\/
A¢¢f¢v UNIVERSIDADE ESTADUAL PAULISTA
u nes 4ULIO DE MESQUITA FILHO”
Campus de Sao José dos Campos
4 Instituto de Ciéncia e Tecnologia
d GOVERNO FEDERAL
' ‘ ) Cemaden  winisterio da Ciéncia,
* Mot d Do Nt Tecnologia e Inovagoes “ -r I-
UNIODADE DL PESQUISA DO MO

UNIAO E RECONSTRUGAO

CHEILA FLAVIA DE PRAGA BAIAO

ANALISE MULTIDIMENSIONAL DA INTERSECAO ENTRE
QUEIMADAS E SERVICOS ECOSSISTEMICOS NA MATA
ATLANTICA

2024



CHEILA FLAVIA DE PRAGA BAIAO

ANALISE MULTIDIMENSIONAL DA INTERSECAO ENTRE
QUEIMADAS E SERVICOS ECOSSISTEMICOS NA MATA
ATLANTICA

Tese apresentada ao Instituto de Ciéncia e
Tecnologia, Universidade Estadual Paulista
(Unesp), Campus de Sao José dos Campos;
Centro Nacional de Monitoramento e Alertas de
Desastres Naturais (Cemaden), como parte dos
requisitos para obtencdo do titulo de DOUTOR(A)
pelo Programa de Pds-Graduacdo em
DESASTRES NATURAIS.

Area: Desastres Naturais. Linha de pesquisa:

Incéndios florestais.

Orientador: Dr. Wilson Cabral de Sousa Junior

Coorientador: Dra. Klécia Gili Massi

Sao José dos Campos
2024



Instituto de Ciéncia e Tecnologia [internet]. Normalizacao de tese e dissertagao
[acesso em 2024]. Disponivel em http://www.ict.unesp.br/biblioteca/normalizacao

Apresentacao gréafica e normalizacéo de acordo com as normas estabelecidas pelo Servi¢o de
Normalizacdo de Documentos da Secéo Técnica de Referéncia e Atendimento ao Usuario e
Documentacédo (STRAUD).

De Praga Bai ao, Cheila Flavia
Anal ise Miultidinensional da Intersecdo entre Quei nadas e Servic¢os

Ecossi stémicos na Mata Atlantica / Cheila Flavia De Praga Bai dao. - Sao José
dos Campos : [s.n.], 2024.
188 f. : il.

Tese (Doutorado) - POs- G aduagdo em Desastres Naturais - Universidade
Est adual Paulista (Unesp), Instituto de Ci éncia e Tecnol ogia, Sdo José dos

Canpos, 2024.
Oientador: WIson Cabral de Sousa Juni or
Coorientadora: Kl écia GIlIi Massi

1. Desmatanento. 2. Carbono. 3. InVEST. 4. Nornalized Burn Ratio. 5.
Ret encdo de Sedinentos. |. Sousa Junior, WIson Cabral de, orient. Il. Massi,
Klécia Glli, coorient. Ill. Universidade Estadual Paulista (Unesp),
Instituto de G éncia e Tecnol ogia, Sdo José dos Canpos. |V. Universidade
Estadual Paulista 'Julio de Mesquita Filho' - Unesp. V. Universidade
Estadual Paulista (Unesp). VI. Titulo.

Ficha catalogréfica elaborada pela Biblioteca Prof. Achille Bassi e Se¢do Técnica de Informatica, ICMC/USP
com adaptacgdes - STATI, STRAUD e DTI do ICT/UNESP.
Renata Aparecida Couto Martins CRB-8/8376



IMPACTO POTENCIAL DESTA PESQUISA

Esta pesquisa estuda fogo no Bioma Mata Atlantica contribuindo para preencher uma lacuna
de estudos dessa natureza num bioma j& tdo degradado e importante em provimento de
Servicgos ecossistémicos para a maior parte da populacédo brasileira, lancando um olhar sobre o
impacto do foge em pequenas areas queimadas e o seu potencial em perdas de servi¢os de
retencdo de sedimentos e estoque e sequestro de carbono. A pesquisa oferta subsidios de
dados sobre a relagdo do fogo com o desmatamento no Estado de Séo Paulo e a perda de solo
e carbono numa APA da Mata Atlantica. Tais dados podem auxiliar o fomento a politicas
publicas de prevencdo e combate a incéndios, projetos de restauragdo, programas de
pagamentos por servicos ambientais, acGes em planos de gerenciamento de bacias
hidrograficas, bem como agdes para atendimento aos acordos internacionais de reducéo de

gases de efeito estufa.

POTENTIAL IMPACT OF THIS RESEARCH

This research studied fire in the Atlantic Forest Biome, contributing to filling a gap in studies
of this nature in a biome that is already so degraded and important in providing ecosystem
services for the majority of the Brazilian population, taking a look at the impact of fire on
small burned areas and its potential for loss of sediment retention services and carbon storage
and sequestration. The research provides data on the relationship between fire and
deforestation in the State of S&o Paulo and the loss of soil and carbon in an APA in the
Atlantic Forest. Such data can help promote public policies to prevent and combat fires,
restoration projects, payment programs for environmental services, actions in river basin
management plans, as well as actions to comply with international agreements to reduce

greenhouse gases.
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RESUMO

De PRAGA BAIAO, Cheila Flavia. Analise Multidimensional da Intersecdo entre
Queimadas e Servigos Ecossisttmicos na Mata Atlantica. 2024. Tese (Doutorado em
Desastres Naturais) - Universidade Estadual Paulista (Unesp), Instituto de Ciéncia e
Tecnologia; Centro Nacional de Monitoramento e Alertas de Desastres Naturais (Cemaden),
Séo José dos Campos, 2024.

Acdes antropicas associadas as mudancas climaticas e ao aumento de secas propiciam maior
ocorréncia de fogo comprometendo 0s servicos ecossistémicos ofertados pelos biomas. A
Mata Atlantica é afetada pelo fogo desde a colonizacdo e ainda ameacada, mesmo frente a
importancia econdmica e ambiental que possui e ha pouca abordagem na literatura cientifica
sobre o tema. Esta pesquisa se desenvolveu em trés momentos: 1. Avaliou a relacdo do fogo
com o desmatamento nas fitofisionomias de maior extensdo da Mata Atlantica do Estado de
Sdo Paulo, Ombréfila Densa e Estacional Semidecidua, por interseccdo de mapas de cicatrizes
de fogo e de desmatamento do MapBiomas; 2. Estimou o impacto do fogo sobre o servico
ecossistémico de retencdo de sedimentos com o uso do modelo Sediment Delivery Ratio com
software InVEST; e 3. Estimou e valorou a perda de carbono induzido pelo fogo com o
modelo Carbon também do InVEST. Os momentos 2 e 3 foram realizados na APA Silveiras,
com 542 areas queimadas acima de 1ha, do periodo de 2000 a 2020, extraidas do MapBiomas
Fogo, que ocorreram em Ombrofila Densa, Estacional Semidecidua, Campos de Altitude,
Eucalipto e Pastagem. Os mapas de entrada no InVEST foram rodados ano a ano, uma vez
com dados antes do fogo e outra com dados depois do fogo. O NBR (Normalized Burn ratio)
foi utilizado para ponderar dados secundarios de campo do fator cobertura de solo e da
biomassa de carbono. Os resultados mostraram que apenas 3,2% do desmatamento ocorreu
depois da ocorréncia do fogo e que essas areas estdo localizadas mais ao leste do Estado com
maior densidade de Ombrofila densa, e onde estd localizada a APA Silveiras. Houve
aumentos significativos na perda de solo e uma reducdo na retencdo de sedimentos induzida
pelo fogo, com perdas mais pronunciadas observadas em areas com menor cobertura vegetal e
a maior retencdo de sedimentos em areas de alta biomassa. Especificamente, o fogo resultou
em um aumento de 56% na perda de solo em florestas, um aumento de 17% em campos de
altitude elevada, um aumento de 43% em pastagens e um aumento de 45% em plantacdes de
eucalipto. Fatores como severidade de queimada, erodibilidade e cobertura foram
identificados como os que mais impactaram o saldo de sedimentos. Ao longo de 21 anos,
houve perda de carbono ap6s incéndios de 55,7GgC (43%), dos quais 79% ocorreram em
florestas Ombrdfila Densa primaria. O fogo impacta negativamente o estoque de carbono das
florestas nativas em uma média de 38% (variando de 19,9% a 69,1%, dependendo da
fitofisionomia e sazonalidade), do Eucalipto em 87,1%, dos campos de altitude elevada em
79,5% e das pastagens em 90,4%. Nas analises de mudangas no uso e cobertura do solo,
houve conversbes de floresta para mosaico, desmatamento ou floresta secundaria, gerando
uma perda de carbono de 4,1GgC em trés anos. A perda de créditos de carbono foi estimada
em de US$ 23,7 milhdes considerando o Mercado Voluntéario e de US$ 369,3 milhGes pelo
Mercado Regulado. A pesquisa realizada contribuiu com uma lacuna trazendo dados que sé@o
importantes para apoiar politicas publicas de prevencao de incéndios no bioma, assim como
programas de Pagamento por Servicos Ambientais (PSA).

Palavras-chave: Desmatamento; Carbono; INVEST; Normalized Burn Ratio; Retencdo de
sedimentos.



ABSTRACT

DE PRAGA BAIAQ, Cheila Flavia. Multidimensional Analysis of intersection between fires
and ecosystem services in the Atlantic Forest. 2024. Doctorate Thesis (Doctorate degree in
Natural Disaster) - Sdo Paulo State University (Unesp), Institute of Science and Technology,
National Center for Monitoring and Early Warning of Natural Disasters (Cemaden), S&o
José dos Campos, 2024.

Anthropic actions associated with climate change and increased droughts lead to a higher
occurrence of fires, compromising the ecosystem services provided by biomes. The Atlantic
Forest has been affected by fire since colonization and remains threatened, even considering
its economic and environmental importance, with limited coverage in scientific literature on
the subject. This research unfolded in three phases: 1. It assessed the relationship between
fire and deforestation in the most extensive phytophysiognomies of the Atlantic Forest in the
State of S&o Paulo, Dense Ombrophilous and Seasonal Semideciduous, by overlaying fire
scar and deforestation maps from MapBiomas; 2. It estimated the impact of fire on the
ecosystem service of sediment retention using the Sediment Delivery Ratio model with the
INVEST software; and 3. It estimated and valued the carbon loss induced by fire using the
Carbon model, also from InVEST. Phases 2 and 3 were carried out in the APA Silveiras, with
542 burned areas above 1 ha, from 2000 to 2020, extracted from MapBiomas Fire, occurring
in Dense Ombrophilous, Seasonal Semideciduous, High-Altitude Grasslands, Eucalyptus, and
Pasture. INVEST input maps were run year by year, once with pre-fire data and once with
post-fire data. The Normalized Burn Ratio (NBR) was used to weigh field secondary data of
soil cover and carbon biomass. Results showed that only 3.2% of deforestation occurred after
fire, and these areas are located further east in the State, with higher density of Dense
Ombrophilous is present, including the APA Silveiras. There were significant increases in soil
loss and a reduction in sediment retention induced by fire, with more pronounced losses
observed in areas with lower vegetation cover and higher sediment retention in areas with
high biomass. Specifically, fire resulted in a 56% increase in soil loss in forests, a 17%
increase in high-altitude grasslands, a 43% increase in pastures, and a 45% increase in
eucalyptus plantations. Factors such as burn severity, erodibility, and cover were identified
as those impacting sediment balance the most. Over 21 years, there was a carbon loss after
fires of 55.7 GgC (43%), of which 79% occurred in Old-growth Ombrophilous Dense forests.
Fire negatively impacts the carbon stock of native forests by an average of 38% (ranging
from 19.9% to 69.1%, depending on phytophysiognomy and seasonality), Eucalyptus by
87.1%, High-altitude grasslands by 79.5%, and pasture by 90.4%. In analyses of Land Use
and Land Cover (LULC) changes, there were conversions from forest to mosaic,
deforestation, or secondary forest, generating a carbon loss of 4.1 GgC in three years.
Carbon credit loss was estimated in $23,8 million considering Voluntary Market and $236,3
million in Mandatory Market. The conducted research contributed to filling a gap by
providing data crucial to supporting public policies for fire prevention in the biome, as well
as Environmental Services Payment (ESP) programs.

Keywords: Deforestation; Carbon; InVEST; Normalized burn ratio; Sediment retention.
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1 INTRODUCAO

O aumento dos incéndios florestais e queimadas é uma tendéncia no planeta diante
de um cenério de mudangas climaticas e consequentes secas extremas, ocasionando um
aumento de desastres associados ao fogo (ANDERSON; CUNNINGHAM, 2019). Essa
tendéncia é verificada pelo aumento, em nivel global, na duracdo da estacdo seca (JOLLY et
al., 2015), afetando ndo so6 o regime de fogo nos ecossistemas savanicos (LEHMANN et al.,
2014) como também a inflamabilidade das florestas tropicais e por consequéncia o estoque de
carbono, diretamente relacionado as mudancas climaticas (FARIA et al., 2017). A relacdo
fogo e mudancas climaticas é intensificada pela fragmentacdo da paisagem provocada pelo
desmatamento e os diferentes usos e ocupacdes do solo (ALENCAR et al., 2015) em que o
fogo ainda é utilizado como pratica de manejo agricola e limpeza de terreno, apesar de suas
consequéncias ambientais e econdmicas (LARA, 2010; VERA DIAZ et al., 2002; VIEIRA et
al., 2016). O fogo pode ser considerado como fator ecolégico em ecossistemas savanicos
pelas adaptacfes e dependéncias de espécies tipicas desses ecossistemas (FIDELIS;
PIVELLO, 2011; HUNTLEY; WALKER, 1982), ou como um desastre em florestas tropicais
como a Amazonia havendo alta mortalidade de arvores, com consequente queda da cobertura
de dossel, e perda da biomassa viva acima do solo, favorecendo a propagacdo de plantas
invasoras (BRANDO et al., 2014), e a Mata Atlantica com significativa mudanca da estrutura
florestal (MENEZES; CAZETTA; DODONOQV, 2019), com perda de biodiversidade e de
servigos ecossistémicos, principalmente os relacionados ao ciclo hidrolégico, com o aumento
da erosdo e do escoamento superficial pela auséncia de cobertura vegetal. E por consequéncia,
em diferentes niveis de impacto afeta direta e indiretamente as pessoas, sendo, portanto,
necessaria a compreensdo desse risco, de forma que possa ser reduzido por meio de
prevencdo, fortalecimento do gerenciamento, da capacidade de resposta e mitigacdo do risco
de desastre (UNISDR, 2015).

Para Haines-Young (2009), os bens e servigos ecossistémicos sdo o resultado da
engrenagem entre biodiversidade e uso e cobertura do solo, assim o aumento da
biodiversidade com processos de restauracdo ecoldgica apoia 0 aumento na provisao de
servigos ecossistémicos (BENAYAS et al., 2009) e, portanto sua diminui¢cdo pode afetar estes
servicos (CANEDOLI et al., 2020) com consequéncias para o ciclo hidroldgico e o ciclo de

carbono. O solo estd presente diretamente nos servigcos ecossistémicos de suporte, como
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formagéo do solo, e indiretamente nos servi¢os de provisédo, como producgéo de alimento e
agua potavel e de regulacdo, como regulagdo climética e purificacdo da &gua, j& o carbono
estd diretamente relacionado a regulacdo climéatica (IPBES, 2018; MEA, 2005). Diversos
trabalhos na literatura estimam a perda de solo e carbono em fungdo de mudancas no uso e
ocupacdo do solo, calculando e valorando economicamente 0s servicos ecossistémicos
relacionados. Entretanto, trabalhos que realizam essas estimativas como resposta pos-fogo de
paisagens em territorios de dominio de Mata Atlantica ainda sdo muito incipientes na

literatura.

A Mata Atlantica é um hotspot mundial de biodiversidade (MYERS, 2006) pelo alto
grau de endemismo e elevada biodiversidade. Abriga a maior parte da populacao brasileira e
as maiores cidades, tendo sua area remanescente de apenas 12,5% do seu territorio original,
com historico de desmatamento seguido de fogo desde a colonizagdo (DEAN, 1966). Embora
tenha diminuido o desmatamento em relacdo a primeira década do século do XX, ha uma
oscilacdo ano a ano (SOS MATA ATLANTICA; INPE, 2023) e o bioma ocupa o terceiro
lugar em &rea e em numero de focos de queimadas entre os demais biomas (ultrapassado
apenas pelo Cerrado e Amazonia: (JESUS et al., 2020)) e possui marcada tendéncia de
reducdo da cobertura florestal (SOUZA et al., 2018), com ameaca as florestas primarias
(ROSA et al.,, 2021) e aumento da vulnerabilidade ao fogo devido a reduzida area dos
fragmentos (GUEDES et al., 2020). Esses fragmentos s&o circundados em muitos trechos por
areas de pastagem (32% da area do bioma € ocupada por pastagens: MAPBIOMAS, 2020),
que é uma tipologia de facil ignicdo. Além disso, a pratica do fogo tem ameacado a estrutura
florestal favorecendo um predominio de espécies resilientes ao fogo, como as das savanas
(SANSEVERO et al., 2020), tornando-a mais suscetivel a incidéncia de incéndios florestais e
a pressao sobre os remanescentes de vegetacdo nativa, comprometendo a entrega de servicos

ecossistémicos.

Dentre as diferentes regifes da Mata Atlantica, o Vale do Rio Paraiba do Sul
exemplifica esse quadro. Passou por diversos ciclos econ6micos com destaque para a pecuaria
(DEVIDE et al., 2014) e a indGstria que gerou um grande crescimento populacional (SILVA,;
BATISTELLA; MORAN, 2017), gerando desmatamento e fragmentacdo da vegetacdo nativa
da regido. A Bacia do Paraiba do Sul é de fundamental importancia para o suprimento de
recursos hidricos para mais de 15,7 milhdes de habitantes dos estados Sdo Paulo, Rio de

Janeiro e Minas Gerais, contendo a por¢do paulista da bacia 34 municipios com mais de 2,2
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milhdes de habitantes numa area de 14 mil km? (AGEVAP, 2018) e PIB de R$87,1 bilhdes
(EMPLASA, 2020). Apesar de toda essa demanda, o Vale do Paraiba Paulista sofre com uma
tendéncia crescente de queimadas (INPE, 2020) agravada pela ocupacao de seu territorio com
46,7% de cobertura de pastagem, seguida por 32,6% de mata nativa, 8,1% de eucalipto
(RONQUIM, C. C.; COCHARSKI, 2017).

