed, 4)
primary forests. The density of fire spots was calculated for the
four types of land cover.

For non-forest vegetation areas, PRODES mapping was con-
ducted every two years until 2018. Each mapped year included
data on NF vegetation removal from that year and the previ-
ous year. For the analysis of fire spots in non-forest vegeta-
tion, we considered three types of land cover: 1) fire spots from
the mapped year in areas of recent vegetation removal (same
or previous year); 2) in anthropic areas, i.e. areas in which ve-
getation removal happened at least three years before the year
being analyzed; and 3) in natural non-forest vegetation. We also
calculated the densities of fire spots for the three types of land
cover.

Fire spots are detected using images with spatial resolution up
to 1kmx 1km. Here, a given fire spot was accounted for a class
if the center of the pixel intersects with the polygon delimiting
the area of that class. This means fire spots near the border
between features (~500m) may be misplaced. As only density
values were calculated, this artifact does not compromise the
analysis.

Examples of burned areas in Landsat satellite images, used
by PRODES in the mapping, were also employed, along with
photos from fieldwork conducted in Roraima in March 2023.
The band composition used was short-wavelength infrared (R)
/ near-infrared (G) / red (B). A spectrum-temporal Normalized
Difference Vegetation Index (NDVI) was generated using the
Google Earth Engine platform to show the reduction of bio-
mass when deforestation occurs due to progressive degradation
caused by fire.

Welch’s ANOVA was used to determine whether there were sig-
nificant differences in fire spot densities between the groups:
primary forests, anthropized areas, and recently cleared lands.
This method is robust to heteroscedasticity and does not as-
sume equal variances among the groups (Delacre et al., 2019).
Welch’s ANOVA was performed using the oneway.test func-
tion in R (R Core Team, 2023), specifying the varequal argu-
ment as FALSE. This approach allowed us to determine whether
there were significant differences in fire spot densities between
primary forests, anthropized areas, and recently cleared lands.
For post hoc comparisons following a significant Welch’s AN-
OVA result, we employed the Games-Howell test, which is suit-
able for situations with unequal variances and sample sizes. The

post hoc analysis was conducted using the gamesHowellTest
function from the PMCMRplus package in R (Pohlert, 2023).
This approach provided detailed insights into which specific
group pairs differed significantly.

To compare fire spot densities over time between two land cov-
ers, we employed a paired t-test with unequal variance. This
statistical test is suitable for comparing two related samples to
determine if their means differ significantly (Ross and Willson,
2017). The paired t-test was performed using the t.fest func-
tion in R, with the paired argument set to TRUE. This approach
allowed us to assess the mean difference in fire spot densities
between the two areas for each year, accounting for the paired
nature of the data.

Additionally, we used Spearman’s rank correlation to examine
the relationship between deforestation rates and fire spot densit-
ies. Unlike Pearson’s correlation, Spearman’s correlation does
not assume a linear relationship or homoscedasticity, making it
more robust for our non-parametric data (Zuur et al., 2007). The
correlation analysis was conducted using the cor:fest function in
R, specifying the method as “spearman”. This test provided in-
sights into the strength and direction of the association between
deforestation and fire spot densities, enabling us to understand
the underlying patterns more clearly.

3. Results and discussions

3.1 Fire in forest vs non-forest areas

Between 2003 and 2022, 4,639,773 fire spots were detected in
the Brazilian territory. From these, 53.13% occurred in the
Amazon. The highest amount of fire spots in the last twenty
years in Amazon was detected between 2003 and 2007 —
matching the period with natural vegetation loss rates higher
than 10.000 km? in the region (Figure 1).
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Figure 1. Density of fire spots in areas originally constituted by
forest and non-forest vegetation and rates of forest loss.

Figure 1 shows the density of fire spots detected in Amazonian
areas originally constituted by forest and non-forest vegetation.
Deforestation and fire spots in forested lands showed a signific-
ant correlation (rho = 0.63, S = 486, p-value = 0.003) at 5%
significance level, whereas the relationship between NF loss
and NF fire spots was not significant (rho = 0.32, S = 903.39,
p-value = 0.168). This discrepancy may be explained by the
fact that fires can occur in NF areas that have not necessarily
experienced suppression, such as those used for pasture man-
agement in natural vegetation (Costa et al., 2011; Gongalves et
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al., 2019) or not classified as suppression by PRODES (see Al-
meida et al., 2022). Between 2003 and 2008, when natural ve-
getation loss reached levels higher than 10,000 km? per year in
the Amazon, the density of fire spots in forest areas surpassed
the one measured in non-forest areas. From 2009 to 2018, a
period with natural vegetation losses lower than 7,500 km?2 per
year, the density of fire spots in non-forest areas was higher than
in forest areas. In 2020-2022, when the losses exceeded 10,000
km? again, the density of fire spots in forests surpassed those in
non-forest areas once more.

