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guestao ainda pouco explorada, que aponta a influéncia do Cerrado no Pantanal.

Do ponto de vista técnico e inovador, apresenta uma aplicagdo metodoldgica
diferenciada para encontrar as relacfes entre as variaveis ambientais e areas
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Do ponto de vista social, a nivel internacional e nacional, mostrar a relagdo das
variaveis podera sensibilizar a comunidade e aumentar o combate ao desmatamento

e as queimadas.

POTENTIAL IMPACT OF THIS RESEARCH

From a scientific and environmental point of view, this research aims to answer a
guestion still little explored, which points to the influence of the Cerrado in the Pantanal.
From a technical and innovative point of view, it presents a differentiated
methodological application to find the relationships between environmental variables
and burned areas.

From a social point of view, at an international and national level, showing the
relationship between the variables could sensitize the community and increase the
combat against deforestation and burns.
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RESUMO

SANTOS, Fabricia Cristina. Desmatamento no Cerrado e queimadas no Pantanal: analise
de correlacéo pautada no processamento de dados de Sensoriamento Remoto. 2023. Dissertacdo
Mestrado em Desastres Naturais - Universidade Estadual Paulista (Unesp), Instituto de Ciéncia
e Tecnologia; Centro Nacional de Monitoramento e Alertas de Desastres Naturais (Cemaden),
S&o José dos Campos, 2023.

Queimadas e desmatamentos inapropriados compreendem questdes ambientais enfrentadas por
diferentes paises. Apesar da sua conservacdo ser de interesse mundial, os biomas brasileiros
Cerrado e Pantanal tém sofrido ao longo dos anos diversas alteracdes devido as acles
antropicas. Especificamente, enquanto o desmatamento sobre o bioma Cerrado avanca
progressivamente, queimadas cada vez mais severas tém ocorrido no Pantanal. Diferentes
pesquisas discutem que o comportamento das queimadas no Pantanal surgem como efeito
colateral dos desmatamentos no Cerrado. No entanto, ndo séo encontradas analises quantitativas
que relacionem tais eventos. Neste contexto, fazendo uso de técnicas de aprendizado de
maquina e dados temporais obtidos por sensoriamento remoto no periodo 2000-2020, este
estudo busca identificar as interacdo entre os biomas Cerrado e Pantanal. Os resultados
alcancados permitem verificar que a reducdo das areas florestais no Pantanal e a expansao
agropecuaria no Cerrado estdo vinculadas ao comportamento das queimadas no Pantanal.

Palavras-chave: mudanca de cobertura do solo; cerrado; pantanal; queimadas; sensoriamento
remoto; série temporal; aprendizado de méaquina; modelos de regressao.



ABSTRACT

SANTOS, Fabricia Cristina. Deforestation in the Cerrado and fires in the Pantanal:
correlation analysis guided by the processing of Remote Sensing data. 2023. Dissertation
Master's degree in Natural Disaster - S&o Paulo State University (Unesp), Institute of Science
and Technology, National Center for Monitoring and Early Warning of Natural Disasters
(Cemaden), S&o Jose dos Campos, 2023.

Inappropriate fires and deforestation comprise environmental issues faced by different
countries. Despite its conservation being of worldwide interest, the Brazilian Cerrado and
Pantanal biomes have undergone several changes over the years due to anthropic actions.
Significantly, both deforestation within the Cerrado biome and the incidence of severe fires in
the Pantanal have witnessed a worrisome escalation. Different studies argue that the behavior
of fires in the Pantanal arises as a side effect of deforestation in the Cerrado. However, no
quantitative analysis relating to such events is found. In this context, making use of machine
learning techniques and temporal data obtained by Remote Sensing in the period 2000-2020,
this study aims to identify the interactions between the Cerrado and Pantanal biomes. The
obtained results verify that the reduction of forest areas in the Pantanal and the agricultural
expansion in the Cerrado are linked to the behavior of fires in the Pantanal.

Keywords: land cover changes; cerrado; pantanal; burns; remote sensing; time series;
machine learning; regression models.
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1 INTRODUCAO

O bioma Pantanal é a maior area tmida do mundo, ocupa cerca de 150 mil km?,
distribuidos 74% nos estados do Mato Grosso e Mato Grosso do Sul, e o restante entre a Bolivia
e o Paraguai (ALHO et al., 2005; HARRIS et al., 2005; JUNK; CUNHA, 2005). As depressoes
do bioma retém a agua, levando por sua vez a formagéao de lagos ou lagoas. Esta caracteristica
faz com que o bioma seja considerado uma enorme janela de evaporacao, uma vez que consegue
reter de 30 a 60% da agua que incide sobre ele. Atualmente o bioma sofre diversas ameacas
como: desmatamento, manejo inadequado para agropecuaria, construcdo de barragens,
crescimento urbano e populacional, alteracdo de habitat natural, efeitos do uso do fogo,
alteracdo do regime hidrico, entre outros (ALHO et al., 2019). O bioma apresenta apenas 4,68%
de sua area total protegida por Unidades de Conservacao, tanto de Protecdo Integral, quanto de
Uso Sustentavel (MMA, 2023).