A regido é contemplada com importantes iniciativas de restauragdo como o Projeto
Corredor Ecologico do Vale do Paraiba, o Projeto Conexdo Mata Atlantica - GEF (Global
Environmental Facility) e o ROAM (Metodologia de avaliagdo de oportunidades de
restauracdo). Apesar dessas iniciativas, o histérico de degradacdo e a constante pressao pela
demanda hidrica inter metropolitana, potencializada por uma crise hidrica de 2014-2015, a
porcédo paulista da Bacia do Paraiba do Sul tem a necessidade de estudos que integrem o fogo,
0s usos e coberturas do solo, servicos ecossistémicos relacionados ao sistema hidrico e a
regulacdo climatica. Este trabalho aborda essa tematica com os servigos de retencdo de
sedimentos e 0 estoque e sequestro de carbono, de forma que estes estudos possam ser
extrapolados para toda a Mata Atlantica, contribuindo para a fundamentacdo de politicas
publicas mais atentas aos impactos do fogo no bioma e de maior incentivo a restauracdo

florestal.

Com base no exposto anteriormente, o proposito geral deste estudo é avaliar o impacto
do fogo nos servicos ecossistémicos de regulacdo hidrica e climatica na Mata Atlantica
durante o periodo de 2000 a 2020. Os objetivos especificos incluem a estimativa do
desmatamento provocado pelo fogo na Mata Atlantica do Estado de S&o Paulo, a avaliacdo da
perda do servico de retencdo de sedimentos em areas queimadas de floresta natural, floresta
plantada (eucalipto) e pastagem em uma &rea de protecdo ambiental do estado de Sdo Paulo,
além da estimativa da perda de estoque de carbono nessas mesmas condicGes.
Especificamente, tenta-se responder qual é o percentual de desmatamento induzido pelo fogo
e qual floresta é a mais afetada, quanto se perde de solo e retencdo de sedimentos e quanto se
perde de carbono ap6s o fogo em diferentes classes de uso e cobertura do solo e quais
variaveis associadas ao fogo contribuem para essa perda.

Sob a hipotese de que a extensdo de areas queimadas esta correlacionada a extensao de
areas de desmatamento, sobretudo em Floresta Ombrofila Densa, por ter maior extensdo no
estado foi realizado um levantamento das interse¢des entre areas queimadas e desmatadas no

Estado de Sdo Paulo, quantificando o desmatamento induzido pelo fogo, assim como as
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conversdes de uso e cobertura subsequentes ao processo, gerando o primeiro artigo exposto
neste trabalho. Os resultados indicaram o Vale do Paraiba como uma das regides de maior
intersecdo entre queimadas e desmatamento. Como a APA Silveiras, presente no Vale, € uma
unidade de conservacdo com altos valores de focos de queimadas no Estado, ela foi
selecionada para testar a hipotese de que o fogo reduz a oferta de servigos ecossistémicos,
variando de acordo com a classe de cobertura do solo, promovendo maior impacto em estoque
de carbono em areas com maior biomassa e maior aporte de sedimentos nos rios proveniente
de areas com menor biodiversidade. Também testou-se a hipOtese de que as varidveis
declividade, severidade de seca e severidade de queimada sdo as mais correlacionadas as
perdas de servicos ecossistémicos. Assim foi desenvolvido o segundo artigo que estimou a
perda, exportagdo e retencdo de sedimentos em areas poés-queimadas em diferentes
fitofisionomias da APA e o terceiro artigo que estimou a perda de estoque de carbono nas
mesmas areas.

A seguir e apresentado um referencial tedrico que embasa esta andlise
multidimensional da intersecdo entre queimadas e 0s servi¢os ecossistémicos, trazendo a
perspectiva do fogo como desastre, a relacdo do fogo com o0s servigcos ecossistémicos,
especificamente o de retencdo de sedimentos e 0 estoque e sequestro de carbono, assim como
o fogo na Mata Atléntica e no Vale do Paraiba e o papel da restauracdo ecossistémica na
entrega de servicos ecossistémicos. Depois sdo apresentados os artigos que tentam alcancar
0s objetivos desta pesquisa: a relacdo do fogo com desmatamento na Mata Atlantica Sudeste,
a estimativa da perda, exportacdo e retencio de sedimentos em éareas pos-queimadas da Area
de Protecdo Ambiental Silveiras, no Estado de S&o Paulo e o terceiro estima a perda de
estoque de carbono nas mesmas areas. Ao final, as consideracfes finais sistematizando e
avaliando o trabalho realizado. Como complemento, é disponibilizado os mapas que
relacionam o fogo ao desmatamento na Mata Atlantica (Apéndice A) e uma tabela de
valoracdo da perda de carbono da APA Silveiras (Apéndice B).
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2 REFERENCIAL TEORICO

2.1 O fogo como desastre

De acordo com o Escritério das Nagdes Unidas para Reducdo do Risco de Desastre
(UNSDR, 2017), define-se como desastre uma ruptura séria no funcionamento de uma
comunidade ou sociedade em qualquer escala devido a eventos perigosos que interagem com
condicdes de exposicdo, vulnerabilidade e capacidade, levando a perdas ou impactos de
natureza humana, material, econdmica ou ambiental. Sendo exposicéo a condicdo de pessoas,
infraestrutura, moradia, capacidade de producdo ou outros ativos humanos tangiveis
localizados em areas propicias ao perigo. Vulnerabilidade sdo as condi¢des determinadas por
fatores ou processos fisicos, sociais, econdmicos e ambientais em que aumentam a
susceptibilidade de um individuo, uma comunidade, ativos ou sistemas para 0os impactos dos
perigos. E capacidade é a combinacdo de todas as forgas, atributos e recursos disponiveis
dentro de uma organizacdo, comunidade ou sociedade para gerenciar e reduzir o risco de
desastre e fortalecer a resiliéncia. Desta forma, embora tenha sido fundamental para a
evolucdo humana e inicio do antropoceno (GLIKSON, 2013), o fogo é um evento perigoso
que, se combinado a exposi¢do de bens, servigos basicos e capital natural com vulnerabilidade
socioecondémica e ambiental, sob qualquer escala constitui um risco de desastre que pode

afetar os sistemas humanos, ecoldgicos, econdmicos, politico e culturais (UNDRR, 2019).

Os eventos de fogo podem ser classificados em: Queimadas controladas, com
controle e objetivos agropecudrios especificos levando em conta 0 material combustivel local
e as condi¢cBes meteorologicas (MYERS, 2006); Queima prescrita, fogo controlado, contido
de forma definida e conduzida com base em objetivos claros de manejo, com um
planejamento cuidadoso em uma perspectiva da paisagem e considerando a estacdo, as
condicdes climaticas, o tipo de vegetacdo, a quantidade e as caracteristicas do combustivel, os
ciclos de vida dos animais e os assentamentos humanos (PIVELLO et al., 2021); e Incéndio
florestal, quando ndo planejado e ndo controlado, causado por a¢cdes naturais ou antropicas,
provocando destrui¢do e danos aos recursos naturais, propriedades e vidas (PIVELLO et al.,
2021). A magnitude do incéndio dependera da combinacdo de condi¢des climaticas extremas
(quente, seco, ventoso) e grandes quantidades de combustivel disponivel (FIDELIS et al.,
2018). Assim, incéndios florestais ou as queimadas que ultrapassam a area pretendida podem

constituir um risco de desastre (UNDRR, 2019). Desta forma, incéndios florestais, queimadas



ou fogo serdo usados como sindnimos a partir deste ponto.
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Diversas partes do mundo sofrem com incéndios florestais que afetam a sociedade,

provocando perdas ou danos as pessoas, a economia e aos ecossistemas. De acordo com o

Centro para a Pesquisa de Epidemiologia de Desastres (CREED), os desastres relacionados ao

fogo, ocorridos no periodo 2000 a 2020 em todo o globo, somaram 238 eventos (68% maior

que no periodo de 1980-1999) afetando 109 milhGes de pessoas e tendo 42.564 perdas de vida

(em conjunto com seca, temperatura extrema, deslizamento de terra e atividade vulcénica),

assim como provocaram perdas econdmicas de 93 bilhGes de dolares (CRED; UNDRR,

2020), conforme exemplificado no Quadro 1.

Quadro 1. Impactos de grandes incéndios florestais no mundo nos Gltimos 10 anos.

Local Ano Perdas Referéncias
Oeste da 300.000 hectares de floresta, vegetacdo e éarea de turfa (GILBERT, 2010;
RUssia 2010  queimados, 53 mortos e 806 pessoas que precisaram de KONOVALOV et
atendimento médico al., 2011)
Ing}?'o 589. 995 hectares queimados, 2.400 casas e estruturas (MAMUJI;
McMurra 2016  perdidas e 6 bilhGes de dolares estimados como perda ROZDILSKY,
ay econdmica 2019)
(Canadd)
Portugal 2017 120 mortos e 500.000 hectares queimados (TUR;gi)g)e tal,
Grécia 2018 102 mortos, 1.200 hectares queimados, 3.000 casas e 305 (LAGOUVARDOS
veiculos incendiados etal., 2019)
Cgllijflc’)(:?]ia 2017/  114.000 hectares e 1.300 estruturas queimadas tendo 2,2 (ADDISON;
(USA) 2018  bilhGes de perdas econbmicas OOMMEN, 2020)
C'\:I)i:‘tgrg?a 2018 95 mortos, 600.000 hectares e 22 estruturas queimadas, com  (HERRING etal.,
(USA) perda econdmica estimada em 13 bilhdes de délares 2014)
Australia 2015 2 mortes, 98.500 hectares queimados, 115 casas e centenas de (PRELGAUSKAS,
outras dependéncias perdidas 2016)
33 mortes diretas, 19 milhdes de hectares queimados, perdas
de 3.113 casas, de 100 a 900 milhdes em madeira;
impacto econémico de 20 bilhdes de dolares, emissdo de 900
Australia 2019/  milhdes de ton. de C, alta concentracéo de MP, 5 estimativa de (FILKOV et al.,
2020 417 mortes em decorréncia da fumaca, 1.124 hospitalizacdes 2020)

por problemas cardiovasculares, e 1305 entradas de
emergéncia com asma, 1 bilhdo de animais mortos e
transporte de fumaca para outros paises
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4,5 milhGes de hectares queimados (SOSs
PANTANAL,
Pantanal 2020 2020)
(Brasil) 16.952 milhdes de vertebrados mortos (TOMAS et al.,
2020)
1 brigadista morto (MARTINS, 2020)

Fonte: Elaborado pelo autor

No Brasil, milhdes de hectares em areas naturais foram perdidos em grandes
incéndios na Amazbnia em 2019 e 2020 (BRANDO et al., 2020) e Pantanal 2020 (SOS
PANTANAL, 2020). Embora bem anterior aos dados do CREED, merece o destaque para um
grande incéndio florestal ocorrido no Parana em 1963, num contexto de area desmatada para
plantio de café, periodo de seca e geada além da pratica de uso de fogo para limpeza de
terreno, queimando 2 milhGes de hectares, sendo 20.000 ha de plantagdes, 500.000 ha de
florestas primarias e 1.480.000 ha de campo, matas secundarias e capoeiras, provocando a
morte de 110 pessoas e milhares de desabrigados (PAIXAQ; PRIORI, 2015). Também n&o se
pode esquecer os incéndios de menores proporgdes, como 0s ocorridos na Serra da Bocaina
em 2017 e o da Serra Fina, na Area de Protecdo Ambiental da Serra da Mantiqueira em 2020,

bioma Mata Atlantica.

Os desastres de fogo estdo associados a ocorréncia de eventos climatoldgicos
extremos como ondas de calor, secas (FILKOV et al., 2020; HERRING et al., 2014;
KONOVALOQV et al.,, 2011; MARENGO et al., 2021; TURCO et al., 2019) e grande
incidéncia de raios (FILKOV et al., 2020; RIBEIRO et al., 2020). Porém, sdo as acdes
antropicas de pratica do uso do fogo para limpeza de terreno na agricultura, o desmatamento,
0 aumento da frequéncia das queimadas (MYERS, 2006) e a fragmentacdo da paisagem
(ALENCAR et al.,, 2015; GUEDES et al., 2020), que potencializadas pelas mudancas
climaticas com aumento de temperaturas, de secas e de temporadas de fogo (IPCC, 2021,
IPCC, 2012; JOLLY et al., 2015; MORENO et al., 2020), que verdadeiramente provocam as

gueimadas ou incéndios florestais.

O INPE monitora os focos ativos de fogo por meio do Programa Queimadas, através
de imagens de sensores Opticos, acoplados a 10 satélites, que operam na faixa do
infravermelho termal médio (4um) e conseguem identificar queimadas a partir de 30m x 1m.
Um foco é um pixel de imagem onde foi detectada presenca de fogo (varia de 375 m x 375 m
até 5 km x 4 km, dependendo do satélite), podendo haver uma ou vérias frentes de fogo ativo
distintas (INPE, 2020). De 1998 até dezembro de 2020, considerando dados do satélite de



20

referéncia (AQUA_M-T), cerca de 5 milhdes de focos de calor com 630 milhdes de hectares
foram queimadas (INPE, 2020), impactando direta e indiretamente diversos ecossistemas
brasileiros. E as consequéncias provocam rupturas na sociedade humana de forma direta e

indireta, sobretudo pelos impactos aos ecossistemas.

2.2 Fogo e servigos ecossistémicos

A abordagem do impacto do fogo sobre os ecossistemas leva em conta a adaptagédo
dos ecossistemas e a severidade de queimadas. De acordo com Hardesty et al. (2005) os
ecossistemas terrestres se classificam em dependentes (46%), independentes (18%) e
sensiveis (36%) em relacdo ao fogo. Os ecossistemas dependentes ou influenciados sdo os
resistentes ao fogo, pois suas espécies evoluiram com a presenca de queimadas naturais
frequentes e de baixas intensidades, criando adaptacGes anatdmicas e fisiologicas para essa
convivéncia, sendo representados no Brasil pelo Cerrado, Pantanal e Pampas. Os ecossistemas
independentes sdo o0s que o fogo é praticamente ausente devida a auséncia de fontes de
ignicdo e baixa cobertura vegetal para propagacdo, como é o caso da Caatinga. J& 0S
ecossistemas sensiveis ao fogo ndo sdo propensos a ocorréncia de fogo devido a sua alta
umidade, sdo compostos por espécies que nao possuem adaptacdes para responderem de
forma répida e positiva ao evento de fogo, sendo o caso das florestas tropicais como a
Amazbnia e a Mata Atlantica. Em ecossistemas dependentes, o fogo pode ser um fator
ecologico (FIDELIS; PIVELLO, 2011; HUNTLEY; WALKER, 1982; MYERS, 2006), mas
em ecossistemas sensiveis, o fogo promove ruptura do sistema natural, impactando o
tamanho, a estrutura e a composicdo dos ecossistemas (BRANDO et al., 2014; HARDESTY;
MYERS; FULKS, 2005).

A severidade de queimadas avalia os impactos ecoldgicos negativos causados pelo
fogo aos ecossistemas (PIVELLO et al., 2021), estando positivamente correlacionada com a
intensidade e a duracdo do fogo (KEELEY, 2008), em outras palavras, a magnitude da
mudanca ambiental ou o nivel de custo resultante em termos socioecondémicos (KEY;
BENSON, 2006). Altas severidades de queimadas comprometem até mesmo ecossistemas
dependentes do fogo, sendo indicado o manejo integrado do fogo como prevencdo de grandes
incéndios (FIDELIS et al., 2018; FIDELIS; PIVELLO, 2011; SCHMIDT et al., 2018).

Os ecossistemas sdo complexos dindmicos de seres bidticos e abidticos interagindo
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entre si para uma funcionalidade comum (MEA, 2005) e todos os beneficios gerados por essa
interacdo para 0 bem estar humano sdo considerados servigos ecossisttmicos (BOYD;
BANZHAF, 2006; HAINES-YOUNG; POTSCHIN, 2018; IPBES, 2018; MEA, 2005).
Dentro da ética do Painel Internacional de Biodiversidade e Servicos ecossistémicos (IPBES),
0 termo servigo ecossistémico pode ser substituido por ContribuicGes da Natureza as Pessoas
(NCP — Nature contributions to peoples), sendo um termo mais inclusivo pois abrange os
conhecimentos contribuicdo das Ciéncias Sociais e de outros sistemas de conhecimento
tradicionais e cientificos (JOLY et al.,, 2019). Neste trabalho, manteve-se Servicos

Ecossitémicos (SE).