Despite the higher spot density in forests in years of high forest
losses, fire spots in forest and non-forest areas followed a sim-
ilar trend considering their total areas: on average 0.028 fire
spots.km™!.yr~! in forest areas and 0.026 fire spots.km~!.yr—*
in non-forest areas, not differing statistically (paired t test; t =
-1.173, df = 19, p-value = 0.255) and showing a strong correla-
tion (rtho = 0.84; S =210, p-value < 2.2e-16).

The density of fire spots varied across the types of land cover.
When analyzing the density of fire spots stratified by areas of
natural vegetation (both forest and non-forest vegetation), an-
thropic areas, and recently cleared areas (within the same year
or the year before), we observed a higher concentration of fire
spots in areas where vegetation loss had occurred more recently,
particularly in forested regions (see the letters in Figure 2 for
statistical differences). The lowest fire density was found in
forest natural vegetation, which was statistically lower than that
found in natural NF areas (on average 0.013 and 0.022 fire
spots.km™'.yr~!, respectively). Despite the significance, the
difference is relatively small, as one can see in Figure 2. A pos-
sible reason for the difference is the natural occurrence of light-
ning fires in savannas (Pivello et al., 2021) and the management
of native pastures with fire by ranchers and indigenous popula-
tions (Gongalves et al., 2019; Barbosa and Fearnside, 2005).

Grasses are dominant in non-forest areas, and present several
adaptations and synergies with fire (Barbosa et al., 2007). Trop-
ical forests are not easy to burn naturally, and their plants
have no adaptations to tolerate fire events (Pivello et al., 2021;
Brando et al., 2012; Barlow and Peres, 2008). As such, fire
spots should be more frequent in areas of non-forest, where
they can occur naturally. Our results show that this assump-
tion is only valid for areas covered by their natural vegetation
and cannot be generalized to anthropized areas.

3.2 Fire dynamics in forest areas

Figure 3 shows the temporal trend of the density of fire spots
that occurred in different land covers distributed in areas ori-
ginally constituted by forest vegetation in the Amazon. The
highest density of fire spots occurred in deforested areas with
relatively recent deforestation events. Density values in areas
with forest removal in the year of analysis (on average 0.461 fire
spots.km™1.yr~!) were statistically higher (paired t-test: t =
6.789, df = 19, p-value = 1.75e-06) than those in the prior
year (on average 0.364 fire spots.km™~*.yr™1). Our results are
in accordance with the findings of Alves and Alvarado (2019),
which demonstrated a spatial correlation between recent defor-
estation and burn scars. In Amazon, it is a common practice
to use fire to clear remaining debris after deforestation and to
prevent regrowth, a process known as slash-and-burn (Reis et
al., 2021; Aragio et al., 2016; Armenteras et al., 2017). Addi-
tionally, ashes from the burns can be used to fertilize the soil
(Silveira et al., 2020).
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Figure 2. Density of fire spots in natural vegetation areas
(primary forests or natural NF vegetation), anthropic areas, and
natural vegetation cleared in the same year or the previous year.

Different letters above the boxplots indicate statistically
significant differences (Welsh’s ANOVA test; p-value < 0.05).
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Figure 3. Density of fire spots per type of cover in areas
originally covered by forest vegetation.

The density of fire spot values was lower in anthropic areas (on
average 0.086 fire spots.km™'.yr™') compared to recently re-
moved forests. Deforested areas are predominantly used for
pastures in the Amazon (TerraClass, 2024), which commonly
are managed by fire. Fires are commonly used as a manage-
ment practice for nutrient mobilization, pest control, and re-
moval of brush and weed accumulation. Additionally, fire is
used to remove regenerating vegetation for new crop or pasture
implementation (Cano-Crespo et al., 2015; Lima et al., 2012).

Primary forests exhibited the lowest density of fire spots, av-
eraging 0.013 fire spots.km™~2.yr~!. Fires are typically rare
in continuous forests located towards the center of the biome
(Driike et al., 2019). They mainly occur at forest edges, where
ongoing deforestation intensifies edge effects, increasing the
susceptibility of these areas to fire (Reis et al., 2021; Silva-
Junior et al., 2022; Armenteras et al., 2017). Forest edges have a
drier and hotter microclimate, ample fuel availability in the un-
derstory, and greater exposure to ignition sources (Silva-Junior
et al., 2022).