Tdo importante quanto, o bioma Cerrado € o segundo maior do pais, ocupa mais de 2
milhdes de km?, o que equivale a aproximadamente 23% do territorio nacional, sendo
considerada a savana mais biodiversa do mundo (KLINK; MACHADO, 2005). Algumas das
maiores Bacias Hidrogréficas da América do Sul, possuem nascentes no bioma Cerrado,
evidenciando assim sua contribuicdo na manutencdo dos recursos hidricos regionais
(OLIVEIRA et al., 2014). Ademais, este bioma possui apenas 8,99% do seu territorio em areas
protegidas, sendo mais vulneravel as alteracdes antropicas (MMA, 2023). De acordo com o
projeto MapBiomas (Mapeamento Anual de Cobertura e Uso do Solo do Brasil), no ano de
2020, 45,6% do Cerrado encontram-se em &reas antropizadas (MAPBIOMAS, 2022).

Apesar de parte dos biomas Pantanal e Cerrado serem propensas ao fogo (HARDESTY
et al., 2005), o regime errado deste fator pode levar a degradacgdo do solo, invasdes bioldgicas
e perda da biodiversidade (PIVELLO, 2011). O fogo que atualmente ocorre no Pantanal é uma
combinacéo de fatores climaticos e atividades antropicas. A nivel de exemplo, muitos canais
de fluxo de agua foram bloqueados para evitar a inundacgdo de pastagens criadas, causando o
ndo espalhamento da agua e uma irrigacdo inadequada, fatores estes que, quando associados a
praticas agricolas inadequadas, influenciam no abastecimento de importantes rios locais e
podem implicar em periodos de estiagem mais longos e severos (LEAL FILHO et al., 2021).

Segundo discuss@es presentes na literatura, a citar Schulz et al. (2019) e Guerra et al.
(2020), areas umidas geralmente dependem de seus arredores, logo, as atividades realizadas em

regides vizinhas ao Pantanal podem gerar impactos nos sistemas socioecoldgicos do bioma. De
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acordo com Ivory et al. (2019), a relagdo entre as regides é impulsionada principalmente por
fluxos de &gua e producdo de sedimentos. Os desmatamentos realizados no Cerrado, geralmente
motivados pela conversdo de areas naturais em agricolas e executados sem a devida
conservagdo do solo, causam erosdo e provocam o aumento do escoamento e transporte de
nutrientes e sedimentos, que por sua vez implicam no assoreamento dos rios e impactam a vazao
e os regimes hidrolégicos no Pantanal (BERGIER et al., 2013; GUERRA et al., 2020).

Diante das questGes apontadas, este estudo apresenta analises de tendéncia e de
correlacdo entre as variaveis de uso e cobertura do solo, corpos hidricos e areas queimadas, com
0 objetivo de comprovar ou refutar que o desmatamento no Cerrado influencia nas queimadas
no Pantanal, para tanto foram utilizados dados obtidos por Sensoriamento Remoto no periodo
de 2000-2020, e modelos de regressdo, aplicados em uma area de estudo que compreende trés

Bacias Hidrograficas que ocupam simultaneamente porc¢6es dos biomas Cerrado e Pantanal.
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Fires in Pantanal are directly linked to agriculture conversion in Cerrado and native
vegetation loss and hydrological changes in Pantanal
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Abstract

Wildfires and deforestation are severe threats to global ecosystems. In Brazil, Cerrado (a
tropical savanna) and Pantanal (a tropical wetland) biomes have undergone several changes
over the years due to anthropic actions. Both deforestation in Cerrado biome and wildfires in
Pantanal have increased lately. Some studies argue that both processes could be related, but
there is a scarcity of quantitative analysis evaluating that. In this context, making use of machine
learning techniques and temporal data obtained by Remote Sensing in the period 2000-2020,
this study aimed to identify the interactions between Cerrado land use and land cover change
in native vegetation and fire incidence in Pantanal. Our results corroborate that and showed that
fires in Pantanal were directly linked to large scale and commodities agriculture conversion in

Cerrado and native vegetation loss and hydrological changes in Pantanal.