Os servicos ecossistémicos sao normalmente sustentados pela riqueza bioldgica das
paisagens, com evidéncias crescentes de que uma maior biodiversidade é diretamente
proporcional a quantidade (funcdes) e a resiliéncia ambiental dos servicos ecossistémicos
prestados as pessoas (BORMA et al., 2022; CARDINALE et al., 2012; HOOPER et al., 2005;
LARSEN; TURNER; BROOKS, 2012; MACE; NORRIS; FITTER, 2012; OLIVER et al.,
2015). Os inimeros SE sdo organizados foram organizados por Costanza et al. (1997, 2017)
nas categorias de Servico de Suporte e Habitat, Servicos de regulacdo, Servicos de provisao e
Servicos Culturais. O Milenium Ecosystem Assessment (MEA, 2005) manteve as 4 categorias,
nomeando a primeira apenas como servico de suporte, que engloba, por exemplo, formacao
do solo, fotossintese e ciclo dos nutrientes; servicos de regulacdo, como clima, qualidade da
agua, controle de inundagdes e doencas; servigos de provisao, como agua, alimento e madeira;
e servicos culturais, como recreacdo, estética e beneficios espirituais; e servicos de suporte
como formacdo do solo, fotossintese e ciclo dos nutrientes. A Lei Brasileira de Servicos
Ecossistémicos (BRASIL, 2021) manteve a classificagdo do MEA, porém acrescentou ao
servigos culturais o termo imaterial seguindo a classificacdo do Painel Intenacional de
Biodiversidade e Servicos Ecossistémicos (IPBES, 2018) que classifica os SEs ou CNP em 3
catergorias: Servigos de suporte e regulagdo, bens materiais (servicos de provisdo) e bens
imateriais (Servigos culturais) (DIAZ et al., 2018; HAINES-YOUNG; POTSCHIN, 2018;
IPBES, 2018). O Quadro 2, elaborado por Borma et al. (2022) organiza os SEs dentro das

classificacOes dessas referéncias bem como exemplifica alguns servicos.
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Quadro 2. Sistema de Classificacdo usado para agrupamento dos Servi¢os Ecossistémicos de
acordo com a Avaliacdo Ecossistémica do Milénio (MEA, 2005), Politica Nacional para
Programas de Pagamentos de Servicos Ambientais (Lei de Servicos Ecossistémicos
Brasileiros (BRASIL, 2021)), e IPBES (Painel Internacional de Biodiversidade e Servigos

Ecossistémicos (DIAZ et al., 2018; IPBES, 2018))

Costanza et al. (1997,
2017)

MEA (2005)

Brazilian ESs Law (2021)

Diaz et al. (2018) and
IPBES

Servigos de suporte e
habitat

Servicos de suporte

Servigos de suporte e
regulacéo

Ciclagem de nutrientes; e
refligios (bercério, habitat
de migragao)

Servigos de regulagéo

Biodiversidade; ciclagem de
nutrientes e fotossintese,
producéo priméria; e
formacéo do solo

Manutengdo da
biodiversidade e do
patriménio genético;
ciclagem de nutrientes;
formagéo do solo;
manutengao ou renovacao
da fertilidade do solo;
polinizacéo e dispersao de
sementes; e regulacéo de
pragas e vetores de doencas
humanas

Regulagdo de gas; regulagéo
climatica; regulacédo de
perturbacdes (protegdo
contra tempestades e
controlo de inundagdes);
controle de eroséo e
retencdo de sedimentos;
regulacéo da agua (por
exemplo, irrigagdo natural e
prevencéo de secas);
tratamento de esgoto;
formagéo do solo;
polinizagéo; e controle
biolégico

Servicos de Provisao

Regulacéo da qualidade do
ar; regulagdo climatica;
regulamentagéo de perigos
naturais; regulagéo da
erosdo; regulacéo hidrica;
purificacdo de 4gua e
tratamento de residuos;
polinizacéo; e regulagdo de
pragas e doencas humanas

Purificagdo do ar; absorgédo
de carbono; regulagdo de
riscos naturais (protecdo
contra tempestades, controle
de enchentes, controle de
erosdo e estabilizacdo de
encostas); e regulacéo do
ciclo da 4gua

Criacdo e manutencéo de
habitat; polinizagdo e
disperséo de sementes e
outros propagulos;
regulacéo da qualidade do
ar; regulagéo do clima;
regulacéo da acidificacdo
dos oceanos; regulagéo da
quantidade, localizagdo e
tempo de agua doce;
regulacéo da qualidade da
agua doce e costeira;
formacéo, protegdo e
descontaminagéo de solos e
sedimentos; regulacéo de
perigos e eventos extremos;
regulacéo de organismos
prejudiciais e processos
biolégicos; e capacidade dos
ecossistemas e habitats para
manterem abertas opgdes
para apoiar uma boa
qualidade de vida

Bens Materiais

Producéo de alimentos;
abastecimento de agua;
matérias-primas; e recursos
genéticos

Servigos culturais

Comida; agua fresca;
recursos fibrosos e
ornamentais; recursos
genéticos; e bioquimicos,
medicamentos naturais e
produtos farmacéuticos

Comida; agua fresca; e
madeira, fibra, extratos etc.

Servigos culturais e bens
imateriais

Energia; alimentos e ragdes;
materiais, companheirismo e
mé&o de obra; e recursos
medicinais, bioquimicos e
genéticos

Bens imateriais

Recreacdo e cultura

Diverséo cultural, valores
espirituais e religiosos,
sistemas de conhecimento,
valores educacionais,
inspiracéo, valores estéticos,
relagBes sociais, sentido do
lugar, valores de patriménio
culturais, recreacéo e
ecoturismo.

Recreagdo, turismo,
identidade cultural,
experiéncias estéticas e
espirituais, e
desenvolvimento intelectual.

Inspiracéo e aprendizagem,
experiéncias psicoldgicas e
fisicas, e identidades de
suporte.

Fonte: BORMA et al. 2021
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O desastre de fogo compromete o0s servigos de regulacdo, provisao e suporte, pois
afeta a salde e 0 meio ambiente por meio dos impactos a atmosfera pelo aumento de carbono
e material particulado (FILKOV et al., 2020; KONOVALOQV et al., 2011), afeta o sistema
hidrolégico pela impermeabilizacdo do solo pelas cinzas, escoamento superficial e perda de
qualidade da agua (ADDISON; OOMMEN, 2020; DIAZ, 2012; LOISELLE et al., 2020;
ROBINNE et al., 2020; SHAKESBY; DOERR, 2006), além de provocar erosao e degradacdo
do solo (FERNANDEZ-GARCIA et al., 2019; SHAKESBY et al., 2015). Por outro lado, os
ecossistemas saudaveis contribuem para reduzir o risco desses desastres, pois funcionam
como barreiras naturais protetoras mitigando os impactos (MUNANG et al.,, 2013). As
florestas tropicais, por exemplo, funcionam como aceiros naturais se suas caracteristicas de

alta umidade e alta cobertura de dossel estiverem preservadas (BRANDO et al., 2020).

Os impactos econdmicos e ambientais de desastres associados ao fogo muitas vezes
baseiam-se em perdas de infraestrutura, devendo ser potencialmente incluidas as perdas em
servicos ecossistémicos, exigindo técnicas de valoracdo (DIAZ, 2012). De acordo com De
Groot (2006) os servicos ecossistémicos de regulacdo podem ser valorados por técnicas de
valoracdo monetaria indireta, estimando o quanto é evitado de gasto (custo evitado) ou o
guanto se gastaria com substituicdo (custo de substituicdo) em funcdo do servico
ecossistémico prestado. Os servicos de provisao atraves de valoragdo monetaria direta (trade
off) ou indireta, estimando o quanto se aumenta de renda (fator de renda). Desta forma, 0s
custos relacionados a erosdo, controle de inundacdo e escoamento, poluicdo do ar e
restauracdo de bacia hidrografica contribuem para valorar a perda de servicos ecossistémicos

decorrentes de incéndios florestais (DIAZ, 2012).

Num célculo global, considerando os valores de todos 0s servigos ecossistémicos
providos pelos diferentes biomas mundiais, em comparagdo com os valores dos servigos com
fins comerciais, sdo pelo menos duas vezes superior ao PIB global (COSTANZA et al., 2014;
LI; FANG, 2014). Considerando 0s servigos ecossisttmicos prestados apenas por uma
Floresta Tropical, os valores excedem em mais de 5 mil dolares por hectare por ano
(COSTANZA et al., 2014; VAN DER PLOEG; DE GROOT; WANG, 2010), com servi¢os
de provisdo estimados em US$ 1886,00, de regulacdo, em US$ 2180,00 e os culturais, em
USD$ 373,00 por hectare por ano (VAN DER PLOEG; DE GROOT; WANG, 2010).
Realizando uma estimativa com base nos célculos de Costanza et al. (2014) e Van Der Ploeg;

De Groot; Wang (2010), a regido do Vale do Paraiba Paulista com seus 455,2 mil hectares de
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remanescentes naturais de Mata Atlantica (RONQUIM, C. C.; COCHARSKI, 2017) gera
cerca de 2,4 bilhdes de dblares por ano em servicos ecossistémicos, sendo 1,1 bilhdes para
regulacdo climatica e controle de erosdo, ou sua extensa area de pastagens de 652.600
hectares (RONQUIM;COCHARSKI, 2017) gera cerca de 1,9 bilhGes de servicos
ecossistémicos, sendo 54,8 milhGes em regulagdo climéatica e controle de erosdo. Na

ocorréncia de fogo, tais valores poderiam ser adicionados aos prejuizos econdmicos.

No contexto de mudancas climaticas com previsdo do aumento de temperatura,
secas, e chuvas torrenciais (IPCC, 2019; IPCC, 2012), dentre os diversos servicos
ecossistémicos listados pelo MEA (2005), TEEB (2010) e IPBES (2012) que seriam
prejudicados por eventos de fogo seja pela sensibilidade de alguns ecossistemas ou pelo
aumento da frequéncia e intensidade, destacam-se neste trabalho os servigos de regulacéo de
retencédo de sedimentos e estoque e sequestro de carbono.

2.3 Servigo ecossistémico de retencéo de sedimentos

Os eventos de fogo contribuem para a perda da retencdo de sedimentos e o controle
da erosdo, uma vez que a perda da cobertura vegetal, aumenta a vulnerabilidade do solo as
forcas de precipitacdo, aumentando o potencial de erosdo e transporte de sedimentos
(ROBICHAUD et al.,, 2016; SHU-REN, 2003). O controle de erosdo ou retencdo de
sedimentos é um SE inerente as florestas tropicais, pois a densa copa e liteira superficial que
interceptam a precipitacdo, reduzem o impacto da chuva na camada superficial do solo, assim
como o alto teor de matéria organica, alta porosidade e diversos micro e macroorganismos
vivendo em um sistema radicular denso, que facilita a infiltracdo de &gua e diminui o
escoamento (BORMA et al., 2022). Desta forma, areas de floresta natural tém taxas de perda
de solo significativamente mais baixas do que areas de pastagens e terras agricolas, conforme

evidenciado em experiéncias brasileiras (ANACHE et al., 2017).

A erosdo tem destaque como processo de degradacdo do solo por impactar ndo
somente o local de ocorréncia como a perda do solo, dos nutrientes e material organico, como
também os locais de drenagem de uma bacia com danos relacionados a sedimentacdo,
diminuicdo da capacidade de retengdo de agua, eutrofizacdo, inundacdes, deslizamentos,
provocando localmente ou regionalmente grandes perdas econdmicas (TELLES;
GUIMARAES; DECHEN, 2011). Além de comprometer os niveis de oxigénio dissolvido e
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penetracdo da luminosidade, ameacando a qualidade da agua (BORMA et al., 2022). A
quantificacdo desses servicos deve levar em conta suas interrelagbes com outros servigos
ecossistémicos (PRADO et al., 2016) e atribuido valor econébmico de forma a aumentar a
consciéncia da sociedade, fomentar a comunicacdo sobre esses servicos e balancear decisfes
politicas relacionadas ao crescimento de economia (COSTANZA et al., 2014). Estimar
perdas econémicas por erosdo contribuem para os tomadores de decisdo desenvolverem
politicas puablicas baseadas na conservacdo do solo para assegurar o0 desenvolvimento
sustentavel de atividades econémicas (TELLES; GUIMARAES; DECHEN, 2011).

No processo de valoracdo do servigo ecossistémico € necessario realizar estimativas
de quantificacdo biofisica do servico de forma a traduzir essas medi¢Ges para um valor
monetério (PRADO et al., 2016). O servi¢o de controle de erosdo e retengdo de sedimento é
quantificado pela perda de solo. Esta quantificacdo pode ser realizada por métodos de campo,
como os que utilizam simuladores de chuva (FALCAO et al., 2020; SILVA et al., 2005;
SILVA; SANTOS; DOS SANTOS, 2018), tanques de captacdo com precipitacdo natural
(DOS SANTOS et al.,, 2017; LIMA FARIAS et al., 2019; NACINOVIC; MAHLER,;
AVELAR, 2014; ROCHA JUNIOR et al., 2017), dados de turbidez (TIECHER et al., 2018),
quantificacdo por dendrocronologia (BOVI et al., 2019; DOMINGUEZ-CASTILLO et al.,
2020) e ainda utilizacdo de radioisotopos (ANDRELLO et al., 2001; ANDRELLO;
APPOLONI; GUIMARAES, 2004; GUIMARAES; NASCIMENTO FILHO; RITCHIE,
2003; MINELLA; WALLING; MERTEN, 2014; VALENTE et al., 2020; WITTMANN et al.,
2011) em diferentes usos e ocupacBes do solo. Ou pode ser estimada por modelagem
matematica com equacGes empiricas com dados climatologicos da regido de estudo,
referéncias na literatura e sistema de informacdo geogréfica (SIG), tendo destaque os modelos
que utilizam a Equacdo Universal de Perda de Solo (USLE) desenvolvida por Wischmeier e
Smith (1978) e revisada por Renard e Ferreira (1993) como os modelos SWAT (Soil and
Water Assessment Tool - NEITSCH et al., 2009) e InVEST (Integrated Valuation Ecosystem
Services and Trade offs — SHARP et al, 2020).

Os modelos que utilizam a USLE tém sido amplamente utilizados e modificados nas
Gltimas décadas com alcance de melhorias em todo o mundo (ALEWELL et al., 2019). No
Brasil, trabalhos com a USLE foram desenvolvidos para a estimativa de perda de solo para
todas as tipologias de uso e cobertura de solo do Estado de Sdo Paulo (MEDEIROS et al.,

2016), em toda a area de protecdo ambiental do Rio Paraiba do Sul, trecho paulista (PAVANI
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et al., 2020), assim como para estimar especificamente a perda em uso e cobertura de solo de
florestas, pastagens (BATISTA et al., 2017; LU et al., 2004; SILVA et al., 2010; ZOLIN et
al., 2014), silvicultura de eucalipto (BATISTA et al., 2017; DA SILVA; SANTOS; SILVA,
2014; GOMES et al., 2017; SILVA et al., 2010), culturas agricolas (BATISTA et al., 2017,
GOMES et al., 2017; SILVA et al., 2010) e solo exposto (BATISTA et al., 2017).

Em se tratando de solo pés evento de fogo, Moody et al. (2013) indica algumas
limitacGes para compreensdo e previsdo de erosdo e escoamento: | — as respostas séo
transitérias, durando menos de 7 anos, e dependem de variaveis como velocidade de
recuperacdo da vegetacdo, condicdes climaticas pos-fogo, disponibilidade de sedimentos e
morfologia da bacia; 1l — respostas de alta magnitude tendem a ser isoladas e destrutivas em
escala de curto prazo (minutos a horas) dificultando a coleta de dados; Il — a resposta pode
ter complica¢des na interpretacdo devido a sua dependéncia de sequéncia de precipitacbes que
em geral sdo de média escala, curta duracdo e variaveis espaciais, cujas previsdes sdo mais
dificeis; IV — erosdo e escoamento de encostas recentemente queimadas nem sempre levam a
inundacgdes ou erosdes maiores devido as caracteristicas de precipitacdo e geomorfologia; V —
maior complexidade hidroldgicas e geoldgicas devido a ndo linearidade desses processos que
sdo controlados por limitacGes fisicas como infiltracdo, excesso de fluxo superficial e fluxo de
detritos; VI — multiplicidade de métodos e escalas de medi¢do confundem investigacdes,
dificultando a comparacdo entre estudos. O autor sugere que para organizar as respostas de
erosdo e escoamento pos-evento de fogo devam ser levadas em conta um range de
caracteristicas do fogo, da precipitacdo e do regime hidrogeomorfolégico de forma a melhor

compreensdo das respostas pés-fogo.

Na literatura, os estudos sobre fogo e medidas de erosdo e escoamento superficial
com impactos ao sistema hidroldgico aparecem nos ecossistemas mediterraneos com destaque
para Portugal com os trabalhos sobre os impactos da queima prescrita na perda e qualidade do
solo (SHAKESBY et al., 2015), influéncias do fogo nas propriedades fisicas do solo e nas
caracteristicas da superficie do solo sobre o escoamento e a erosdo ap6s um incéndio de
severidade baixa a moderada (STOOF et al., 2015), efeito da frequéncia de incéndio no
escoamento e sedimentos associados a perdas de matéria organica em micro parcelas de
plantagdes de pinheiro (HOSSEINI et al., 2016), comparacdo de modelos empiricos de
previsdo de erosdo em areas poés-incéndio (VIEIRA et al., 2018a), fatores-chave que

influenciam a resposta hidroldgica e erosiva de uma floresta mediterranea queimada, levando
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em consideracgdo o incéndio, praticas de manejo da terra pré-fogo e condi¢Ges de umidade do
solo (VIEIRA et al., 2018b) e tratamentos para reducdo de erosdao pos-fogo em plantacfes de
eucalipto (KEIZER et al., 2018). Na Espanha, com o estudo da eroséo por respingos de chuva
em floresta de pinheiros e em cerrado poucos meses apos incéndios florestais (FERNANDEZ-
RAGA et al., 2019). Nos Estados Unidos, estudo de comparagdo de taxas de infiltracdo,
concentracOes de sedimentos e rendimentos de sedimentos entre &reas ndo queimadas de
diferentes caracteristicas e areas queimadas severamente (ROBICHAUD et al., 2016) e
comparacdo de modelos empiricos de medida de erosdo em escala de declive e bacia
hidrografica (KAMPF et al., 2020; LARSEN; MACDONALD, 2007). No Canada, uma
projecdo dos impactos de incéndios florestais e mudangas climéaticas no fluxo de rios,
sedimentos e producdo de carbono organico em uma bacia hidrografica com florestas
(LOISELLE et al., 2020). O Brasil, embora sem o foco hidrologico, apresenta estudos de
perdas de solo em funcdo do fogo como tratamento de pastagens em area de Mata Atlantica
(ROCHA JUNIOR et al, 2017) e como manejo para a cultura de cana-de-agucar
(MENDONCA et al., 2018). Estes trabalhos utilizam métodos de campo como estudo em
micro parcelas (HOSSEINI et al., 2018; KEIZER et al., 2018), uso de simuladores de chuva
(ROBICHAUD et al., 2016) e dispositivo de funil duplo (FERNANDEZ-GARCIA et al.,
2019) e métodos empiricos associados a coleta e/ou validacdo de dados em campo (KAMPF
et al., 2020; LARSEN; MACDONALD, 2007; LOISELLE et al., 2020; VIEIRA et al.,
2018a).