3.3 Fire dynamics in non-forest areas

Figure 4 illustrates the temporal trend of the density of fire spots
per year between 2004 and 2022 in different types of land cover
located in areas originally covered by non-forest vegetation in
the Amazon. The highest density of fire spots occurred in non-
forest cleared in the same year or the year before (Figure 3),

averaging 0.15 fire spots.km~2.yr .
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Figure 4. Density of fire spots per type of cover in areas
originally covered by non-forest vegetation.

In non-forest areas, the average annual density of fire spots in
anthropic areas and natural vegetation has shown similar val-
ues (0.037 and 0.029 fire spots.km~2.yr~", respectively), with
no statistically significant difference (Figure 2). However, the
occurrence of fire spots in anthropized NF areas was lower
compared to those in anthropic areas located originally in for-
ested lands (0.037 and 0.086 fire spots.km™2.yr~!, respect-
ively). This disparity likely stems from the predominant land
uses. In savannas, the primary non-forest vegetation type in the
Amazon, the leading cause of vegetation loss has been associ-
ated with the expansion of soybean cultivation (Messias et al.,
2024b), which typically involves less frequent use of fire com-
pared to pasture cultivation.

4. Impacts of fires in the Amazon

Our results demonstrated that fires were more common in
areas originally constituted by forest vegetation than in non-
forest vegetation in the Amazon. Around 93% of the Brazilian
Amazon’s vegetation consists of forests (Messias et al., 2021),
vulnerable to several impacts by fires (Pivello et al., 2021). The
increased likelihood of fires is expected to negatively impact
carbon stocks and biological diversity (Lima et al., 2012).

Active fires in pasture and agricultural areas often spread un-
controllably into primary forests, becoming the primary driver
of forest degradation by fire (Cano-Crespo et al., 2015; Reis et
al., 2021). This issue is exacerbated during periods of severe
water deficit, caused by extreme drought events such as El
Nifio. These conditions reduce the moisture of the forest under-
story and available fuel, increasing forest flammability (Faria et
al., 2017; Reis et al., 2021). As a result, large tracts of primary
forest are becoming more flammable and will likely burn more
frequently in the coming decades (Brando et al., 2020).

Successive fire incursions into forests lead to a decline in above-
ground carbon density, progressive loss of forest biomass, and
reduced structural diversity (Rappaport et al., 2018). In the final
stage of degradation, this results in complete loss of the forest
cover, which corresponds to the landscape pattern mapped as
deforestation by PRODES (Almeida et al., 2022). Figure 5
(A, B, C, and D) illustrates an example of such degradation
in Mato Grosso. The Normalized Difference Vegetation Index
(NDVI) indicates successive biomass losses, especially since
2018, leading to complete canopy loss detected by PRODES
in 2022. That year, 928.05 km? of forest loss detected by

PRODES was due to progressive forest degradation, account-
ing for 7.43% of the total.
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Figure 5. Evolution of degradation, leading to the opening of the
forest canopy and resulting in deforestation due to progressive
degradation, visualized in Landsat satellite imagery for the
years: A) 2014; B) 2018; C) 2020; D) 2022. E)
Spectrum-temporal NDVI from the highlighted point in white in
the 2022 image.

Between August 2022 and July 2023, 58.22% of burn scars in
Amazon non-forest vegetation occurred in savannas, mostly in
the Lavrado (state of Roraima), in the northern portion of the
Amazon (Messias et al., 2024a). These features are easily de-
tected in satellite images (Figure 6A) (Messias et al., 2024a).
Burned area and fire frequency in the savannas of Roraima de-
pend on the vegetation types, and the higher the density of
trees and the greater the amount of herbaceous vegetation in
high-altitude surfaces, the greater the burned area (Barbosa and
Fearnside, 2005). Although some types of natural non-forest
vegetation in the Amazon benefit from fires for maintaining
biodiversity and ecological processes, the frequency, occur-
rence period, and extent of fires have been altered by human
activities (Alencar et al., 2015; Brando et al., 2020; Aragdo et
al., 2016). Generally, changes in the fire regime have negative
effects on vegetation (Pivello et al., 2021). Figure 6B shows the
occurrence of fire in a savanna vegetation area in the Lavrado
of Roraima, observed during fieldwork.