Keywords: Burns — Pantanal — Cerrado — Remote Sensing — Time Series — Machine Learning.
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1. Introduction

Deforestation is still a major threat for boreal, temperate, and tropical ecosystems
around the world (LEBLOIS et al., 2017). In Brazil, deforestation peaked in the last few years
damaging mostly Amazon and Cerrado biomes (INPE, 2023). Brazilian Cerrado (a tropical
savanna) and Pantanal (a tropical wetland) are threatened by deforestation and several other
anthropic uses. In Pantanal, these uses include deforestation, mismanagement for agriculture
and livestock, construction of dams, urban sprawl, natural habitat degradation, fire use and
floods and ebbs changes (ALHO et al., 2019), and in Cerrado, the main environmental problem
is conversion of natural areas to commodities agriculture (MAPBIOMAS, 2022). In 1985,
Cerrado and Pantanal had 68.4% and 95.6% of its original cover, while in 2020 they had 54.4%
and 83.9% of the biome, respectively (MAPBIOMAS, 2022).

Cerrado is a biodiversity hotspot (MYERS et al., 2000; KLINK; MACHADO, 2005).
Pantanal is the largest wetland in the world, in addition to being considered a complex of
ecosystems, it borders other biomes such as Cerrado, Bolivian Chaco, Amazon, Atlantic Forest,
and Bosque Seco Chiquitano (SOS Pantanal, 2021). Pantanal and Cerrado are Biosphere
Reserves recognized by Unesco since 2000 and 2001, respectively (UNESCO, 2023). Despite
the importance of these biomes, only 4.7% of the Pantanal and 9.0% of the Cerrado are within
protected areas, making them more vulnerable to anthropic actions (MMA, 2023a).

Deforestation in Cerrado, generally motivated by the conversion of natural areas into
commodities agricultural areas, without soil conservation measures, causes erosion and an
increase in the flow and transport of nutrients and sediments through the Pantanal basin, which
in turn imply silting up rivers, impact hydrological regimes and changes natural floods and ebbs
in Pantanal (BERGIER et al., 2013; GUERRA et al., 2020; LEAL FILHO et al., 2021). That
may alter vegetation cover, leading to drier conditions in some portions of Pantanal, and making

natural and anthropogenic fires more probable. In Pantanal, prolonged droughts and higher
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temperatures result in low soil moisture, which affects the flammability of vegetation, thus
providing ideal conditions for the widespread burning of this biomass (LIBONATI et al., 2020).
In 2020, fire affected areas increased by 376% compared to the average observed between 2013
and 2019 (GARCIA et al., 2021).

Burns affect ecosystems around the world. Biomes are considered fire dependent
(positively influenced by fire), sensitive (negatively influenced by fire), or independent (neutral
effect) (HARDESTY et al., 2005). In Brazil, Cerrado and Pantanal are fire dependent
ecosystems, but even an environmental effect (as fire in these biomes) could threaten several
ecological processes, if natural regimes are altered (ROCES-DIAZ et al., 2022). Burns that
currently occur in the Pantanal are a combination of climatic factors and anthropic activities.
As Cerrado-Pantanal are directly linked by water flows and sediment production (IVORY et
al., 2019), the fires in Pantanal related to deforestation in Cerrado urge to be investigated.

The use of data obtained by Remote Sensing emerges as a convenient, effective, and
economical way to carry out environmental analysis in space and time, as the one intended in
this study (SAUSEN, 2007). Such data can be used in different areas and for different purposes,
as detections of environmental damage, monitoring of impacts, agriculture, geology, water
resources, soil studies, among others (FIGUEIREDO, 2005; ORTIZ; FREITAS, 2005). Among
several studies that used data obtained by Remote Sensing in environmental studies, Li et al.
(2020) analyzed space-time changes and impacts on wetlands to measure fire severity. Garcia
et al. (2021) used data for the period 2003-2020 in Pantanal to highlight causes and
consequences of the 2020 megafires. Correa et al. (2022) analyzed fire behavior in the Pantanal
using information about land use and land cover and burned areas between 2000 and 2021.
Ivory et al. (2019) used spectral indices and climate data from the Tropical Rainfall Measuring
Mission (TRMM) project to assess the link between vegetation, precipitation, and the flood

pulse in a tropical wetland system. The convenience of gathering and automating images and
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data leads to the accumulation of vast amounts of information that can be analyzed through
statistical methods, or even Machine Learning. Studies that utilize machine learning-based
empirical models are able to emulate complex nonlinear problems (KENNEDY et al., 2015).
Computer-assisted alternatives offer numerous advantages in research, such as minimizing
errors associated with human operators and reducing response time (ZANGOOEI et al., 2016).