Em termos de valoracdo da perda do solo, o trabalho de Pavani et al. (2020) elucida
uma alternativa valorando o servico ecossistémico de retencdo do solo a partir dos custos de
tratamento de agua, deposicdo de lodo e desassoreamento com base em Sousa Janior (2011).
Para esta estimativa, foram necessarios dados de turbidez obtidos pelo célculo de conversédo
utilizando sélidos suspensos e producéo de sedimentos obtidos a partir da taxa anual de perda
de solo, utilizando a taxa de liberag&o de sedimentos (Sediment Delivery Ratio, SDR; SHARP
et al., 2020). A taxa anual de perda de solo € obtida pela USLE dentro do INVEST, que é uma
ferramenta com um conjunto de modelos usados para mapear e valorar 0s bens e servigos da
natureza que sustentam a vida humana, funcionando com mapas como fonte de origem para
produzir mapas de resultados em termos biofisicos e econdmicos (NATURAL CAPITAL
PROJECT, 2020).

E termos de legislacdo, em 2021 o Brasil instituiu a Politica Nacional de Pagamento
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por Servicos Ambientais (BRASIL, 2021) que define objetivos, acbes e critérios para
implantacéo desta politica, dentre eles o estimulo & pesquisa cientifica relativa a valoragdo dos
SE. De acordo com Borma et al. (2022), esta valoracdo precisa ser compreendida ndo como
“atribuir um prego a natureza”, mas sim como modelo para comunicar aos tomadores de
decisdo, dentro da linguagem econémica, e como um conjunto de ferramentas para avaliar e

integrar a boa administragdo nas suas decisoes.

2.4 Servigo ecossistémico de estoque e sequestro de carbono

As atividades antropicas, do periodo pré-industrial até o momento, emitiram
concentracdes de carbono para a atmosfera que provocaram o aquecimento global de 1 °C,
devendo ser limitado a 1,5 °C até 2030 (IPCC, 2019). O uso de combustiveis fésseis, 0 uso e
cobertura do solo e o desmatamento levaram a um aumento de gases de efeito estufa na
atmosfera numa escala incompativel com a dindmica regenerativa do ciclo natural do carbono
provocando disturbios no funcionamento do sistema terrestre, com aumentos de desastres
associados a secas, inundacdes e incéndios florestais, diminuindo ainda mais o estoque e o
sequestro de carbono (UNDRR, 2019). Ha, portanto, a necessidade de reducdo de atividades
de emissdo de carbono por desmatamento e degradacdo ambiental (MUNANG et al., 2013),
de aumento da restauracdo ecoldgica e compensagdo por mudangas no uso do solo (IPCC,
2014) e de reconhecimento que a adaptacdo as mudancas climaticas e a reducdo de risco de
desastres estdo associados & manutengéo dos servigos ecossistémicos (O’BRIEN et al., 2008).

Iniciando com o Protocolo de Kyoto (UNITED NATIONS, 1998) e refor¢ado pelo
Acordo de Paris (UNITED NATIONS, 2015), os paises signatarios se comprometeram a
atender metas de reducdo de emissdes de carbono. Neste sentido, o estoque e 0 sequestro de
carbono é um dos servicos ecossisttmicos de maior interesse devido a sua funcdo de
regulagdo climatica global (MEA, 2005), podendo ser valorado economicamente e
comercializado por meio de créditos de carbono para compensacdo de emissdes. A valoracao
¢ feita com base numa estimativa da quantidade de carbono presente nos diferentes
reservatorios de carbono do sistema terrestre (SHARP et al. 2020).

O modelo para estimativa e valoragdo do sequestro de carbono do InVEST 3.8
(Capital Natural Project) é uma das ferramentas para realizacdo das medicdes referentes ao

carbono, sendo encontrado na literatura em trabalhos que avaliam as mudancas e usos do solo
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e as predicGes para possiveis cenarios. Pavani et al. (2018) quantificaram e avaliaram o valor
do balanco de carbono gerado por 3 cenarios preditivos (condicdo real, condicdo de marco
legal, condicdo de novos empreendimentos) de mudanca do uso da terra para o Litoral Norte
do Estado de Sao Paulo, levando em conta a supressao da vegetacdo natural e a intervencao
humana associada ao aquecimento global, considerando os periodos de 1990 a 1999 e 2000 a
2010 e a projecdo futura para 2030. Garrastazd et al., (2015) modelaram o impacto da
diminuicdo da largura da zona de amortecimento ciliar, imposta pelo Novo Cddigo Florestal
de 2012, sobre o0s servigos ecossistémicos numa bacia hidrografica no sul do Brasil, com o
sequestro de carbono como um indicador para 0s servigos ecossistémicos. Hu et al. (2020)
analisaram o sequestro de carbono em area montanhosa de solo vermelho na China, avaliando
0 Programa Verde para Grédos, maior programa de restauracao ecologica chinés. Babbar et al.
(2021) estudaram o sequestro de carbono na Reserva Tigre Sariska na India, para quantificar o
carbono estocado, avaliar como as mudancas na cobertura do solo interferem no potencial de
sequestro e qual o balanco de carbono dos anos 2000, 2018 e 2035. Fernandes et al. (2020)
avaliaram as mudancas no uso e cobertura da terra na regido semiarida do Sergipe no periodo
de 1992 e 2017 e simularam as mudancas de uso e cobertura do solo entre 2017 e 2030 em
dois cenérios (Condicdo atual e Floresta Protegida) para simular os estoques de carbono e
estimar o balango entre os cenarios com valoracdo econémica correspondente.

No Brasil, o Sistema de Estimativas de Emissdes e Remocbes de Gases de Efeito
Estufa — SEEG, realiza estimativas geradas segundo as diretrizes do Painel
Intergovernamental sobre Mudangas Climéticas (IPCC), com base na metodologia dos
Inventéarios Brasileiros de Emissfes e Remocdes Antropicas de Gases do Efeito Estufa,
elaborado pelo Ministério da Ciéncia, Tecnologia e Inovacdo (MCTI), e em dados obtidos
junto a relatérios governamentais, institutos, centros de pesquisa, entidades setoriais e
organizacdes ndo governamentais (DE AZEVEDO et al., 2018). Em 2022, o pais emitiu 2,3
bilhdes de toneladas brutas de carbono, sendo a mudanca do uso da terra (48%) e o setor
agropecuario (27%), os principais responsaveis e os estados de Mato Grosso, Pard, Minas
Gerais, Rondbnia e Sdo Paulo os mais emissores, nesta ordem (SEEG, 2023). Entretanto, o
relatorio salienta que deveriam ser incluidas as emissfes de fogo, para além da queima de
residuos da agricultura e de florestas, e fragmentacéo florestal.

A quantificacdo do servico ecossistémico de estoque e sequestro de carbono depende
da quantidade de carbono presente na biomassa acima do solo, na biomassa abaixo do solo, na

matéria organica do solo e na matéria morta do solo para cada classe de uso e ocupacdo do
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solo (SHARP et al. 2020). Esses dados podem ser encontrados no Guia para inventario
nacional de gases de efeito estufa (IPCC, 2006), no Relatério de Terceira Comunicacéo
Nacional do Brasil a Convencdo-Quadro das Nacgdes Unidas sobre Mudancas Climaticas
(BRASIL, 2016) ou em literaturas mais direcionadas, como em Vieira et al. (2011) que
estimaram os estoques de carbono na biomassa abaixo e acima do solo na faixa de elevagao
da Mata Atlantica costeira brasileira e Ferez et al. (2015) que avaliaram os estoques de
carbono em silviculturas na Mata Atléantica. Os valores de cada compartimento de carbono
também podem ser calculados por proporcionalidade e correlacéo a partir de pelo menos um
dado presente (GARRASTAZU et al., 2015).

Estimativas da perda do servigo ecossistémico de estoque e sequestro de carbono em
funcdo de ocorréncia de fogo, com correspondente valoracdo do servico perdido, sdo
incipientes na literatura. Vasconcelos et al. (2013) estimaram a perda de biomassa acima do
solo e o estoque de carbono em regides de cicatrizes de fogo na Amazbnia, podendo
contribuir com valores de classe de uso do solo para areas queimadas. Na Mata Atlantica,
Costa e Fonseca (2017) estimaram o coeficiente de consumo de biomassa de areas queimadas
em gramineas temperadas a 800m de altitude pelo poder radioativo do fogo disponibilizado

pelo INPE com os focos de calor.

2.5 O fogo na Mata Atlantica

A Mata Atlantica é uma floresta tropical, hotspot em biodiversidade (MYERS et al.,
2000) que abriga uma flora de aproximadamente 16 mil espécies e uma fauna de 2,4 mil
especies, com alto grau de endemismo (JOLY et al., 2019). Com apenas 12,4% da cobertura
original, engloba as fitofisionomias de Floresta Ombréfila Densa, Aberta e Mista, Estacional
Semidecidual e Decidual, Formagdes Pioneiras e Campos de altitude (SOS MATA
ATLANTICA; INPE, 2021). De acordo com o Manual Técnico da Vegetacio Brasileira
(IBGE, 2012), as formacdes florestais, ombrofila e estacional, desenvolvem-se em diferentes
estratos de relevo, podendo habitar regifes aluviais, submontana, montana e altomontana
(ombrdfilas mista). Conforme este manual, a floresta ombréfila densa possui uma vegetacéo
de plantas lenhosas de médio e alto porte, lianas lenhosas e epifitas em abundancia e
caracteriza-se por altas temperaturas e alta precipitacdo bem distribuida durante o ano, com
menos de 60 dias secos. Ja a floresta ombroéfila aberta possui faciagfes floristicas diferentes

que imprimem clardes e possuem mais de 60 dias secos no ano. A ombréfila mista
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caracteriza-se pelo predominio de espécies de Araucaria ocupando regides de elevada altitude.
As florestas estacionais tém inverno e verdo bem-marcados, com adaptacdes caducifolicas
(perda de folha) no inverno de 20% a 50% para as semideciduas e de mais de 50% para as
deciduas. Os campos de altitude situam-se normalmente acima de 1800 m de altitude e tem
fisionomia campestre, muitas vezes com espécies endémicas. Sua biodiversidade florestal
fornece os servigos ecossistémicos de provisao de alimentos e produtos medicinais, identidade
cultural e conhecimentos tradicionais, assim como de regulacdo de pestes, de regulagéo
térmica, de desastres naturais e da qualidade da agua e controle de erosdo (BORMA et al.,
2022).

O Bioma Mata Atlantica é marcado pelo desmatamento seguido de fogo desde a
época da colonizagdo. Embora tenha registro de diminui¢do do desmatamento desde 1985, a
cada ano os estados apresentam uma variagdo com diminui¢do ou aumento do desmatamento
(SOS MATA ATLANTICA, 2023) com uma tendéncia de reducdo da cobertura florestal de
2001 a 2013 potencializados pelas agdes antropicas e climaticas (SOUZA, 2018). Neste
sentido, os remanescentes florestais tornam-se cada vez menores e mais vulneraveis as
queimadas ou incéndios florestais (GUEDES et al., 2019) em funcéo do efeito de borda que
aumenta a inflamabilidade (COCHRANE; LAURANCE, 2002). De acordo com Jolly et al.
(2015) que avaliou a influéncia das variagdes climéaticas em ameagas de incéndios florestais
em nivel global na série temporal de 1979 a 2013, o Brasil apresentou um aumento na
duracdo da estacdo climatologica de fogo no periodo de estudo, assim como aumentou a
frequéncia de longas temporadas de fogo incluindo o Bioma Mata Atlantica, com destaque
para 0s anos de 2005, 2010 e 2012. Além disso, areas que foram desmatadas no passado para
os ciclos de culturas, sobretudo na regido sudeste, e que foram abandonadas tem se
regenerado, porém o manejo do fogo como técnica agricola e de limpeza de terreno pode ter
guiado essas areas para um estado resiliente ao fogo com estrutura, composicao de espécies e
funcdo semelhantes a uma savana (SANSEVERO et al., 2020). Tal fato além de afetar o
bioma Mata Atlantica na sua biodiversidade e funcGes ecossistémicas, pode tornar a area mais
suscetivel a incidéncia de incéndios florestais, pressionando mais intensamente 0s pequenos
fragmentos de remanescentes e provocando alta mortalidade precoce de arvores (MENEZES;
CAZETTA; DODONOQV, 2019).

De acordo com Jesus et al. (2020) no periodo de 2003 a 2017, a Mata Atlantica esta
teve 312.341 focos de fogo com uma éarea queimada de 307.860 km?, por outra forma, o
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bioma ja teve seu territério queimado em 24%.

Embora conhecidas as causas antrépicas das queimadas e estabelecido como crime
provocar fogo em mata e floresta pela Lei de crimes ambientais n°® 9605 (BRASIL, 1998), o
Novo Codigo Florestal, lei n°® 12651, permite seu uso em praticas agropastoris ou florestais,
mediante prévia aprovacao do orgdo estadual do SISNAMA e em praticas de agricultura de
subsisténcia exercidas pelas populacdes tradicionais e indigenas (BRASIL, 2012). Esta
mesma lei também estabelece a Politica Nacional de Manejo e Controle de Queimadas,
Prevencdo e Combate aos Incéndios Florestais, que prevé instrumentos para a analise dos
impactos das queimadas sobre mudancas climaticas e mudancas no uso da terra, conservagdo
dos ecossistemas, salde publica e fauna, para subsidiar planos estratégicos de prevencdo de
incéndios florestais, bem como observar cenarios de mudangas climéticas e potenciais
aumentos de risco de ocorréncia de incéndios florestais (BRASIL, 2012), entretanto esta
politica ainda € um Projeto. A Lei da Mata Atlantica, n°® 11428, estabelece o controle do fogo
como préatica preservacionista e como interesse social, além da manutencdo da classificacdo
das florestas primérias e secundarias mesmo apds a ocorréncia de incéndios (BRASIL, 2008).
E o decreto n° 6.660 que regulamenta dispositivos da Lei da Mata Atlantica trata do fogo no
que se refere a producdo de aceiros para prevencdo e combate de incéndios florestais.
(BRASIL, 2006). Essas legislacdes citam o fogo sem assumirem uma abordagem enfatica

para o tema.

A Fundagdo SOS Mata Atlantica realiza em parceria com o INPE o Atlas dos
remanescentes florestais acompanhando os dados de desmatamento desde 1985 (SOS MATA
ATLANTICA, 2023), entretanto ndo sdo levantadas as causas e provavelmente por isso as
palavras relacionadas ao fogo ndo sdo citadas. O Ministério do Meio Ambiente por meio da
publicacdo Impactos da mudanca do clima na Mata Atlantica, suméario para tomadores de
deciséo, ndo faz nenhuma referéncia ao fogo, mas cita eventos de inundacao, eroséo hidrica,
deslizamento, disponibilidade de agua no solo, o0s quais sdo relacionados ao uso e cobertura
do solo que por sua vez tem relacdo com o fogo (MMA, 2018). A Mata Atlantica contempla
importantes bacias hidrograficas brasileiras e seus planos de recursos hidricos, cujo objetivo é
recuperar, preservar e conservar a bacia para o continuo provimento de 4gua, devem levar em
conta o uso e cobertura do solo e os fatores perturbadores. Entretanto 7 importantes bacias do
bioma, como a do S&o Francisco (CBHSF, 2016), Paraiba do Sul (CEIVAP, 2007), Doce
(PIRH DOCE, 2010), Ribeira do lguape (CBH-RB, 2018), Parand (AGUAS PARANA,
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2016), Tieté (CBH-AT, 2009) e Paranapanema (ANA, 2016) ndo fazem referéncia direta em
seus respectivos planos a prevencdo e ao controle do fogo. Apenas o plano do Rio Paraiba do
Sul, Doce, Ribeira do Iguape e Paranapanema citam as queimadas como fatores
perturbadores. O Plano do Rio Paraiba do Sul é o Unico que cita a prevencdo dos impactos das

secas, porém ndo faz relagdo com queimadas.

Os estudos relacionados ao fogo em Unidades de Conservacao abordam a natureza e
dimensdo dos danos e resiliéncia da comunidade vegetal ap6s incéndio (DE MELO;
DURIGAN, 2010); a quantificacdo de microparticulas carbonizadas em solos superficiais
para determinacdo da intensidade de incéndios recentes (DE OLIVEIRA; PASSACANTILI,
2010); a avaliacdo dos registros de fogo ocorridos em escala temporal de 70 anos levantando
informacBes de ocorréncias, areas queimadas, sazonalidade e causas (AXIMOFF;
RODRIGUES, 2011); a producdo de mapa de risco (CIPRIANI et al., 2011); a influéncia do
fogo em bancos de sementes de areas de diferentes histéricos de fogo (DA LUZ POTES et al.,
2012); a avaliagdo de dados de focos de calor, dados meteorologicos e Relatorios de
Ocorréncia de Incéndios (ROI) (JUNIOR et al., 2017); o perfil dos incéndios florestais e suas
respostas frente as variacbes ambientais por meio de andlise das informacgfes dos Registros
de Ocorréncias de Incéndios e suas inter-relagdes com os sistemas ambientais (TORRES et
al., 2018); o registro de incidéncia de incéndio por cicatrizes dataveis nos anéis de
crescimento em espécie de arvore (BRANDES et al., 2019), a combinacdo de efeitos de
multiplos distdrbios na mudanca da floresta para um estado resiliente qualitativamente
distinto em estrutura, espécies, composicdo e funcdo (SANSEVERO et al., 2020) e as
implicagOes para restauragdo passiva em usos de solo para pastagem com e sem eventos de
fogo (SANSEVERO et al., 2017). Em areas fora das unidades de conservacgdo, os estudos
englobam temas como comportamento do fogo em um trecho de Floresta Estacional
Semidecidua, usando as variaveis: intensidade do fogo, tempo de queima, material
combustivel, poder calorifico e calor liberado por area (DE CAMARGOS et al., 2015);
coeficiente de consumo de biomassa (COSTA; FONSECA, 2017); regeneracdo pos fogo em
areas florestais afetadas (COSTA; MENEZES; NASCIMENTO, 2017; SILVA et al., 2017);
ocorréncia de focos de calor nos remanescentes da Mata Atlantica sob o aspecto climatico
(CLEMENTE; OLIVEIRA JUNIOR; LOUZADA, 2017); avaliagio da influéncia do fogo em
um fragmento florestal através da biomassa da serrapilheira, regeneracdo de Cecropia sp e

abertura de dossel (REIS et al., 2018); relacdes de fogo com as pastagens (PEREIRA;
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FERREIRA; GUIMARAES, 2018); avaliagio dos efeitos de incéndios florestais e a
influéncia da borda (DODONOV et al., 2019; MENEZES; CAZETTA; DODONOV, 2019);
variabilidade temporal de focos de fogo em diferentes biomas (JESUS et al., 2020;
OLIVEIRA-JUNIOR et al., 2020) e a vulnerabilidade de &reas protegidas e pequenos
fragmentos florestais (GUEDES et al., 2019). Os estudos realizados apresentam dados e
informagdes importantes para o Bioma, mas abordagens relacionadas as consequéncias das
secas e mudancgas climaticas a integridade do Bioma ainda precisam ser exploradas, assim
como as consequéncias do fogo sobre o0s servigos ecossistémicos hidroldgicos de controle de

erosao e retencdo de sedimentos e climatologicos de estoque e sequestro de carbono.