In southern Amazonia, forest fire regimes have strongly
changed (Brando et al., 2020). Human activities and extreme
weather events have led to fires, increasing forest carbon emis-
sions to the atmosphere, even in areas where deforestation has
been declining (Brando et al., 2020). In the biome, fire emis-
sions increased by 8% and 4% in 2019 and 2020, respectively,
while deforestation rose by 82% and 77% and burned area by
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Figure 6. Non-forest vegetation in Roraima. A) Lavrado, burn
scars in Landsat image (magenta), 2022; B) Savanna fire
occurrence, fieldwork, 2023.

14% and 42%, reducing the capacity of the Amazon to act as a
carbon sink (Gatti et al., 2023).

5. Conclusions

Our results indicate that fire spot density is associated with an-
thropic activities in originally forested lands, but this relation-
ship is not true for non-forest ecosystems. Also, fire spots are
more frequent in years with higher natural vegetation suppres-
sion rates, exhibiting similar trends in both forested and non-
forested areas. However, fire spot density is generally higher in
forested lands subjected to anthropogenic activities compared
to non-forest areas experiencing similar disturbances. Con-
versely, in natural areas with minimal or no disturbance, fires
are more common in non-forest ecosystems than in forested
ones. We also demonstrated variations in the density of fire
spots over time for deforested areas based on the age of the
deforestation event, being higher in the year the forest was
cleared. In non-forest vegetation, the frequency of fires in nat-
ural and anthropized areas was similar, but both were lower
compared to areas where vegetation had been recently sup-
pressed.

These results highlight the need for fire control actions in dif-
ferent Amazonian scenarios, given the importance of fire spots
as a carbon source. The severe forest degradation due to suc-
cessive fires can also result in the complete loss of the canopy,
and its capacity for self-regeneration, as well as the loss of the
forest’s ecological functions.

6. Acknowledgements

We thank the National Council of Technological and Sci-
entific Development (CNPq) for funding the project Monit-
oring and Alerts of Land Cover Changes in Brazilian Bio-
mes—Training and Semi-Automation of the BiomasBR Pro-
gram [422354/2023-6].

References

Alencar, A. A., Brando, P. M., Asner, G. P, Putz, F. E., 2015.
Landscape fragmentation, severe drought, and the new Amazon
forest fire regime. Ecological Applications, 25(6), 1493-1505.

Almeida, C. A., Maurano, L. E. P., Valeriano, D. M., Camara,
G., Vinhas, L., Motta, M., Gomes, A. R., Monteiro, A. M. V.,
Souza, A. A. A., Messias, C. G., Rennd, C. D., Adami, M., Es-
cada, M. L. S, Soler, L. d. S., Amaral, S., 2022. Metodologia
utilizada nos sistemas PRODES e DETER - 2 edi¢do (atualiz-
ada). 2 edn, INPE, Séo José dos Campos.

Alves, D. B., Alvarado, S. T., 2019. Variacdo espaco-temporal
da ocorréncia do fogo nos biomas brasileiros com base na
analise de produtos de sensoriamento remoto. Geografia, 44(2),
321-345.

Aragio, L. E., Anderson, L. O., Lima, A., Arai, E., 2016. Fires
in Amazonia. Interactions Between Biosphere, Atmosphere and
Human Land Use in the Amazon Basin, 301-329.

Armenteras, D., Barreto, J. S., Tabor, K., Molowny, R., Retana,
J., 2017. Changing patterns of fire occurrence in proximity to
forest edges, roads and rivers between NW Amazonian coun-
tries. Biogeosciences Discussions, 14(11), 2755-2765.

Barbosa, R., Campos, C., Pinto, F., Fearnside, P., 2007.
The “Lavrados” of Roraima: biodiversity and conservation
of Brazil’s Amazonian savannas. Functional Ecosystems and
Communities, 1(1), 29-41.

Barbosa, R. 1., Fearnside, P. M., 2005. Fire frequency and area
burned in the Roraima savannas of Brazilian Amazonia. Forest
ecology and Management, 204(2-3), 371-384.

Barlow, J., Peres, C. A., 2008. Fire-mediated dieback and
compositional cascade in an Amazonian forest. Philosophical
Transactions of the Royal Society of London, Series B: Biolo-
gical Sciences, 363(1498), 1787-94.

Brando, P. M., Nepstad, D. C., Balch, J. K., Bolker, B., Christ-
man, M. C., Coe, M., Putz, F. E., 2012. Fire-induced tree mor-
tality in a neotropical forest: the roles of bark traits, tree size,
wood density and fire behavior. Global Change Biology, 18(2),
630-641.