In this context, studying these biomes together is motivated by the existence of an
indirect relationship between wetlands (as Pantanal) and the higher lands (as Cerrado)
surrounding (SCHULZ et al., 2019; GUERRA et al., 2020). Thus, this study aimed to identify
the interactions between land use and land cover, water bodies, and burned areas to prove or
refute the existence of a correlation between deforestation in the Cerrado and burned areas in
the Pantanal. Specifically, it is believed that deforestation in the Cerrado results in the soil loss
over the water bodies that drain towards the Pantanal, triggering changes in the water regime,
inducing changes in the dynamics of the vegetation and the likely increase in areas affected by
fires. For this purpose, time series derived from data obtained by Remote Sensing in the period
2000-2020, and regression models based on Machine Learning concepts were used. The article
is organized as follows: Section 2 presents the study area, data, and procedures; in Section 3
approaches the design of the experiment and the results; in Section 4 the results obtained are

discussed; and in Section 5 the conclusions of this research are presented.

2. Materials and Methods

2.1. Study area

The study area (Figure 1) is located on three watersheds between Pantanal and Cerrado

biomes, namely: Itiquira; Taquari; and Negro do Mato Grosso do Sul, covering an area of
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approximately 127,510.1 km? (Pantanal: 78,652.75 km?;, Cerrado: 48,857.35 km?), being
considered for the analyzes the division in portion Cerrado and portion Pantanal.

The Pantanal biome occupies about 150 thousand km? and is the largest tropical wetland
in the world (HARRIS et al., 2005; JUNK; CUNHA, 2005), its depression retains 30 to 60% of
the water (ALHO et al,, 2019). Two seasons, a dry one between May and September, and a
rainy one between October and April determine the biological rhythms in the biome.
Precipitation varies between about 1,100 mm and 1,250 mm and temperature, between 27.4°C
and 21.4°C, with December and July as the hottest and coldest months, respectively (JUNK et
al., 2006).

The Cerrado biome is the second largest in Brazil, occupies more than 2 million km?
and is considered the most biodiverse savanna in the world (MMA, 2023b). Some of the largest
watersheds in South America have springs in the Cerrado biome (OLIVEIRA et al., 2014). In
addition, the Cerrado has a dry season between April and September and a rainy season between
October and March, with an average annual precipitation of 1,500 mm and temperatures that

vary between 27°C and 22°C (KLINK; MACHADO, 2005).
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Fig. 1 Location of the study area. Representation in the WGS-84 reference system with a
geographic coordinate system. The data sources are available at IBGE (2016; 2019) and ANA

(2010; 2016).

2.2. Data sources

To carry out this study, the following data sources were used: the MapBiomas project
(SOUZA et al., 2020; MAPBIOMAS, 2023) and the “MODIS Burned Area Monthly” product
(USGS, 2021). Because of availability of data from these two sources, the period of 2000-2020
was considered.

The MapBiomas project (SOUZA JR et al. 2020) provides yearly-updated 30-meter
spatial resolution maps of land use and land cover of Brazilian territory. According to this

project, in the study area (Figure 1) four land use and land cover classes were identified, namely:
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Forest (FO), Farming (FA), Non-vegetated Area (NVA) and Water (W). Figure 2(a) illustrates
the occurrence of the classes mentioned in relation to 2005.

Regarding the “MODIS Burned Area Monthly”, it provides monthly maps with 500 m

spatial resolution covering burned areas and its confidence estimations. Based on this, fire

locations on dry, wet, and annual periods in the study areas with confidence superior to 90%

were assumed as burned (as shown in Figure 2Db).
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Fig. 2 Land use and land cover (a) and burned areas (b) in 2005 of study area.

Lastly, concerning the data source and limits between biomes and time period (Section
2.1), the analysis considered the following set of variables: FOp - forest in Pantanal; FOc -
forest in Cerrado; FAp - farming in Pantanal; FAc - farming in Cerrado; NVAp - non vegetated
areas in Pantanal; NVAc - non vegetated areas in Cerrado; Wp - water bodies in Pantanal; Wc

- water bodies in Cerrado, Bpd - burns in Pantanal dry season; Bpw - burns in Pantanal wet
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season; Bpa - burns in Pantanal annual; Bcd - burns in Cerrado dry season; Bcw - burns in

Cerrado wet period; Bca - burns in Cerrado annual.