2.6 O fogo no Vale do Paraiba

O Vale do Paraiba Paulista, incluido no dominio de Mares de Morros da Mata
Atlantica (AB’SABER, 2000) e predominio das Florestas Ombrofila Densa e Estacional
Semidecidua, assim como no Estado de S&o Paulo (SAO PAULO, 2020). Com 39 cidades
(AGEVAP, 2018), passa por mudancas de uso e cobertura do solo ja no periodo da
colonizacdo. Os ciclos do ouro, da cana-de-acucar e do café, entre os séculos XVII e XVIII,
devastaram a paisagem da regido, seja pela abertura de estradas para escoamento de ouro,
comércio de alimentos e animais entre o sul e o sudeste, seja pela abertura de areas nas

montanhas para expansdo do plantio do café (DEVIDE et al., 2014).

Ap6s a migracdo da cultura do café pelas adversidades ambientais e pela erosdo do
solo como consequéncia das queimadas (DEVIDE, 2013), a paisagem comecou a Ser
substituida por areas de pastagens em 1880, consolidando o ciclo da pecuéaria no século XX
(DEVIDE et al., 2014). A cultura do eucalipto também se estabeleceu tendo um crescimento
de 2,5%, em 1985 (RONQUIM; COCHARSKI, 1985) para 8,1% em 2015, dividindo o
territério do VPP com 46,7% de pastagem, 3,3% de solo exposto, 4,6% de area construida,
32,6% de mata nativa e 2% de 4gua (RONQUIM; COCHARSKI, 2015).

Com o decaimento da agricultura em meados do século XX, as politicas de
desenvolvimento federal e a descentraliza¢do industrial da regido metropolitana de S&o Paulo,
apontaram o Vale do Paraiba como uma nova regido industrial (SILVA et al., 2016). A
construcdo da Rodovia Presidente Dutra dinamizou a industrializacdo e atraiu a populacao

para os seus arredores estimulada pela facilidade de transportes (DEVIDE et al., 2014). O
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rapido desenvolvimento econémico industrial proporcionou oferta de melhores condi¢des de
trabalho em areas urbanas do que em areas rurais (SILVA et al., 2017) gerando um fluxo
migratorio que acentuou o crescimento da populacdo. Neste contexto, as principais barragens
da bacia foram construidas entre as décadas de 50 e 70, com as funcGes principais de geracédo
de energia elétrica e regularizagdo de vazbes (ANA, 2015). O complexo do Paraiba do Sul
compreende na porcdo paulista os reservatorios de Paraibuna com capacidade de 61% do total
de volume util do complexo, o Jaguari com 18%, o Santa Branca com 7% e no Rio de Janeiro
o reservatorio do Funil com 14% (ANA, 2020) que abastecem os usos multiplos da adgua. De
acordo com Paiva et al. (2020) a agua da porcéao paulista da bacia do Paraiba do Sul, destina
49% de sua vazdo para abastecimento humano, 19% para o setor industrial, 18% para a
agricultura, 8% para termelétricas, 4,6% para uso animal, 1,5% para abastecimento rural e

0,3% para mineracéo.

A literatura que contempla o Vale do Paraiba na abordagem deste trabalho relaciona-
se a seguranca hidrica em cenérios futuros (FISCH; SANTOS; SILVA, 2017; MARENGO;
ALVES, 2005; PAIVA et al., 2020), a vulnerabilidade de pequenos fragmentos florestais ao
fogo (GUEDES et al., 2019) e, mais diretamente relacionado, ao servigo ecossistémico de

controle de erosao e retencao de solo, avaliado por Pavani et al (2020).

2.7 Restauracao ecossistémica

A restauracdo ecoldgica ou restauracdo ecossistémica envolve esforcos para recuperar
0 ecossistema degradado como resultado de atividades humanas de forma a restabelecer as
caracteristicas de biodiversidade e fungdes ecoldgicas desse ecossistema que existiam antes da
degradacéo, retomando a entrega de servigos ecossistémicos (BENAYAS et al., 2009; MEA,
2005). Em larga escala, a restauracdo dos ecossistemas é vista como o pivo para limitar as
mudancas climaticas e a extingdo de espécies (STRASSBURG et al., 2020), apesar dos custos
da restauracdo serem extremamente maiores do que os custos de preservagao do ecossistema e
alguns servicos ecossistémicos levam muito tempo ou ndo sdo possiveis para 0
restabelecimento (MEA, 2005).

No processo de restauracédo florestal, os servicos aumentam de acordo com a idade das
florestas, indicando que 0s servicos ecossistémicos, como 0 sequestro de carbono, realizado

pela restauracdo florestal aumenta exponencialmente nos primeiros 60 anos da floresta
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(SHIMAMOTO; BOTOSSO; MARQUES, 2014). Sendo as florestas o maior reservatério de
carbono (PAVANI et al., 2018) e ofertarem maior protecdo do solo, séo os ecossistemas de
maior entrega de servico ecossistémico de estoque e sequestro de carbono e retencdo de
sedimentos. Na Mata Atlantica e em especial no Vale do Paraiba, a manutencdo da
biodiversidade e a entrega desses servigos ecossistémicos é ameagada pela vulnerabilidade
dos fragmentos florestais ao fogo seja pela maioria possuir area menor que 10 ha (GUEDES
et al., 2020) ou pela modificacdo da estrutura florestal e da composicdo de espécies
(MENEZES; CAZETTA; DODONOV, 2019; SANSEVERO et al., 2020). Mesmo em
ecossistemas dependentes do fogo, em que as queimadas podem ser uma ferramenta de
restauracdo, se mal elaboradas e sem conhecimento ecoldgico da vegetacdo queimada e o
potencial de recuperagdo, podem modificar o ecossistema para aléem do estado desejavel e

demorar séculos para o restabelecimento (MYERS, 2006).

Strassburg et al. (2020) identificaram areas prioritarias em todos os biomas terrestres
para restauracdo ecossistémica e estimaram beneficios em ganho de biodiversidade e
mitigagdo de mudancas climaticas bem como o custo efetivo da restauracdo. O Vale do
Paraiba, assim como a Mata Atlantica compde estas areas prioritarias. Os autores concluiram
gue se combinarem a retencdo dos ecossistemas naturais remanescentes com a restauracdo de
30% das &reas convertidas em areas prioritarias poderia mitigar 71% de débitos de extingcéo

de espécies e sequestrar 49% de CO- liberado na atmosfera desde a revolugdo industrial.

O Novo Cddigo Florestal, tendo como objetivo o desenvolvimento sustentavel,
entende como principio a responsabilidade igualitaria entre Unido, estados e municipios a
preservacao e a restauracdo da vegetacdo nativa. O Cadastro Ambiental Rural (CAR) é um
instrumento desta lei que visa integrar as informacgdes ambientais das propriedades e posses
rurais referentes as Areas de Preservacdo Permanente - APP, de uso restrito, de Reserva
Legal, de remanescentes de florestas e demais formas de vegetacdo nativa, e das areas
consolidadas, compondo base de dados para controle, monitoramento, planejamento
ambiental e econdmico e combate ao desmatamento, sendo obrigatério para todos os imoveis
rurais (BRASIL, 2012). O déficit de vegetacdo nativa da Mata Atlantica ocorreu em 56% dos
imodveis cadastrados, somando 4,74 milhdes de ha, sendo 2,76 milhdes de ha de APP e 1,98
milhGes de ha de RL, onde os grandes imdveis, maiores de 15 Modulos Fiscais, detém 42%
da &rea total de déficit estimado de RL ou APP e portanto, sua adequacao ja representaria um
uma consideravel diminuicéo no déficit (GUIDOTTI et al., 2021).
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O VPP tem importantes iniciativas de restauracdo e melhor uso e ocupagdo do solo
como Projeto Corredor Ecoldgico do Vale do Paraiba que visa interligar os remanescentes de
Mata Atlantica do VPP e o Conexdo Mata Atlantica - Projeto GEF (Global Environmental
Facility), que visa recuperar e preservar servi¢cos ecossistémicos do clima e biodiversidade da
Mata Atlantica brasileira, sendo um dos seus componentes o incremento de estoques de
carbono na Bacia do Paraiba do Sul (MCTIC, 2016). Além dessas, a Secretaria do Meio
Ambiente de Sdo Paulo em parceria com a WRI e a IUCN desenvolveram um estudo das
oportunidades de restauracdo da paisagem e floresta por meio do ROAM (Metodologia de
Avaliacdo de Oportunidades de Restauragdo) que analisa oportunidades de restauragdo
florestal sobre as areas de pastagem, substituindo por tipologias de uso e ocupacdo de solo
com finalidades monetarias ou ndo, mas que preservem 0S Servigcos ecossistémicos de
disponibilidade hidrica, conservacdo do solo e sequestro de carbono e ao mesmo tempo
possam gerar renda (PADOVESI et al., 2018).
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Abstract

Given the scarcity of studies relating fire to deforestation in the Atlantic Forest and
great economic and ecological importances of this biome, this work aimed to investigate this
relationship in the Atlantic Forest of the State of S&o Paulo, trying to answer whether
deforestation is related to fire events in up to three years, if there are regions most affected by
this relationship and what land use and land cover predominates after fire and deforestation in
these areas. The study was carried out in Evergreen Forest and Semideciduous Seasonal,
along the time series from 2000 to 2019 using the MapBiomas Project database to survey
deforested and burned sites with moderate to high severity fires. Burning positively
influenced deforestation in EGF in eight of 19 years studied (2001, 2004, 2005, 2007, 2008
and 2009, 2013 and 2015), while only for three years in the SSF. Burning followed by
deforestation corresponded to only 3.2% of the total deforestation, located mainly in the
eastern region of the state with the highest density in the EGF. Most of these areas have been
converted to agriculture. This study provides the first indication that, generally, fire is not a

driver of deforestation in the southeast Atlantic Forest.
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Introduction

The Atlantic Forest biome is a biodiversity hotspot [1]. Due to intense deforestation
and human disturbance that mostly occurred in the first half of the 19th century [2], only
about 13% of Atlantic Forest biome native vegetation cover remains in Brazil [3,4]. Nature
reserves protect only 9% of the remaining forest [5]. This percentage of native cover has been
maintained, but there is a concern that the ongoing loss of older native forests, mostly on
flatter terrains, have been hidden by the increasing gain of younger native forest cover, mostly
on lands not suited for mechanized agriculture [6]. The MapBiomas Project showed that, from
1985 to 2021, 8.3 million hectares of forest cover were converted to large scale agriculture
lands in the Atlantic Forest Biome [7] and this loss of older native forest might be associated
with forest fires.

Every year, wildfires burn more than 400 million hectares worldwide [8] and shape the
structure and diversity of all biomes [9]. Recently, some portions of the Atlantic Forest biome
have also been experiencing an increase in area burned by wildfires [10]. Humans are a major
force driving many fire regimes around the globe [11], and, in Brazil, fire is often a key
process when considering the drivers of forest loss [12] like those that happened in the
Amazon region during the summer of 2019, related to commodity-driven deforestation or
agriculture [13]. In the Atlantic Forest, fire may also be human-driven, especially for
agriculture practices.

Fires in tropical forests, which are not natural events, burn surface fuel as dry leaves
and grasses, generally cause extensive top-kill in small trees [14] and leaf-fall in larger trees
(due to heating), allowing increased light to the forest floor and a establishment of invasive
grasses, changing likelihood of recurrent fires [15]. When subjected to such conditions, non-
adapted species can be selectively excluded from the community, generating a drastic change
in species composition, biomass and vegetation cover [16-18]. Depending on severity,
surface fire can lead to small changes in cover and mortality of the structurally dominant
vegetation (low severity) to large vegetation mortality (high severity)[19-21] .

Despite the importance of the Atlantic rainforest and fire threat, studies on impacts of
disturbances such as burnings over this biome are scarce [17,18-22]. In Brazil, burning is

forbidden as a management tool (unless under environmental permission or when done by
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traditional communities: [25,26]). In rural sites, fires are used to renew pasture and agriculture
sites and to clean trash and these fires may go uncontrolled to near forests. In addition, they
can be intentionally used to degrade forests and regenerating sites and promote deforestation,
especially for commodities agriculture and urbanization purposes. Fire-deforestation relations,
well understood in Amazon, might happen differently in the Atlantic Forest, as this biome is
fragmented and inserted in an anthropogenic landscape.

Therefore, the objective of our study is to contribute to filling this knowledge gap by
investigating how deforestation dynamics in the Atlantic Forest Biome are related to moderate
to high severity fire events, in patches of evergreen and seasonal forest in southeast Brazil,
which are fire-sensitive ecosystems. Specifically, we aimed to answer (i) Did deforestation
happen after burnings (one, two and three years later) in sites of the Atlantic rainforest biome?
(i) Are some regions most affected by deforestation related to fire than others? And (iii)
What was the predominant land cover after fire and deforestation? We expected fire as a
driver of deforestation in the Brazilian Atlantic Forest and commodities agriculture as a driver

of both impacts.

Material and methods

Study Area
Sao Paulo state is located in southeast Brazil (25°21729’S and 44°9”41°W) and

contains the largest industrial park in the country (responsible for 32.2% of the Brazilian
GDP: [27]) and one of the richest economies in the world, which began in the transition
between the 18th and 19th centuries with coffee plantations, was substituted later for
sugarcane and currently holds an industrial, urban and cultural protagonism [28]. The state is
divided into 645 municipalities over an area of 248,219.94 km? (2.9% of the Brazilian
territory) and a population of almost 45 million inhabitants (about 21% of its entire
population), being the most populous in the country [29]. Native vegetation of Sao Paulo is
distributed among Atlantic Forest and Cerrado Biomes, with original proportional area of
67.3% and 32.7%, respectively; currently only 22.9% of the state area is covered with both
Biomes, where the largest portion of Atlantic Forest has 10.1% are Ombrophilous Dense or
evergreen forest (EGF), and 7% are seasonal semideciduous forests (SSF) [28] . EGF is
occupied predominantly by perennial trees, epiphytes, with a uniform canopy and not

subjected to dry periods, while SSF occurs under a climate with a well-defined dry season,
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leading to 20-50% loss of leaves in tree canopy [30]. EGF has 76368 patches averaging 31.57
ha (£1,902.67), while SSF has 201,560 patches, with smaller sizes, averaging 9.16 ha
(£79.86), but more scattered along the state [28].

Dataset

Boundaries of Evergreen Forest (EGF) and Seasonal Semideciduous Forest (SSF)
were obtained from vector files of Sdo Paulo Forest Inventory [28] from DataGeo System,
infrastructure  of environmental spatial data of the State of S&o Paulo
(https://datageo.ambiente.sp.gov.br/).

The Burned and deforested areas of the study area were obtained from two datasets of
MapBiomas platform, a multidisciplinary network that uses cloud processing and
methodologies of pattern recognition, to generate historical series of annual maps of land use
and land cover and fire scars, from 1985 to 2020, from images from sensors on board
Landsat satellites, with a resolution of 30 m (https://mapbiomas.org /). Although Sentinel
satellite images offer images of 10 m of spatial resolution, which would increase the accuracy
of this work, its data only started in 2014, not fitting the study design. In addition, Mapbiomas
fire and deforestation data have been used in several scientific studies [6,7,31-33]. The first
dataset was annual fire scars data, evaluated from 2000 to 2016, that can detect fires with a
dNBR (Normalized Burn Ratio Difference) pre-post fire greater than 0.25, (moderate to high
severity fire [20,21]) and has an accuracy of 97% [31],. And the second dataset was
deforestation and regeneration data, with overall accuracy in Atlantic Forest of 87,3% [7]
were evaluated from 2000 to 2019 (last year of this collection). The last year of fire scars was
2016 in order to overlap fire data with deforestation in the current and following three years.
The set of deforestation and regeneration provides the annual land use and land cover classes
plus classes that indicate regeneration or deforestation in primary and secondary forests when
they occur. If a certain site was deforested and it has not regenerated or converted into another
land use and cover, it would be classified as deforested in different years; however, we
believe this represents a very small percentage of the total deforestation, if it occurs, as rural
land in S&o Paulo state is quickly destined for other uses after deforestation. Despite the fire
dataset is available monthly, the deforestation dataset has no available monthly data, so the
relationship between fire and deforestation was carried out annually. Matrix files were

processed in Quantum Gis 3.16.11 software (https://www.qggis.org/en/site/).
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Data analysis

Using Quantum Gis, area (size) and number of patches were calculated for burned and
deforested areas separately in each year of the study period. To identify intersection between
burned and deforested areas and land use and land cover conversion following fire-caused
deforestation, fire files were overlapped with deforestation files in the current years and
following three years thereafter (Fig 1). Thus, sites were classified in burned and not
deforested (BND), burned and deforested (BD), when there was intersection between burned
and deforested areas in current and three years later, and unburned and deforested (UBD).
Area and number of intersections were calculated as well as conversions in each land use and
land cover identified in the overlay. Conversions after deforestation were counted from 2001
onwards, since datasets were annual, and the time series of the study started in 2000.