Brando, P. M., Soares-Filho, B., Rodrigues, L., Assung¢do, A.,
Morton, D., Tuchschneider, D., Fernandes, E., Macedo, M.,
Oliveira, U., Coe, M., 2020. The gathering firestorm in southern
Amazonia. Science advances, 6(2), eaay1632.

Cano-Crespo, A., Oliveira, P. J., Boit, A., Cardoso, M.,
Thonicke, K., 2015. Forest edge burning in the Brazilian
Amazon promoted by escaping fires from managed pastures.
Journal of Geophysical Research: Biogeosciences, 120(10),
2095-2107.

Cano-Crespo, A., Traxl, D., Thonicke, K., 2021. Spatio-
temporal patterns of extreme fires in Amazonian forests. The
European Physical Journal Special Topics, 230(14), 3033—
3044.

Carvalho, L. Z. G., Massi, K. G., Coutinho, M. P., Magalhaes,
V. D., 2023. Fire effects on Atlantic Forest sites from a com-
position, structure and functional perspective. Braz J Biol, 82,
e268185.

Costa, N. d. L., Gianluppi, V., Moraes, A. d., 2011. Avaliagdo
da rebrota natural de Axonopus aureus em pastagens nativas
dos lavrados de Roraima. Pubvet, 5(24), e1151.

Damasceno-Junior, G. A., Pereira, A. d. M. M., Oldeland, J.,
Parolin, P, Pott, A., 2021. Fire, Flood and Pantanal Vegetation.
Springer International Publishing, Cham, 661-688.

Delacre, M., Leys, C., Mora, Y. L., Lakens, D., 2019. Tak-
ing parametric assumptions seriously: arguments for the use of
Welch’s F-test instead of the classical F-test in One-Way AN-
OVA. International Review of Social Psychology, 32(1), 13.

This contribution has been peer-reviewed.
https://doi.org/10.5194/isprs-archives-XLVI11-3-2024-345-2024 | © Author(s) 2024. CC BY 4.0 License. 349



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLVIII-3-2024
ISPRS TC Ill Mid-term Symposium “Beyond the canopy: technologies and applications of remote sensing”, 4—8 November 2024, Belém, Brazil

Driike, M., Forkel, M., Von Bloh, W., Sakschewski, B., Car-
doso, M., Bustamante, M., Kurths, J., Thonicke, K., 2019.
Improving the LPJmL4-SPITFIRE vegetation—fire model for
South America using satellite data. Geoscientific Model Devel-
opment, 12(12), 5029-5054.

Faria, B. L., Brando, P. M., Macedo, M. N., Panday, P. K.,
Soares-Filho, B. S., Coe, M. T., 2017. Current and future pat-
terns of fire-induced forest degradation in Amazonia. Environ-
mental Research Letters, 12(9), 095005.

Fidelis, A., Schmidt, I. B., Furquim, F. F.,, Overbeck, G. E.,
2022. Burning in the Pampa and Cerrado in Brazil. CRC Press,
Boca Raton, FL, 38-49.

Gatti, L. V., Cunha, C. L., Marani, L., Cassol, H. L., Messias,
C. G, Arai, E., Denning, A. S., Soler, L. S., Almeida, C., Set-
zer, A. et al., 2023. Increased Amazon carbon emissions mainly
from decline in law enforcement. Nature, 621(7978), 318-323.

Gongalves, L. V. C,, Alfaia, S. S., Dias Jr, C. M., 2019. O
Manejo das Caicaras Indigenas: Uma prética agropecudria no
Lavrado de Roraima, Amazonia brasileira. Mundo Amazonico,
10(1), 187-207.

Hardesty, J., Myers, R., Fulks, W., 2005. Fire, ecosystems, and
people: a preliminary assessment of fire as a global conserva-
tion issue. The George Wright Forum, 22number 4, JSTOR,
78-87.

INPE, 2024. PRODES Amaz6nia - Monitoramento do
Desmatamento da Floresta Amazonica Brasileira por Satélite.

http://www.obt.inpe.br/OBT/assuntos/programas/amazonia/prodes.