2.3. Experiment design

Firstly, with a variable set, we performed descriptive analysis to identify important
parameters, using Mann-Kendall test (MANN, 1945) complemented by the coefficient of Theil-
sen (THEIL, 1950; SEN, 1968). A significance of 5% was considered, and consequently, when
the p-value resulting from the Mann-Kendall test does not exceed 0.5, the variable presents a
non-monotonic regime and the trend behavior (i.e., increasing or decreasing) is determined by
the Theil-Sen coefficient. Reversely, monotonic regimes (i.e., no significant trend) are
characterized by p-values above the adopted significance.

Subsequently, to identify existing multiple relationships between variables involved in
the analysis, linear and non-linear regression models were built. To this, a set of predictor
variables responsible for modeling (i.e., target) was initially defined. Based on these, nonlinear
regression models were built, according to the Random Forest (RF) (BREIMAN, 2001) and
eXtreme Gradient Boost (XGB) (CHEN and GUESTRIN, 2016) methods, and linear via
Ordinary Least Square (OLS) (MONTGOMERY et al., 2021). Then, models were evaluated
according to the RMSE and R% measures, computed via 5-fold cross-validation. Randomized
Search procedure (BERGSTRA; BENGIO, 2012) was adopted to choose the parameters
associated with the RF and XGB methods.

Among different models obtained and based on aforementioned measurements,
selection of the most adherent model is made. In turn, for such a model, the most influential
variables were identified according to the methodology proposed by Altmann et al. (2010).
Based on observed results (i.e., identification of the most influential variables in the target

variable modeling), the described process is re-executed recurrently. In this case, the variable
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previously adopted as the target is removed from the variable set (to avoid cyclic relations) and
each variable identified as influential is assumed as the target.

Given this rationale, the OLS, RF and XGB methods were used to model the information
on the number of areas burned in the Pantanal in relation to the dry (Bpd) and annual (Bpa)
periods, denoted respectively by scenarios I and Il. Due to the low frequency of burns in the
wet season (Bpw) a scenario was not defined for this case. The variables Forest (FO), Farming
(FA), Non-vegetated Area (NVA) and Water (W), observed in Pantanal and Cerrado were
considered predictive variables.

Lastly, a network was obtained relating, according to its importance, different variables

inserted. The work flow is shown below (Figure 3).
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Variable selection for regression
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Fig. 3 The experiment design workflow.

Variables of interest were analysed using Mann-Kendall test to identify trends for each
class over the time series and Theil-Sen to show the rate at which a given non-monotonic trend
evolves. Subsequently, regression methods were used to identify the relationship between
Pantanal burnings and the other variables. Still, based on the most adherent regression model,
most influential variables were identified.

All analyses were performed using the Python 3.8 programming language
(VANROSSUM; DRAKE, 2010). The computational libraries Scipy (VIRTANEN et al., 2020)

and Scikit-Learn (PEDREGOSA et al.,, 2011) were used to obtain regression models,
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respectively. The QGIS software (QGIS, 2022) was employed for organizing the datasets and

information extraction.

3. Results
Land use and land cover and burn data from 2000 to 2020 are provided in

Supplementary Material 1.

3.1 Descriptive analysis

We found that extension of water bodies in Pantanal varied over the analyzed period,
there was a decrease in 2000-2001, an increase between 2013 and 2015, followed by a decrease
until the end of the analyzed period. On the other hand, water bodies in the Cerrado portion
had small variability, showing a decrease in 2000-2001 and in the last years of the time series
(Figure 4, blue lines).

Regarding forest, farming and non vegetated areas we verified similar patterns between
Cerrado and Pantanal, i.e. forest conversion to farming (Figure 4, dark green and red lines).
However, while in Pantanal forest predominated, in Cerrado farming did (Figure 4, dark green
and red lines).

Burned areas showed large variations in the analyzed period. In Pantanal, especially in
the years 2001, 2005, 2012, and 2020, we observed high rates of burned areas mostly in the dry
seasons (Figure 4, light green and orange lines). Fires during the wet season were not
noteworthy (Figure 4, light green). In Cerrado, burning variation was lower than in Pantanal
over the years (Figure 4, light green and orange lines). Similarly, fires were more frequent in

the dry seasons than in the wet ones (Figure 4, light green and orange lines).
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Fig. 4 Patterns of water bodies, forest (FO), farming (FA), non vegetated areas (NVA) and

burnings in dry and wet seasons and annually over the time series (2000-2020).