We also performed a preliminary analysis to evaluate effects of distance from
anthropogenic land cover (urban and agriculture) and of distance from watercourses on fires,
but we did not identify significant correlation, as expected due to the fragmented and
anthropogenic landscape nature of the Atlantic Forest in Sdo Paulo state (data not shown).

To identify regions with greater occurrence of burning followed by deforestation,
central points of the polygons of intersection were created to perform a heat map through the

Kernel density. The mean of averages (i) added or subtracted from the mean of standard
deviations (o) were used to evaluate the best radius size. The kernel density function used
was the quartic that weighs closer points more heavily than distant points, but decrease is
gradual.

BD areas were then again overlapped with deforestation and regeneration maps to

identify land use and land cover (LULC) in the three years following fire and deforestation
(Fig 1).
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Fig 1: Methodological procedure for collecting and analyzing fire and deforested data.

Pearson correlation between extension of burned areas (explanatory variable) and
deforested areas (response variable) of current year and until three years after fire was
performed in order to assess whether the increase of burned areas also increased deforested
areas, with Python programming language (version 3.6), which allows an interactive

computing environment for editing and executing data analysis [34].

Results

In Evergreen Forest (EGF), deforestation represented 16,026 patches in a total area of
47,560.14 ha, being 55.2% of old-growth forest and 44.8% of secondary forest (Tab 1 and Fig
2A). Most deforested forest patches (96.3%) had between 2 and 5 ha (old-growth: 3.05 = 1.74
ha and secondary: 2.86 = 1.29 ha). Although the largest number of deforested areas were
found in 2004, there was a decrease trend in deforested areas between 2000 and 2016, rising
again between 2017 and 2019 (Fig 2A). Fire scars in EGF were verified in 32,846 patches in a
total area of almost triple of deforestation. Most of burned forest patches (95.9%) were
between 2 and 10 ha (4.25 = 3.7 ha). Burned areas in EGF showed an increasing trend
between 2000 and 2003 (with the highest number in 2003), with a decrease between 2004 and
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2009, and increasing again in 2010 (Fig 2A).

Table 1: Deforestation (2000-2019), fire scar (2000-2016) and fire-related deforestation
in Evergreen Forest (EGF) and Semideciduous Seasonal Forest (SSF) in Sdo Paulo State

in current year and three years following fire.

Forest N° patches Area (ha) Old-growth(%) Secondary (%) Average (ha)

EGF 16,026 47,560.14 55.2 44.8 2.96 (+1.55)
Deforestation
SSF 40,469 32,792.12 32.3 67.6 0.81 (+0.85)
EGF 32,846 139,545.60 - - 4.25 (£3.7)
Fire scar
SSF 19,454 77,699.39 - - 3.99 (+3.42)
EGF 952 1,316.49 63.6 36.4 1.38 (£1.5)
Intersection
SSF 399 179.9 64.6 35.4 0.45 (£0.78)
Fire- EGF 2.8%
deforestation 0.5%
270
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Fig 2: Area extension of unburned and deforested (UNB), burned and not deforested
(BND) and burned and deforested (BD):frequency of these areas in Sdo Paulo State in the
period 2000 to 2019 for Evergreen Forest (A) and Semideciduous Forest (B).

Burning and deforestation in EGF occurred in 952 patches, with a total area of
1,316.49 ha, of which 63.6% was old-growth (1.46 + 1.56 ha) and 36.3%, secondary (1.26 +
1.36 ha). Most of BD patches had between 1 and 5 ha (51.68%), followed by (47.5%) patch
size smaller than 1 ha. Deforestation and burning mainly occurred between 2002 and 2007 in
old-growth forests, with a peak in 2003 (136 ha); in the secondary forest, 2004, 2007, 2011
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and 2014 were peaks (Fig 2A).

For seasonal semideciduous forest (SSF), deforestation represented much more
patches but with a minor area (=33,000 ha), being 32.3% of old-growth and 67.6% of
secondary forest (Tab 1 and Fig 2B). Most of deforested forest patches (80.1%) were smaller
than 1 ha and 19,4% were between 1 and 5 ha (old-growth: 0.95 + 1.27 ha and secondary:
0.75 £ 0.62 ha). These areas remained with small fluctuations between 2000 and 2017,
increasing in 2018 and 2019. The number of patches and area in Fire scars in SSF decreased
by approximately half of EGF (Fig 2B).

Deforestation and burning in SSF represents 0,5% of total deforestation in this
phytophysiognomy, of which 64.6% was old-growth (0.52 = 0.57 ha) and 35.4%, secondary
(0.36 £ 0.31 ha). Most of BD patches had 6 ha (91%). Deforestation and burning mainly
occurred between 2003 and 2005 and between 2014 and 2015 in old-growth forest, while it
occurred between 2001 and 2003 and in 2011 in secondary forest (Fig 2B).

We found significant correlation between BD areas for EGF in about half of studied
years (Fig 3A). In 2001, 2004, 2005, 2007, 2008 and 2009, 2013 and 2015, fire was positively
associated with deforestation in EGF, while in 2001, 2014 and 2016 fire influenced
deforestation in SSF (Fig 3). The R? varied from 16% to 44% with an average of 26% in these
years. Most of SSF correlations between burned areas and deforestation were not significant
(Fig 3B).
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Fig 3: Pearson’s correlation between fire scar and deforestation areas. In current year
within three years period in Evergreen Forest (EGF - A) and Seasonal Semideciduous Forest

(SSF - B) (gray values represent p-value <0.0001).

Burnt and deforested areas were identified by Kernel density (radius of 74,284 m for

EGF and 111,934 m for SSF (¥ — &)) and occurred more intensely in northeast Sdo Paulo

state; while in EGF were especially in east to south sides, in Paraiba do Sul, Tieté, Piracicaba
and Ribeira Valley water basins, in SSF, located in central portion of the state mainly in
PerdGes and Mogi-Guacu Region.

Conversion of deforested and burned forest patches were mainly to agriculture and
pasture, both in EGF and SSF, for old-growth and secondary forest (Fig 4). Agriculture and
pasture mosaic represented most of conversion for old-growth EGF forest (1,524.23 ha:
77.24%), followed by temporary crops, pasture and silviculture with 8.05%, 7.06% and
2.85%, respectively (Fig 4A). For EGF secondary forest (966.55 ha), agriculture and pasture
mosaic represented 74.91% and pasture, 9.89%, other temporary crops, 4.44%, and
silviculture, 3.14%. Only 5.24% of areas returned to secondary forest (Fig 4B). Agriculture
and pasture mosaic represented most of conversion for old-growth SSF forest (348.80 ha:
60.84%), followed by pasture (1.74%), silviculture (1.08%) (Fig 4E). For SSF secondary
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forest (190.89 ha), agriculture and pasture mosaic represented 60.78%, sugar cane, 2.01%,
and 1.24% for pasture (Fig 4F). Only 15.03% of areas returned to secondary forest.

Likewise, agriculture and pasture mosaic were predominant in the years following fire,
increasing area from the first to third year. This pattern was the same both in old-growth and
secondary forests of EGF and SSF (Figs 4C, 4D, 4G, 4H).
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Fig 4: Conversion of LULC post-fire and deforestation. From 2001 and 2019 (Old-Growth
Evergreen Forest — A; Secondary Evergreen Forest — B; Old-Growth Semideciduous Forest —
E; and Secondary Semideciduous Forest — F) and first, second and third year after fire (Old-
Growth Evergreen Forest — C; Secondary Evergreen Forest — D; Old-Growth Semideciduous
Forest — G; and Secondary Semideciduous Forest — H). Only classes that exceed 1% of the
total converted area are represented.
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Discussion

Analyzing number of forest patches, we found most of evergreen forest patches having
fire scars and most of seasonal forest patches losing vegetation, while when we evaluated
total area affected by fire, both evergreen and seasonal forests were quite significantly
affected by burnings. The use of fire in rural lands is forbidden in Brazil, but fires are
commonlly used to renew pasture and agriculture sites and to clean trash and these fires may
go uncontrolled to near forests. In addition, burnings can be intentionally used to degrade
forests and regenerating sites and promote deforestation, for agriculture and urbanization
purposes.

Using fire in S&o Paulo state to manage agriculture, mainly related to sugarcane
plantations [35], i.e., clean plantations, reducing aboveground biomass (especially leaves),
and facilitate sugar cane harvest was a common practice in Sdo Paulo state until 2002, when a
state law regulated gradual elimination of fire for that purpose (Law n 11.241/2002:[36]).
According to this regulation from 2011 to 2016, 50% to 80% of elimination of fire use in
sugarcane mechanized sites should be pursued (in 2021 that would be 100%). Pastures also
are cleaned and renewed through fire [37,38], under environmental permission or illegally. In
S&o Paulo state, most of land use and land cover and commodities agriculture is attributed to
annual crops (mainly sugarcane) and pasture [39]. These agriculture and pasture areas border
small (as we observed, most patches do not exceed 10 ha) and fragmented forest patches of
the Atlantic Forest [5,40], making them vegetation islands highly exposed to burnings [22],
which explain our results.

Along the years there was a decreasing trend in deforested areas between 2003 and
2016 in EGF and a stationary deforestation pattern in SSF, both having raised again between
2017 and 2019. Our results indicate that command and control policies might have diminished
deforestation rates in the Atlantic Forest in S&o Paulo state, especially after specific
legislations regulating conservation and preservation of the biome (as the Atlantic Forest Law
[from 2006: 41]. Lately, deforestation rates and human pressure on biodiversity and
ecosystems have been increasing, inflated by the recent dismantling of legal environmental
framework by the Bolsonaro administration [42]. When we looked to overlapped BD sites,
we found that they represented a minor proportion of forest patches and area, contrary to our

expectations and to the processes of forest loss linked to burnings in other Brazilian regions
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[13,43]. Also, the significant correlations between burned and deforested areas for EGF were
small (eight of eighteen studied years), and almost none for SSF (three).

Thus, we may discuss that forest patches in S&o Paulo state are being burned and
degraded, as our previous results showed, but they are not being cut down, probably because
these remnants constitute legal reserves or permanent preservation areas, which are
mandatory native vegetation protected areas inside rural land (according to New Forest Code,
Law n 12.651/2012,25]). Despite that is a positive result, degradation of forests by fire is a
concerning issue that starts to be a conservation and restoration agenda of non-governmental
organizations in Brazil and in S&o Paulo state, as TNC — The Natural Conservancy (personal
communication). Historically, the Atlantic rainforest was deforested using fire [2], for large-
scale agricultural purposes (sugarcane and coffee monocultures) leading to a rapid expansion
of the human frontier.

Additionally, we found that regions most affected by deforestation related to fire in
Atlantic Forest sites were evergreen forests and located in three important socioeconomic
areas (Ribeira, Tieté/Piracicaba and Paraiba do Sul River basins). Firstly, the Ribeira Valley is
a region of great scenic beauty and one of the best-preserved places in the Atlantic Forest,
which, however, has been suffering from burnings [44]. It is a low human population density
region with low-intensity agriculture as the main economic activity [45], but is target of a
Strategic Development Plan in the next few years [46], which may alter native vegetation
cover. In this region, fire might be used to degraded old-groth forests and facilitate
environmental licensing, as in other regions. The Tieté and Piracicaba River basins are
densely populated and urbanized regions, with land use dominated by large-scale and
commodities agriculture [47]. Lastly, Paraiba Valley, with a growing trend of fires [10]
aggravated by high pasture cover [32], which may be particularly threatening many important
local restoration and conservation initiatives such as the Atlantic Forest Connection Project -
GEF (Global Environmental Facility: https://conexaomataatlantica.mctic.gov.br/cma/portal/).
Also, in these regions are located some fundamental protected areas, such as Serra do Mar
state park, the largest conservation area of Atlantic Forest in Brazil

(https://www.infraestruturameioambiente.sp.gov.br/pesm/), that fire occurrence may

endanger. All these burned evergreen forests might be having biodiversity loss and changes in
forest structure, functioning and ecosystem services [17,18,24].
Fire and deforestation of seasonal forests are happening in ecotonal regions with the

Cerrado biome (a neotropical savanna), constituted of fire-influenced ecosystems [48], and
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more resilient to burnings. Despite that, fire is considered a threat even to Cerrado remnants
of S&o Paulo state [49], if they did not follow their natural regimes. Then fire policies and
management should be well planned and implemented in the two biomes that happen in S&o
Paulo state.

Brazil’s Atlantic Forest is still losing native forests [6], mostly by the expansion of
agricultural frontiers [13]. Our data corroborate this and show fire and forest deforestation
followed by agriculture and pasture mosaic, as we expected, mainly in the third year after fire
which differs from Amazon region, when conversion occurs immediately after fire and
deforestation [50-51]. Despite recent data of the Forest Inventory indicating vegetation cover
increases in the S&o Paulo state [28], deforestation is still happening, driven by large-scale
and commodities agriculture, such as sugarcane, cattle (for meat), soybean, orange and
chicken (for meat) (http://www.iea.agricultura.sp.gov.br/out/index.php). The Atlantic Forest
Law (Lei da Mata Atlantica, Law no 11.428/2006 [41]) prohibits deforestation of late
secondary and old-growth forest sites, but according to the “Atlas dos Remanescentes
Florestais da Mata Atlantica” [4] most of deforestation in these sites is illegal.

Some issues must be considered in this work. Both fire data and deforestation data
were extracted from annual accumulations of the MapBiomas Project database, with the
possibility of overlapping data from one year to the next. That is because the deforestation
recorded in one year may have been maintained in the following year if a fragment has not
regenerated or converted into another land use and land cover; however, we believe this
represents a very small percentage of the total deforestation, if it occurs, as rural land in S&o
Paulo state is quickly destined for other uses after deforestation.

In addition, MapBiomas fire data maps all fire scars visible in satellite images, with
moderate to high severity fire, based on differences between pre and post fire NBR index [31]
,50 low intensity and under canopy fires that do not produce scars were not quantified. Thus,
we stress that this study can only tell us whether deforestation occurred following moderate to
high-intensity fire (sufficiently intense to be detected by MapBiomas). Furthermore, this work
evaluated the relationship between deforestation following fire and not the opposite, because
field observations and communications with other researchers and environmental technicians
indicate that fire is being used to intentionally degrade tropical forests and then, deforest
them. As already discussed, fire origins are unknown (probably humans), but some recent
data point that they are deliberately ignited to cause degradation and increase tensions for land

transformation (especially related to large agriculture farms and agri-companies: [ 52].
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Little attention has been given to fire threats to the Atlantic Forest Biome [17,22] and
its relation with deforestation. Fire events in this Biome may become more common with
climate change [53] and they would inhibit forest restoration and conservation [22,54],
especially in Sdo Paulo state that concentrates forest restoration efforts
(observatoriodarestauracao.org) and several Atlantic rainforest protected areas. Besides
ecological losses, health and socioeconomic issues should be considered as the biome
concentrates the largest portion of the Brazilian population and the greatest GDP of the

country. Likewise, a National Policy for Management and Control of Fires is urgently needed.

Conclusion

This study provides the first evaluation of a possible relation between fire and
deforestation in the Atlantic Forest biome, southeast Brazil. We expected that deforestation
would follow burnings, what we partially observed. Burning positively influenced
deforestation in EGF in eight of 19 years studied (2001, 2004, 2005, 2007, 2008 and 2009,
2013 and 2015), while only for three years in the SSF. Burning followed by deforestation
corresponded to only 3.2% of the total deforestation, located mainly in the eastern region of
the state with the highest density in the EGF. Most of these areas have been converted to
commodities and large-scale agriculture, as we expected. This study provides the first
indication that, generally, fire is not a driver of deforestation in the southeast Atlantic Forest
nowadays. The use of fire for land clearings is not well documented in the Atlantic Forest and
makes it difficult to understand if sites would be opportunistically deforested after an
accidental fire event or if burnings would be criminally intended to degrade forest sites to be

later replaced by another land use.
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Abstract

To assess the impact of fire on ecosystem services, we conducted an analysis that involved
estimating soil loss, sediment export, and sediment retention in different Land Use and Land
Cover (LULC) classes, in a southeast Atlantic Forest protected area. This analysis was carried
out using INVEST-SDR model, with cover factor weighting based on pre and post-fire NBR
spectral indices provided by Landsat Images in time/local indicated by Mapbiomas Fire.
Additionally, we examined the influence of different variables on sediment balance (post-fire
minus pre-fire), and we evaluated which LULC types and watersheds were most affected by
fire using a GLM model. The results of our analysis revealed significant increases in soil loss
and sediment export, coupled with a decrease in sediment retention induced by fire. These
changes varied depending on the specific LULC class, with the most pronounced losses
occurring in areas with less vegetation cover, such as pastures and high-altitude grasslands.
Conversely, areas with high vegetation cover, such as native forests, exhibited greater
sediment retention. Specifically, fire led to a 56% increase in soil loss in forests, a 17%
increase in high-altitude grasslands, a 43% increase in pastures, and a 45% increase in
eucalyptus plantations. Factors like burn severity, erodibility and cover were identified as

having the most significant impact on sediment balance.
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1. Introduction

Atlantic Forest biome, a biodiversity hotspot (MYERS et al., 2000), occurring from
northeast to south of Brazil, including ombrophilous and seasonal forests, as well as high-
altitude grasslands. Is home to most of the Brazilian population and the largest cities, with a
history of deforestation followed by fire (Dean, 2004). Although deforestation has decreased
in general, the biome has only 12.5% remaining from its original territory (SOS Mata
Atlantica and INPE, 2021) and still losing forest cover (Souza et al., 2018; Rosa et al., 2022).
This deforestation is partly associated to fire (Baido et al., 2023), whose burning probability
increases with small patches, more edge and more pasture around them (Guedes et al., 2020).
These fragments are surrounded in many portions by pasture areas (32% of the biome area is
occupied by pastures: MAPBIOMAS, 2020), which is a typology highly flammable.