Lapola, D. M., Pinho, P., Barlow, J., Aragao, L., Berenguer,
E., Carmenta, R., Liddy, H. M., Seixas, H., Silva, C. V. J.,
Silva-Junior, C. H. L., Alencar, A. A. C., Anderson, L. O., Ar-
menteras, D., Brovkin, V., Calders, K., Chambers, J., Chini, L.,
Costa, M. H., Faria, B. L., Fearnside, P. M., Ferreira, J., Gatti,
L., Gutierrez-Velez, V. H., Han, Z., Hibbard, K., Koven, C.,
Lawrence, P., Pongratz, J., Portela, B. T. T., Rounsevell, M.,
Ruane, A. C., Schaldach, R., da Silva, S. S., von Randow, C.,
Walker, W. S., 2023. The drivers and impacts of Amazon forest
degradation. Science, 379(6630), eabp8622.

Lima, A., Silva, T. S. F., de Feitas, R. M., Adami, M., Form-
aggio, A. R., Shimabukuro, Y. E. et al., 2012. Land use and
land cover changes determine the spatial relationship between
fire and deforestation in the Brazilian Amazon. Applied Geo-
graphy, 34, 239-246.

Messias, C., Almeida, C., Silva, D., Soler, L., Maurano, L.,
Camilotti, V., Alves, E,, Silva, L., Lima, T., Rend, V. et al.,
2024a. DETER Monitoring on Non-Forest Vegetation in the
Brazilian Amazon. Communications Earth Environment.

Messias, C. G., Silva, D. E., da Silva, M. B., de Lima, T. C.,
de Almeida, C. A., 2021. Analise das taxas de desmatamento
e seus fatores associados na Amazdnia Legal Brasileira nas
ultimas trés décadas/Analysis of deforestation rates and their
drivers in the Brazilian Legal Amazon during the last three dec-
ades. Ra’e Ga, 52, 18-42.

Messias, C., Kneipp, J., Camilotti, V., Soler, L., Adami, Mar-
cos Alves, F., Silva, Reis, M., Quadros, C. et al., 2024b. Un-
accounted natural vegetation loss in Brazilian Amazon. Revista
Brasileira de Cartografia.

Pivello, V. R., Vieira, 1., Christianini, A. V., Ribeiro, D. B.,
da Silva Menezes, L., Berlinck, C. N., Melo, F. P., Marengo,
J. A., Tornquist, C. G., Tomas, W. M. et al., 2021. Understand-
ing Brazil’s catastrophic fires: Causes, consequences and policy
needed to prevent future tragedies. Perspectives in Ecology and
Conservation, 19(3), 233-255.

Pohlert, T., 2023. Pmcmrplus: Calculate pairwise multiple
comparisons of mean rank sums extended.

R Core Team, 2023. R: A language and environment for statist-
ical computing.

Rappaport, D. 1., Morton, D. C., Longo, M., Keller, M.,
Dubayah, R., dos Santos, M. N., 2018. Quantifying long-term
changes in carbon stocks and forest structure from Amazon
forest degradation. Environmental Research Letters, 13(6),
065013.

Reis, M., de Alencastro Graga, P. M. L., Yanai, A. M., Ramos,
C. J. P, Fearnside, P. M., 2021. Forest fires and deforestation in
the central Amazon: Effects of landscape and climate on spa-
tial and temporal dynamics. Journal of Environmental Manage-
ment, 288, 112310.

Ross, A., Willson, V. L., 2017. Paired Samples T-Test.
SensePublishers, Rotterdam, 17-19.

Silva-Junior, C. H., Buna, A. T., Bezerra, D. S., Costa Jr, O. S.,
Santos, A. L., Basson, L. O., Santos, A. L., Alvarado, S. T., Al-
meida, C. T., Freire, A. T. et al., 2022. Forest fragmentation and
fires in the eastern Brazilian Amazon—Maranhao State, Brazil.
Fire, 5(3), 77.

Silveira, M. V., Petri, C. A., Broggio, I. S., Chagas, G. O.,
Macul, M. S., Leite, C. C., Ferrari, E. M., Amim, C. G., Freitas,
A. L., Motta, A. Z. et al., 2020. Drivers of fire anomalies in the
Brazilian Amazon: Lessons learned from the 2019 fire crisis.
Land, 9(12), 516.

TerraClass, 2024. Programa  terraclass amazonia.
https://www.terraclass.gov.br/geoportal-aml/ (10 july 2024).

Zuur, A. E, Ieno, E. N., Smith, G. M., 2007. Analysing ecolo-
gical data. Springer.

This contribution has been peer-reviewed.
https://doi.org/10.5194/isprs-archives-XLVI11-3-2024-345-2024 | © Author(s) 2024. CC BY 4.0 License. 350