Forest decrease and farming and non-vegetated areas increase was significant and
consistent in Cerrado and Pantanal (Table 1). Regarding water bodies, while a decreasing trend
was observed in Cerrado, there was no significant change in Pantanal (Table 1). Burnings in

Pantanal had no trend, but in Cerrado they were decreasing in the dry season and annually

(Table 1).



Tab. 1 Mann-Kendall Test results for land use and land cover changes and burnings (variables)

in the study area over the 2000-2020 period.

Variables p-value Theil-Sem Trend Median (km?)
FOc 0.000002 -58.492 decreasing 17,542.73
FAC 0.000002 57.789 increasing 31,150.52
NVAC 0.000003 0.903 increasing 78.61
FOp 0.000000 -162.710 decreasing 63,577.40
FAp 0.000000 194.732 increasing 11,683.38
NVAp 0.000000 0.086 increasing 29.35
Wc 0.000126 -0.189 decreasing 18.22
Wp 0.174190 -2.452 no trend 499.52
Bcd 0.000026 -2.635 decreasing 20.00
Bcw 0.694380 -0.125 no trend 9.25
Bca 0.014447 -2.313 decreasing 26.75
Bpd 0.147027 -48.416 no trend 920.50
Bpw 0.263872 13.971 no trend 306.00
Bpa 0.785797 -11.198 no trend 1,364.25

3.2 Regression model

Regardless of the method adopted, we observed that the adjustment measures achieved
for scenario Il were superior compared to scenario I. Concerning the methods, despite the
equivalence shown between RF and XGB in terms of R?, the RMSE measure highlights a better
adherence to the RF method, especially scenario 1l. The OLS method presented the lowest

adjustment levels according to the measures adopted (Table 2).
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Tab. 2 Adjustment measures observed for scenarios I and Il in relation to the different methods

analyzed.
Model Scenarios RMSE R?

OLS | 1981 0.445
I 1574 0.626

RF I 1040 0.939
Il 963 0.955

XGB I 1301 0.918
I 1007 0.955

Regarding variables of the RF method in scenario 1l (Table 3), we verified that Forest
and Water in the Pantanal (i.e., FOp and Wp), and Farming in Cerrado ( i.e., FAc) were the

three most relevant parameters in modeling the occurrence of fires in Pantanal (Bpa).

Tab. 3 Importance of variables in relation to the model obtained by RF method in scenario II.

Normalized values for representation.

Variable FOp FAc Wp FAp NVAp NVAc Bcd Bca  Wea

Importance 1 0859 0.784 0.766 0.708 0.568 0.151 0.150 0.069

When new regression models were processed using FOp, FAc and Wp as targets (Table
4), RF method provided more adherent models than OLS and XGB to the considered target
variables. In the two tests of adjustment measures carried out, the OLS model presented a worse
result than the RF and XGB models, which may have occurred because the OLS method is a

linear model, while the correlation of the variables is non-linear.



25

Tab. 4 Adjustment measures computed on regression models using FOp, FAc and Wp as target

variables.
Target
Methods FOp FAc Wp
RMSE R? RMSE R? RMSE R?
OLS 1281 0.264 965 0.314 335 0.297
RF 344 0.963 277 0.977 71.8 0.746
XGB 363 0.954 192 0.951 70.6 0.730

In the RF method, FOp was under a strong influence of the variables FAp, NVAp and
FAc; similarly, FOc, FOp and FAp were important in FAc modeling; and NVAp, FAp and FOc

were relevant in Wp modeling (Table 5).

Tab. 5 Importance of variables in relation to obtained models by RF method, admitting the

variables FOp, FAc, and Wp as targets.

FOp FAC Wp
Variable Importance Variable Importance Variable Importance

FAp 1 FOc 1 NVAp 1
NVAp 0.787 FOp 0.976 FAp 0.881
FAC 0.584 FAp 0.783 FOc 0.816
NVAc 0.527 NVAp 0.776 NVAc 0.814
Hc 0.523 NVAc 0.305 FAc 0.712
FOc 0.329 Hc 0.159 FOp 0.574

Hp 0.127 Hp 0.156 Hc 0.560
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Bcd 0.099 Bca 0.111 Bca 0.328

Bca 0.084 Bcd 0.801 Bcd 0.229

Thus, in summary (Figure 5), we found that fires in Pantanal (Bp) were under greater
influence of FOp, FAc and Wp, that FOp was influenced by FAp and FAc and NVAp, that FAc
was influenced by FOc and FOp and FAp, and that NVAp, FAp and FOc influenced water

bodies in Pantanal (Wp).