Fire in Atlantic Forest has been increasing (MAPBIOMAS, 2022) and it ranks third in
area and number of fires among other Brazilian biomes (Jesus et al., 2020). The evergreen
forests in the Atlantic Forest biome are fire-sensitive ecosystems (Hardesty et al., 2005), not
prone to burns due to its high humidity, with species that did not evolve under fire regimes
and do not have adaptations to these events. Fire promotes disruption of natural system,
threatening size, structure and composition of ecosystems (P. M. Brando et al., 2014;
Carvalho et al., 2022; Hardesty et al., 2005; Sansevero et al., 2020), making it more
susceptible to the incidence of forest fires (Putz et al., 2011), threatening biodiversity and
ecosystem services (Kelly et al., 2020; Loiselle et al., 2020; Robinne et al., 2020; Roces-Diaz
et al., 2022; Rodrigues et al., 2019; Taboada et al., 2021)..

Ecosystem services, which are benefits for human well-being, generated by complex
interactions between biotic and abiotic dimensions in ecosystems (Boyd & Banzhaf, 2006;
Haines-Young & Potschin, 2018; IPBES, 2018; MEA, 2005), are normally sustained by
biological diversity of landscapes, with growing evidence that greater biodiversity is directly
associated to environmental resilience and to ecosystem services provided to people
(Cardinale et al., 2012; F. W. Larsen et al., 2012; Mace et al., 2012; Oliver et al., 2015). Thus,
high diverse forests, as Atlantic Forest would offer more ecosystems services.
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Erosion control or sediment retention is an inherent ecosystem service in tropical
forests due to the dense canopy and surface litter that intercept precipitation, reducing the
impact of rain on the soil surface layer. Additionally, the high organic matter content, high
porosity, and various micro and macroorganisms residing in a dense root system facilitate
water infiltration and reduce runoff (BORMA et al., 2022). Consequently, natural forest areas
exhibit significantly lower rates of soil loss compared to pasture and agricultural lands, as
evidenced by Brazilian experiments (ANACHE et al., 2017). However, fires (and other
degradation drivers) in tropical ecosystems threaten biodiversity and consequently these
services. For example, fire removes vegetation cover, which affects soil stability, causing
erosion (Efthimiou et al., 2020; Fernandez-Garcia et al., 2019; Shakesby et al., 2015)
Robichaud et al., 2016; Shu-Ren, 2003) and impacting water bodies (Addison & Oommen,
2020; Diaz, 2012; Loiselle et al., 2020; Robinne et al., 2020; R. A. Shakesby & Doerr, 2006),
i.e. river sedimentation, reduced water retention capacity, eutrophication, floods, landslides,
causing large economic losses locally or regionally (Telles et al., 2011).

The quantification of these services should consider their interrelationships with other
ecosystem services (Prado et al., 2016) and increase society awareness, foster communication
about these services and balance political decisions related to economic growth (Costanza et
al., 2014). Several models in the literature quantify soil loss (Alewell et al., 2019; Batista et
al., 2017; R. M. da Silva et al., 2014; Gomes et al., 2017; Lu et al., 2004; Medeiros et al.,
2016; Pavani et al., 2020; Zolin et al., 2014). However, post-fire soil loss studies are found
only in Mediterranean ecosystems (Borrelli et al., 2016; Efthimiou et al., 2020; Hosseini et
al., 2016; Keizer et al., 2018; Panagos et al., 2015; Shakesby et al., 2015; Stoof et al., 2015;
Vieira et al., 2018a) and in North America (Kampf et al., 2020; I. J. Larsen & MacDonald,
2007; Loiselle et al., 2020; Robichaud et al., 2016), being incipient in Brazil, especially in the
Atlantic Forest Biome.

Sediment retention loss after fire should be analyzed considering characteristics of
fire, precipitation and hydro geomorphological regime of the basin aiming to better
understand these responses (Moody et al., 2013). In this sense, variables such as soil
erodibility, rainfall erosivity, elevation, slope, runoff and land use and land cover (LULC)
already used in quantification models for this service are valuable. In the case of post-fire soil
loss, burn severity can contribute to this quantification, due to its positive correlation with soil
loss (Efthimiou et al., 2020). The burn severity evaluates negative ecological impacts caused

by fire on ecosystems, as vegetation remove and root and soil biota damages (Pivello et al.,
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2021), being positively correlated with the intensity and duration of fire (Keeley, 2008). In
other words, the magnitude of the environmental change or the resulting cost level in
socioeconomic terms (C. Key & Benson, 2006). Likewise, the study of anthropic and
geoclimatic variables may allow a better analysis of ecosystem service loss in areas after fire
events.

Thus, in this study we aimed to evaluate fire impact on soil ecosystem services of
regulation in a protected area in the Brazilian Atlantic Forest biome, estimating soil loss,
sediment export and retention in pre- and post-fire conditions in different land use and land
cover classes, from 2000 to 2020, as well as to assess which variables caused greater effect on
these balances (post less pre fire). In addition, we aimed to verify land use and land cover
more impacted by fire and what watersheds needed more attention for conservation of soil
ecosystem service. We hypothesize that fire caused increased balance of soil loss and
sediment export and reduced sediment retention according to the LULC classes; and burnt
native forests were able to conserve soil ecosystem services better than other land covers.
Lastly, some variables, as burn severity and slope, were more associated to sediments balance

between post and pre fire.

2. Methodology

2.1. Study area:

In southeast Atlantic Forest biome, specifically in Paraiba do Sul River Basin, is
located the study area. The region has gone through several economic cycles that occupied,
degraded, fragmented and deforested the region, sugar cane (mainly in the 17™ century),
coffee plantations (in the 19" and 20™), dairy livestock, eucalyptus silviculture,
industrialization and urbanization (20™ till nowadays) (Devide et al., 2014) causing urban
exodus (da Silva et al., 2016). Nowadays, main LULC are native forest (32.8%), eucalyptus
plantations (4.2%), pasture (35.5%) and mosaic of uses (14.1%) (MapBiomas, 2023). This
basin is strategic to supply water resources to more than 15.7 million inhabitants, specially the
two largest Brazilian metropolis S&o Paulo and Rio de Janeiro. S&o Paulo portion (VPP)
suffers from a growing trend of fires (INPE, 2020), part of them correlated to deforestation
(Baido et al., 2023), mainly APA Silveiras, which we selected as study area. APA is a type of
protected area (PA) in Brazil, classified as sustainable use, in which extensive areas with a
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certain degree of human occupation, whose objective is to protect natural resources (Lei N°
9.985, 2000). This APA was established in 1984 and encompasses the entire municipal
territory (Law No. 4,100/1984 — SAO PAULO, 1984). It is situated in the Serra da Bocaina,
within the Paraiba do Sul River basin, supporting a population of 6,186 people (IBGE, 2022).
From 2000 to 2020, APA Silveiras is the first of VPP, seventh of Sdo Paulo state in fire events
(INPE, 2020).

In Silveiras, soils are cambisol, latosol and argisol (Rossi, 2017), relief is hilly and
mountains that reach 1902 m (ASF DAAC, 2023), climate is humid subtropical with dry
winter and hot summer (Cwa) and temperate (Cwb) (Alvares et al., 2014). It has 59% of its
area defined as high priority for restoration and conservation, considering erosion risk, soil
carbon, biodiversity and priority basins for conservation. (Sdo Paulo and Fundacao Florestal,
2018), comprising headwater areas of Paraitinga River and 38.9% of its territory overlaps the
Federal APA Paraiba do Sul Basin (Fig. 1). According to the forest inventory, native
vegetation is distributed in forest formation of Ombrophilous Dense (ODF, 84%),
Semideciduous Seasonal (SSF - 5%) and Mixed Ombrophilous (MOF, 1%) and non-forest,
high altitude grasslands (HAG - 10%), (S&o Paulo, 2020). Characteristics of APA Silveiras
and burned areas were presented in Fig. 1.
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2.2. Data set:

Burned areas from 2000 to 2020 data, were obtained from MapBiomas platform, an
Annual Mapping of Land Use and Coverage project in Brazil composed of a multidisciplinary
network that uses cloud processing and pattern recognition methodologies to generate a
historical series of annual maps of land use and land cover in Brazil, from 1985 to 2020, from
images of Landsat satellites, with 30 m resolution (https://mapbiomas.org/). For this work, we
used: fire scars from the monthly accumulated, (89.3% accuracy ( Alencar et al., 2022)); land
use and cover (LULC), with indications of old-growth and secondary forest (with an accuracy
of 92% for forest and 90.6% for pasture in the Atlantic Forest (Souza et al., 2020)).

Lansat Images from collections of atmospherically corrected surface reflectance
images available on Google Earth Engine platform (https://developers.google.com/earth-
engine/datasets/catalog/landsat), courtesy of U.S. Geological Survey, were used to calculate
the Normalized Burn Ratio (NBR).

From DataGeo system (https://datageo.ambiente.sp.gov.br/), we had Forest Inventory
(I. F. Séo Paulo, 2020), Pedological Map (Rossi, 2017) and Priority Areas for Restoration and
Conservation in VPP basin (Sdo Paulo and Fundagéo Florestal, 2018), as same as drainage
map. A road map with high resolution, including non-pavement roads, was obtained from
Open Street Map_(https://download.geofabrik). For topography survey, the digital elevation
model (DEM) was obtained from ALOS PALSAR Radiometric terrain High resolution data,
12,5 m (ASF DAAC, 2023). And rainfall erosivity, of global erosivity assessment was based
on high-temporal resolution rainfall records (Panagos et al., 2017).

The Integrated Drought Index (I1S), which consists of combining Standardized
Precipitation Index (SPI), with Vegetation Health Index (VHI), from do Amaral Cunha et al.,
(2019) study, that evaluated drought events in Brazil with determination of annual IS by
weekly time series. The gis-software used for analyses was Quantum Gis 3.16.11.

2.3. Data analyses:

Data were analyzed and processed following methodological procedures described in

Fig. 2. Methodological steps are described in the next sections.
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2.3.1. Burned areas selection:

Using fire scar data from MapBiomas (total of 6147 burned areas), we selected areas
from 1 hectare with exclusive use of forest, pasture and planted forest (eucalyptus forestry)
based on land use and cover data, also from MapBiomas. Then we classified the selected
native forest areas according to Forest Inventory of S8o Paulo state (Sdo Paulo, 2020) to
identify the phytophysiognomy, to differentiate the impact of fire also within forest
classifications. By this criteria, 542 burned areas were selected, being 294 pasture areas, four
forestry, 178 old-growth forest (142 ODF, five SSF, 10 MOF and 21 HAG) and 66 secondary
forest (55 ODF, eight SSF and three MOF). Burned areas were then classified by year and
month of occurrence, as well as by phytophysiognomy and stage of regeneration (old-growth
or secondary forest). These burned classes were utilized for building raster files for each year
together with unburned classes and for determination of cover factor, as described next in

section.

2.3.2. Estimating soil ecosystem service balance:

Quantification of ecosystem services was carried out using Software InNVEST 3.12.1

(Integrated Valuation of Ecosystem Services and Tradeoffs) of the Natural Capital Project,
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which is a set of models used to map and value goods and services of nature that sustain and
complete human life, helping to explore how changes in ecosystems can lead to changes in
streams of different benefits to people (Natural Capital Project, 2023). We analyzed fire
impact on soil ecosystem service by balance in pre and post fire.

The INVEST model used for estimating sediment retention is Sediment delivery ratio
(SDR), according to several studies (Aneseyee et al., 2020; Pavani et al., 2020; Saad et al.,
2021; Sousa Junior, 2011). This model operates on spatial resolution of input Digital
Elevation Model (DEM). For each pixel, the model first computes the amount of annual soil
loss from that pixel, then computes sediment delivery ratio (SDR), which is a proportion of
soil loss actually reaching water bodies. Once sediment reaches a stream, we assume that it
will be delivered to the catchment outlet; thus, no in-stream processes which could increase or
decrease sediment loads are modeled.

The annual soil loss was calculated by Revised Universal Soil Loss Equation
(RUSLE), Equation 1, as well as in other works that evaluated post-fire soil response
(Efthimiou et al., 2020; Kampf et al., 2020; Vieira, et al., 2018) due easy application and data
availability. In addition to this data, SDR model requires a watershed vector file and a
drainage raster file. Threshold flow accumulation was set to 1000 cels and other parameters
were kept at model default value. Model provides several useful results for quantifying the
ecosystem service, of which we used soil loss data provided by the USLE (units:
tons/ha/year), sediment export data (units: tons/ha/year), in Equation 2, which calculates total
amount of sediment exported from each pixel that reaches streams and lastly, the data avoided
export (tons/halyear) in Equation 3), hereafter called sediment retention, that calculate the
contribution of vegetation cover for keeping erosion from entering a stream, combining local
sediment retention with trapping of erosion from upslope of each pixel (Natural Capital
Project, 2023).

USLE = RKLSCP (1)

E = USLE.SDR (3)

R = (RKLS— USLE).SDR +Ti (3)
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Where, USLE = average annual soil loss (tons. hal. yr!); R = Rainfall Erosivity
Factor (MJ. mm.hat h't); K = Soil erodibility factor (Mg.ha.h.ha* .MJ? .mm™); LS =
Topographic factor - Ramp length (m) and ramp slope (%); C = Land cover (dimensionless);
P= Preservation practices (dimensionless); E = Sediment export (tons. ha?l. yrl); R =
Sediment retention (tons. hal. yr1); SDR = Sediment delivery ratio (tons. hat. yr?) (Borselli
et al., 2008; Vigiak et al., 2012) and Ti = upslope sediment trapped out of stream.

For each year of study, we ran the SDR model for pre and post-fire data, using the
same R, K and LS factor (Figure 3A) dataset for 21 years of study and an specific C factor for
each year, as will be explained below. Then, we calculated soil loss, sediment export and
retention balance, subtracting pre-fire from post-fire of respective raster files from SDR

outputs.
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Fig 3: InVEST input data used for estimating soil loss, sediment export and sediment
retention in burned areas: (A) Raster of DEM (LS factor) and Drainage map, Erosivity (R
factor) and Erodibility (K factor); (B) MapBiomas LULC raster from 2000 to 2020; and (C)
Spatial location of burned areas in Silveiras Watersheds and their corresponding LULCs used
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forest; MOF — Mixed Ombrophilous Forest and HAG — High-altitude grasslands).

Rainfall Erosivity Factor (R factor) is a product of maximum energy of a precipitation
by maximum intensity of that precipitation in 30 min (Wischmeier & Smith, 1978). It

represents the potential of a given rainfall to cause erosion in a given type of unprotected soil
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(Beskow et al., 2009). It uses meteorological data of average monthly precipitation and
average annual precipitation of study period, fundamental to calculation of Erosivity
equations.

Soil erodibility factor (K factor) represents particle susceptibility of a given type of
soil to detach due to dripping or rain runoff, being influenced by physical-chemical
characteristics of a soil (Didone et al., 2017). The K factor map is produced based on soil
types map and erodibility values of each soil type from studies previously developed in a
study region (Gomes et al., 2017). The K factor was obtained from Mannigel et al., (2002)
who calculated erodibility factor and soil loss tolerance for all soil types in S&o Paulo state.

Topographic Factor (LS factor) corresponds to proportion of soil loss per unit area of a
sloping field with 22.13 m in length on a uniform slope of 9% (Wischmeier & Smith, 1978). It
represents the distance between a spot where surface flow starts and a spot where the slope
decreases enough for the sediment deposit to occur (Cruz et al., 2019). This factor is
determined in INVEST by digital elevation model (DEM).

Land use and land cover factor (C factor) is the ratio of soil loss from land under a
given specific crop to corresponding soil loss from uncultivated land, measuring combined
effects of all inter land cover and management variables (Wischmeier & Smith, 1978). The C
factor for post-fire soil surface was found in a few studies (Borrelli et al., 2016; J. C. N. dos
Santos et al., 2014; Efthimiou et al., 2020; Filho et al., 2003; Wischmeier & Smith, 1978), but
none for Atlantic Forest or correlated areas. Given data unavailability, we opted to determine
land cover factor following a methodology that weighted the C factor field values of different
LULCs obtained by literature (Figure 3B) with spectral indexes in before and after fire date,
according to Efthimiou et al. (2020) . For this work, we used C factor from several LULCs
based on works developed in Atlantic Forest biome (see Supplementary material S2) weighted
with NBR (normalized by range of 0 and 1), according to Equations 4 and 5. This index is
used by MapBiomas Project for burning detection and, in addition, this same methodology
(Efthimiou et al., 2020) pointed burning severity, determined by NBR, as positively correlated

with soil loss.

Cpre = Min (Cy,) + Range (Max Cy, — Min Cy,) .(1— NBR,,.) (4)

Cpose = Min (Cy;,) + Range (Max Gy, —Min Cy,) .(1— NBR,,.) (5)

post
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Normalized Burned Ratio (NBR) is an index indicated for studying vegetation quality
and therefore used in detection and investigation of fire severity (C. Key & Benson, 2006)
and it uses the near infrared (NIR) range, where there is high reflectance from vegetation and
the shortwave infrared (SWIR) range where there is low reflectance from vegetation and high
reflectance from soil (Jensen, 2009). We calculated NBR from collections of atmospherically
corrected surface reflectance images available on Google Earth Engine platform
(https://developers.google.com/earth-engine/datasets/catalog/landsat), courtesy of U.S.
Geological Survey, using bands 4 and 7 of- Landsat TM 5 and ETM 7, and 5 and 7 of Landsat
OLI 8 (Equation 6).

_ NIR —-S5WIR

NBER= ————
NIR + SWIR

(6)

NBR of burned areas was determined by the median value of each selected burned
area (Figure 3C and Supplementary material S1), using satellite date intervals, corresponding
to a month and year indicated by MapBiomas, which configured burned areas (difference
between NBR-pre, first date, and NBR- post, second date, from 0.1 (Key and Benson, 2006;
Key and Benson, 1999)).

As NBR data does not have a normal distribution for each class of land use and land
cover over a time series (Kolmogorov-Smirnov test p-value <0.0001), we reclassified areas of
each year by LULC and month of fire scar. Then we determined the pre and post NBR of each
class by median of data (see supplementary material S3). How mentioned above, INVEST
SDR model ran twice for each year LULC raster, (pre-fire and post-fire C factor).