Fig. 5 Diagram of the relationship between burns in Pantanal and other variables included in

the analysis.

4. Discussion

This study was motivated by the possible existence of a direct relationship between
ecological processes in Brazilian wetlands (as Pantanal) and the higher lands (as Cerrado)
surrounding and aimed to identify the interactions between Cerrado land use and land cover
change and fire incidence in Pantanal, using a study area that occur partially in each biome. We
did find that by verifying that fires in Pantanal were directly linked to large scale and
commodities agriculture conversion in Cerrado and native vegetation loss and hydrological

changes in Pantanal.
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Pantanal biome is a complex mosaic of grasslands, savannas, tropical rainforests,
seasonal forests and freshwater ecosystems (IBGE, 2012). In the study area, forest and native
vegetation predominated in Pantanal. The biome is still one of the most preserved in Brazil
(MAGALHAES et al., 2016; ALHO et al., 2019), but in the last few years major threats (as
native vegetation loss, commodities agriculture and degradation) are endangering the biome
(CORREA et al., 2022).

On the other hand, in the study area, agriculture predominated in Cerrado, which is
consistent with other mapping for the whole biome (INPE, 2023). Since the 1970s, the Cerrado
region began to receive incentives to expand agricultural areas, which persisted for about 40
years (PIRES, 2000; PESSOA; INOCENCIO, 2014; SANTOS, 2016). Nowadays, commodities
agriculture is still expanding its limits over the biome, threatening its biodiversity even more
(MYERS et al., 2010). Agriculture in this region is connected to foreign ownership of land and
the increased presence of transnational companies and investment funds in the acquisition of
areas (PIRES, 2020). In addition, the Cerrado is the second Brazilian biome that has suffered
the most from human occupation over the years (SAWYER et al., 2017).

Both native vegetation loss in Pantanal and agriculture expansion in Cerrado are making
Pantanal more fire-prone. We found years with the highest rates of burning were 2001, 2005,
2012, and 2020. Correa et al. (2022) corroborated that for 2001, 2005, and 2020 identifying
large fires in the dry season. Also Moraes et al. (2017), pointed out that 2005 was a year
characterized by high incidences of fires in the biome. Ferreira et al. (2018) observed that
burnings between 2000 and 2016 in the Pantanal occurred in all years and events were related
to the water regime, more frequent in driest periods. According to Garcia et al. (2021), very dry
years create ideal conditions for spread of natural and anthropogenic fires, since the water level
remains very low, failing to flood all areas that normally flood, generating a large amount of

biomass and favoring occurrence of major fires.



28

Although we did find an influence of water bodies in Pantanal on burnings, we did not
find an increasing or decreasing pattern in water bodies in the Pantanal, reinforcing that other
environmental and social factors may influence the water dynamic in this region. In fact, we
found that, as a secondary effect, urban sprawl and agriculture expansion in Pantanal are
changing hydrological cycles in this biome. And most importantly, native vegetation loss in
Cerrado for commodities (cultivation of soy/corn) and beef production resulted in soil erosion
and loss in Cerrado lastly altering hydrological cycles in the Pantanal in the study area region
(BERGIER et al., 2013). The decrease in water bodies extension in Cerrado indicates that the
eutrophication is happening in watersheds and or is linked to drier years (HOFMANN et al.,
2021).

Burned areas also showed high variability over the time series, and that might be
attributed to the fact that current burns in the biome are a combination of climatic factors and
anthropic activities (LEAL FILHO et al., 2021). In addition, wetlands and pastures are more
susceptible to burns in extreme dry weather conditions, because of the high amount of fuel load
(CORREA et al., 2022). According to Libonati et al. (2020), fires in Pantanal can be
summarized as a combination of inadequate fire management, climate extremes, human
behavior, and weak environmental regulations. On the other hand, decreasing burnings found
in Cerrado of study area are contrary to the patterns over the whole biome (HOFMANN et al.,
2021).

Thus, agriculture expansion in Pantanal and Cerrado is related to the loss of natural
habitats in both biomes and, lately, to burnings in Pantanal, reinforcing that events in both
biomes are interconnected, since activities that take place in one biome impact activities in the
other biome. As previously mentioned, wetlands tend to depend on their surroundings
(GARCIA et al., 2020). Between Pantanal and Cerrado we found the same. This relationship is

observed in water flows and sediment production in the Pantanal that are altered by anthropic
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activities in the Cerrado (IVORY et al., 2019). Also, deforestation, caused by the conversion of
natural areas to large-scale and commodities agriculture without soil conservation measures in
the Cerrado, ends up impacting the flow, and consequently water regimes in the Pantanal
(BERGIER et al., 2013; GARCIA et al., 2020; GUERRA et al., 2020).

Finally, it should be noted that all relevant components (i.e., variables) analyzed in this
study exhibited influence of other components inserted in the same or in the neighboring biome.
This result again reinforces the existence of a direct interaction between Pantanal and Cerrado,
and indicates that Pantanal burnings control and prevention is complex and rely on
management, legislation and environmental regulations of both Pantanal and Cerrado biomes
(SCHULZ et al., 2019). The conversion (legal and illegal) of forest and native vegetation areas
into large-scale and commodities agriculture or to urban sprawl in Pantanal and Cerrado biomes
is happening in an alarming rate (ALHO; SILVA, 2012; ARMENTERAS et al., 2017;
ALENCAR et al., 2020; MAPBIOMAS, 2022) and burnings have also increased in the last few
years (LIBONATI et al., 2020; GARCIA et al., 2021; CORREA et al., 2022), which makes

conservation actions urgent and studies on these issues very much needed.

5. Conclusion

This study aimed to identify interactions between Cerrado land use and land cover
change and fire incidence in Pantanal, using a study area located between the two biomes. We
showed that fires in Pantanal were directly linked to large-scale agriculture conversion in
Cerrado and native vegetation loss and hydrological changes in Pantanal.

Under these conditions, we concluded that while natural areas decreased, areas under
anthropic influence increased. In addition, water bodies and fire events are dynamic in relation

to the analyzed period. Also, mutual interactions between the variables of analyzed biomes were
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verified, thus confirming the direct relationship between changes in Pantanal and the dynamics
in Cerrado.

Based on the importance of both biomes, in proving existing changes and relationships
in the study area, we suggest for future work: (i) analysis of relationships between fires and
climatic and environmental variables, such as precipitation, temperature, soil humidity, among

others; (ii) more and larger study sites; (iii) longer analysis periods.
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Fig. 1 - Land use and land cover portion Cerrado (2000-2020), MapBiomas (2021)
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Fig. 2 - Land use and land cover portion Pantanal (2000-2020), MapBiomas (2021)
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Fig. 3 - Quantified burned areas portion Cerrado dry period (2000-2020)
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Fig. 4 - Quantified burned areas portion Cerrado wet period (2000-2020)
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Fig. 5- Quantified burned areas portion Pantanal dry period (2000-2020)
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Fig. 6 - Quantified burned areas portion Pantanal wet period (2000-2020)
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3 CONSIDERACOES FINAIS

A utilizacdo de dados obtidos por meio do Sensoriamento Remoto, analises de
tendéncia e modelos de regressdo foram consistentes para identificar as relacdes entre os
eventos do Cerrado e do Pantanal, evidenciando o impacto das mudancas nas areas queimadas
no Pantanal.

A partir destas analises, observou-se que 0 uso e cobertura do solo apresentaram
comportamento similar nos biomas, com diminuicéo da classe floresta e aumento das classes
agropecudria e area ndo vegetada. Além disso, por meio do Teste de Mann-Kendall foi possivel
comprovar a conversdo de &reas naturais em &reas antropicas, bem como a tendéncia
decrescente de corpos hidricos no Cerrado e a auséncia de tendéncia no Pantanal. Em relacéo
as areas atingidas por queimadas, foram identificadas flutuacdes ao longo do tempo.

O uso de modelos de regressdao, como ferramenta para identificacdo de fatores
relevantes, permitiu destacar que as queimadas no Pantanal estdo sob influéncia direta da
concentracdo de areas florestais e extensdo dos corpos hidricos no Pantanal, e agropecuéaria no
Cerrado. Por sua vez, seguindo um esquema recorrente, foram identificados os fatores
relevantes que descrevem os elementos mencionados.

Nestas condi¢des, concluimos que ao passo que as areas naturais diminuiram, as areas
sob influéncia antrépica aumentaram. Além disso, 0 comportamento dos corpos hidricos e dos
eventos de queimada sdo dindmicos em relacdo ao periodo analisado. Ainda, foram verificadas
interacdes mutuas entre as componentes dos biomas analisados, confirmando assim a relagédo
direta entre alteragdes no Pantanal com as dinamicas no Cerrado.

Para trabalhos futuros sdo sugeridos: a inclusdo das relacdes entre as queimadas e
outras variaveis, tanto climaticas como ambientais, tais como precipitacdo, temperatura e
umidade do solo, a avaliacdo da mesma metodologia em outras areas de estudo, e amplia¢éo do

periodo de anélise.
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