Lastly, factor of conservation practices (P) indicates how surface interferes with path
flow and hydraulic flow (Renard & Ferreira, 1993) and, therefore, how it influences reduction
of erosion process (Beskow et al., 2009). In this work, a value of 1 was accepted for the P
factor, as well other works (Ferreira et al., 2020; PAVANI et al., 2020; Steinmetz et al., 2018).

2.3.3.  Assessment variables effect in sediment balance
Burned areas were analyzed according to variables of extension, topography and

radiation (ASF DAAC, 2023), soil type (Rossi, 2017), soil erodibility (Mannigel et al., 2002),

rainfall erosivity (Panagos et al., 2017), priority for restoration within VPP basin (S&o Paulo
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and Fundacdo Florestal, 2018), burn and drought severity, distance from rivers and roads, fire
frequency and soil cover (C factor), in order to better comprehend impacts on ecosystem
service.

And then, soil loss, sediment export and retention of each burned area were analyzed
to identify variables that were most related and/or affected soil ecosystem service balance.
Firstly, we tested data distribution, configuring a non-normal distribution, as already
described. Next, Spearman Correlation test was carried out to measure the degree and
significance of correlation between variables and sediment balances. Then, we performed
Wilcoxon Rank Test to assess differences between pre and post fire. And lastly, Generalized
Linear Model with gamma distribution was applied using soil loss, sediment export and
retention balance (after less before fire) as dependent variables (data less than zero were
excluded from this analysis). We applied many GLM models to each response variable in
each class of LULC or watershed, using the same explanatory variables (listed above). Only
for LULC classes, the C factor was not added because all areas of the same class received the
same value, which was weighted with severity of fire, but we maintained burn severity. All

statistical analyses were developed in Python (3.6) with Scipy libraries (Virtanen et al., 2020).

3. Results and Discussion

In central region of APA Silveiras, soil loss and sediment export had the highest
values, whilst sediment retention the lowest, both before and after fire (Fig. 4A, B, C). Of the
542 burnt areas (totaling 2,385.18 hectares), APA Silveiras lost 248,596.44 tons.yr-1,
exporting 15,135.88 tons.yr-1 of sediments and retaining 708,749.1 tons.yr-1 before fire (Fig.
4D). After fire, it lost 346,700.17 tons.yr-1, exported 22,116.03 tons.yr-1, and retained
731,606.51 tons.yr-1 (Fig. 4E). Over 21 years, the SDR model for the entire APA showed a
39% increase in soil loss, a 46% increase in sediment export, and a 4% increase in retention
after fire (Fig. 4F). The absolute values of total sediments increased significantly after fire,
mainly in soil loss and sediment export (98.9% of the area, corresponding to 99.7% of
sediment balance). Percentage-wise, soil loss and sediment export increased, while sediment
retention decreased (see Supplementary material S4).

Regardless of fire occurrence, areas with low vegetation cover (e.g., Pastures)
consistently experienced higher soil loss and sediment export than those with high cover (e.g.,

Native Forest). Pastures, covering 294 polygons (1,104.09 ha), were the main contributors to
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soil loss and sediment export, with a near 50% increase after fire. Native Forest, despite
having the largest burned area (1,169.05 hectares), exhibited less soil loss and sediment
export and retained nearly twice as much sediment as other classes. However, it experienced a
61% increase in sediment export after fire. Eucalyptus cover, though small (four polygons,
less than 14 hectares), showed a substantial impact, with a 45% increase in soil loss and 56%
in sediment export after fire. High-altitude grasslands (21 polygons in 98.23 ha) displayed the
lowest percentage of sediment balance.

Seventy-five percent of burned Pastures and 100% of High-altitude Grasslands had up
to 15,000 tons of soil loss and up to 1,000 tons of sediment export. Other areas did not exceed
2,500 tons per year in soil loss and 125 tons in sediment exports (Fig. 4G and H). Variability
was greater in sediment retention for all classes, except for Eucalyptus and Secondary SSF,
with values close to zero (Fig. 41). Old-growth Dense Forest had the greatest data variability,
with 50% of areas below 2,500 tons and the rest varying between this value and 25,000 tons.
Pasture had 50% of the data ranging between 5,000 and 22,000 tons per year. In all variability
analyses, post-fire data reached higher values, but sediment retention only showed a

substantial difference in Old-growth Dense Forest and Pasture.
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Fig. 4 Spatial distribution of Post-fire and Pre-fire difference in soil loss (A), sediment export
(B) and sediment retention (C); amount of sediment in pre-fire (D), post-fire (E) and
percentual balance (F); and boxplot of soil loss (G), sediment export (H) and sediment
retention (1) data of burned areas from 2000 to 2020. Source: Constructed by authors
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Overall, comparing sediment data across all Land Use and Land Cover (LULC)
classes per hectare (Table 1), areas with low vegetation cover, particularly High-altitude
Grasslands (HAG) and Pasture, exhibited higher soil loss and sediment export. In native
forests, sediment loss followed a descending order of Mature Old-growth Forest (MOF), Old-
growth Dense Forest (ODF), and Secondary Semi-deciduous Forest (SSF) in both
regeneration stages. Sediment retention was highest in Old-growth MOF, followed by HAG,
Old-growth ODF, and Secondary MOF.

Secondary ODF exhibited greater soil loss and sediment exports compared to Old-
growth ODF, contrasting with Secondary SSF and MOF, which experienced less soil loss and
sediment export than their respective Old-growth counterparts. Old-growth forests in all three
natural types of forest formation showed greater sediment retention compared to secondary
forests. Considering the impact of fire, old-growth forests had a higher sediment balance than
secondary forests.

The least impacted LULC classes (Table 1) in terms of soil loss were HAG (17%) and
Secondary SSF (8%), while others experienced at least a 36% increase in losses. Old-growth
ODF, Eucalyptus, and Pasture showed the most significant increases at 63%, 45%, and 43%,
respectively. A similar pattern was observed for exported sediment, with the difference before
and after fire increasing, especially in Pasture (17%) and Eucalyptus (24%), excluding SSF
and Secondary MOF. Sediment retention, however, presented very low percentages, with the

highest value (4%) for Secondary MOF, Eucalyptus, and Pasture.

Table 1 LULC classes sediment data in pre and post fire, including Soil loss, sediment export
and sediment retention, and fire impact by percentual balance (post less pre fire). Source:

Constructed by authors

Soil loss Sed. Export Sed. Retention
LULC Burned area (ha) (ton.hat.yr?) (ton.ha™.yr?) (ton.hat.yr?)
pre-fire  post-fire (%) pre-fire post-fire (%) pre-fire post-fire (%)

Old-growth ODF 924.39 8.77 14.30 63% 0.43 0.73 69% 395.79  408.14 3%
Eucalyptus 13.80 81.11 11785  45% 1.62 2.52 56%  40.60 4231 4%
Pasture 1104.09 181.25 25833 43%  11.39 17.05 50% 177.04 184.22 4%
Old-growth MOF 71.12 20.00 28.26 41% 1.22 1.78 45% 72484  750.02 3%

Old-growth SSF 10.83 3.78 5.30 40% 0.16 0.22 39% 19781 197.83 0%
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Secondary ODF 135.87 10.64 14.43 36% 0.55 0.75 38% 27210  279.19 3%
Secondary MOF 6.94 16.56 23.39 41% 0.94 1.18 25%  323.37 336.43 4%

HAG 98.24 368.11  431.28 17%  20.04 23.77 19%  537.67 544.17 1%
Secondary SSF 19.92 3.58 3.89 8% 0.14 0.15 7% 57.14 57.33 0%

Note: ODF — Ombrophilous Dense forest; SSF — Semideciduous forest; MOF — Mixed
Ombrophilous forest and HAG — High altitude grasslands.

High-altitude grasslands (low biomass and high biodiversity) ranked first in soil loss
and sediment export per hectare, and second in sum of values, but had high sediment retention
in pre and post fire, likely due to its natural and adapted biodiversity. High slope and median
erosivity and erodibility, associated with elevation and median C factor could explain this
result. The difference between before and after fire was slight compared to other LULC
classes, probably because high-altitude grasslands are fire-prone ecosystems, adapted and
dependent of fire (Behling et al., 2020; Fidelis & Pivello, 2011; Hardesty et al., 2005; Safford,
2001) and that quickly regrow after a fire event. In the analysis of variables effects, area
influenced all response variables, but burn severity only on soil loss and sediment export,
while drought severity, slope, radiation, erodibility and priority for restoration had an effect
on sediment retention.

Burned pastures ranked second in soil loss and sediment export per hectare but had the
highest values considering the difference between before and after fire conditions. Despite
predominantly occupying a region of low to medium erodibility and slope, low to medium
burn severity, these areas occupied mostly high elevation regions and also had low biomass
and biodiversity, resulting in low soil cover leading to a high C factor. In addition, pastures
had the highest number of fragments adding up to a large area, which also led to greater data
variability. Analyzing sediment balance, fire had a major impact on soil loss (43%) and an
even greater impact on sediment export (50%). Although there is low biomass for burning,
pasture vegetation is easily ignited and fire quickly eliminates all cover present in the soil

(Vieira et al., 2016), contributing to sediment loss and export. In addition, these areas in APA
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Silveiras were mostly exposed to high radiation, which contributes to increase flammability
associated with other climate conditions (dos Santos et al., 2019) and roads and rivers
proximity, increasing human interferences. On the other hand, variables showed no
significant effect in GLM models for pasture, except for distance from rivers, with low
coefficient.

Eucalyptus forest plantation ranked third in soil loss and sediment export and last of
sediment retention per hectare, as well as the last of sum of data in both conditions. Our result
was five times greater than that measured by Keizer et al. (2018) in Portugal, probably due to
measurements taking place one year after fire, while ours was a maximum of 15 days due to
the satellite interval. It presented medium erosivity, erodibility, elevation and slope, but with
high biomass and low biodiversity, and a high C factor. Losses were strongly impacted by
fire, increasing in 45% and 56%, in soil loss and sediment export, respectively. Because
eucalyptus areas had greater fire control actions, such as fire breaks and monitoring in the
region, only four burned fragments with small sizes were analyzed in this work, which
prevented GLM model analysis. However, we noticed that moderate fire severity, normal
conditions for drought located in areas of high priority for restoration, could promote negative
effects, increasing the sediment balance. While, high C factor, high radiation, medium
erosivity and erodibility would promote a positive effect on sediment balance. Even so, future
multitemporal studies are necessary, covering a larger number of fragments in different areas.

Fire impact on native forests overcame other classes, based on percental of change.
Tropical forests, like Atlantic Forest, are fire sensitive, due to its evolution history,
composition and function not adapted to fire (Hardesty et al., 2005). As they are very humid
ecosystems, they might work as natural fire breakers, preventing burning from spreading
(Brando et al., 2020). However, anthropic conditions, such as deforestation and burning
management practices of clearing land, climatic conditions, such as severe drought (Alencar
et al., 2015; Leal Filho et al., 2021; Pivello et al., 2021), geographic conditions, such as slope,
environmental conditions, such as high radiation (dos Santos et al., 2019), may contribute to
forest moisture decreasing making it highly fire-prone (Faria et al., 2017). When burning high
biomass, and with great availability of fuel, linked to great biodiversity, post-fire tropical
regeneration may not recover ecosystem services (Rosa et al., 2021), causing consequent
sediment loss. Although this impact, we emphasized that soil loss and export sediment were

lowest while sediment retention was the highest analyzing pre and post-fire changes, due to
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cover of high biomass and biodiversity, as observed in other works (Borrelli et al., 2016;
Cerda et al., 1995; Efthimiou et al., 2020; Moody et al., 2013).

Among the studied phytophysiognomies, Mixed Forest had the highest sediment loss
and exportation, but presented almost twice the retention of Dense Forest, which in turn was
almost double that of Semidecidual Forest in old-growth forests. On the other hand, the
secondary Semidecidual did not have less sediment losses and exports but had a low retention
value and the lowest percentage of fire impact. In relative values, Dense Forest was the most
impacted by fire with sediment loss and export due to fire of approximately 65% in old-
growth and 37% in secondary and with a very low retention percentage. We verified the same
for Mixed and Semidecidual Forest, in that order.

Generally, largest basins held largest burned areas encompassing different LULC
classes, but all of them had burned Pastures and Native Forests, highlighting Macacos,
Bocaina, Silveiras and Ribeirdo dos Cachos. These four basins correspond to 98% of APA
Silveiras and hold 99.6% of burned areas. Bocaina Basin had 64% of the total area burned,
the largest area burned per hectare of basin and the highest occurrence of fire in all years,
consequently presenting a total balance in tons per year, before and after fire, larger than
others, corroborating Pavani et al. (2020). Furthermore, the estimated value of sediment
exportation was very close to the one found by Padovesi et al. (2018), for the entire basin
under normal conditions. Besides having more burned areas, encompassing different LULC
classes, offering greater burn severity variability, and different soil types, fire in this basin
mostly affected pastures, that were classes with high sediment loss.

However, considering hectares per burned area, Ribeirdo dos Cachos had the greater
value of sediment loss and export and almost zero in sediment retention, while Silveiras was
superior in retention (See supplementary material — S5). In the same way, Silveiras basin
burned pasture and eucalyptus, contributing to fire impact in soil and sediment export and
effect on C factor, as burned SSF could increase the sediment retention. Although this basin
predominantly had high rain erodibility, at the same time it is located in red-yellow latosol,
with low soil erodibility (Mannigel et al., 2002)

We observed significant variability among LULC classes. Pasture, with widespread
burned areas, exhibited wide and distinct quartiles in all variables. R factor had higher values
in burned semideciduous areas, decreasing for Eucalyptus, Old-growth ODF, HAG, and MOF.
K factor indicated low to medium values, typical of latosol and red-yellow argilsol. Factor C

showed significant variations, particularly between Pasture, Natural Forests, HAG, and
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Eucalyptus. In elevation, MOF stood out between 1200 and 1600m, while HAG had the
highest slope values between 25° and 35°. Pasture and Eucalyptus had the highest values in
global solar radiation. Fire frequency was elevated in classes with more burned polygons,
reaching up to nine times in Pasture, as expected. Distance from burned areas to rivers was up
to 200 m, and from roads was up to 1000 m for 75% of the data, with MOF and Eucalyptus
being the closest classes. Burn severity concentrated around median values, mostly indicating
low to moderate severity fires. Drought severity ranged from normal to mild conditions.
Regarding high-priority restoration areas data was present for most classes, excluding
Secondary SSF. Burned area extent was mostly smaller than 20 hectares, although several
outliers were observed. The variation of all variables can see in Supplementary material (S5).

Explanatory and response variables generally exhibited weak correlations, with
notable exceptions: a strong positive correlation between erodibility and elevation, and
priority for restoration, and a negative correlation between erosivity and priority, and
elevation (See Supplementary Material — S6). Slope showed a median positive correlation
with sediment retention and a negative correlation with radiation. C factor correlated with
radiation, soil loss, and sediment export balances, while fire frequency had a median positive
correlation with elevation and K factor, and a negative correlation with R factor. Wilcoxon
test revealed significant differences in soil loss, sediment export, and sediment retention
between pre and post-fire data (p-value <0.00001).

In GLM models (Fig. 5), numerous variables demonstrated significant coefficients
with positive and negative effects on soil loss, sediment export, and sediment retention (p-
value <0.05 - Supplementary Material S7). Notably, K factor, C factor, and burn severity
exhibited the highest effects on soil ecosystem service balance, while global radiation,
drought severity, R factor, and river and road distances had minimal impact (Fig. 4). Each
LULC model displayed unique responses. For instance, total burned areas and Pasture
suffered effects from area extension and slope, Old-growth Forest responded to erodibility in
soil loss, and Secondary Forest exhibited no effect from erodibility but a substantial positive
effect from priority restoration. Sediment retention in Old-growth ODF and Secondary SSF
was unaffected by any variables, while HAG experienced various effects, including a negative
impact from drought severity. MOF was significantly affected by priority restoration in
negative ways. In Watershed GLM models (Fig. 5), the variables that showed higher effect

follow the LULC models, as expected, being erodibility, cover and burned severity.
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Fig. 5 Significant variables of GLM results (p-value <0.05) in different models considering
total burned areas (A), LULC classes (B, C, D, F, G and H) and watersheds (I, J, L and M) (n
= number of polygons; ODF — Dense Ombrophilous Forest; SSF — Semideciduous forest;
MOF — Mixed Ombrophilous Forest and HAG — High altitude grasslands). Note: Variables
without bars had p-value <0.05, but coefficients close to zero). Source: Constructed by

authors

Soil erodibility, soil cover and burn severity presented the highest coefficients in GLM
models. Field measurement, before and after fires, shows that fire use to cause low aggregate
stability (Cerda et al., 1995), reducing soil organic matter (Larsen and MacDonald, 2007;
Shakesby et al., 2015) and soil moisture (Hosseini et al., 2016) resulting in low infiltration,
high runoff and high erosion rates, increasing erodibility (Cerda et al., 1995; Hosseini et al.,
2016; 1. J. Larsen & MacDonald, 2007; Richard A. Shakesby et al., 2015). However, burn
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severity can define how much fire affect soil properties (Efthimiou et al., 2020; I. J. Larsen &
MacDonald, 2007; Richard A. Shakesby et al., 2015; Stoof et al., 2015), e.g. high severity
reduces organic matter and soil moisture (I. J. Larsen & MacDonald, 2007; Loiselle et al.,
2020; Richard A. Shakesby et al., 2015) whereas moderate severity, due to low temperatures
cause no effect on soil properties (Stoof et al., 2015). Nonetheless, the low vegetation and
restoration rates caused by fire affects processes in the long term as well as increasing K and
C factor (Cerda et al., 1995; Hosseini et al., 2016, 2018). Therefore, all effects should be
taken into account in post-fire analyses. As this work used the same erodibility data in pre and
post fire conditions, we can infer that these variable increases sediment balance, independent
of fire.

Otherwise, we calculated burn severity (INBR) using specific data of month and year
of fire occurrence indicated by MapBiomas among Landsat scenes with shorter time interval
(15 days) and used that to weighted C factor pre and post fire, as also performed by
Efthimiou, Psomiadis and Panagos (2020) with NDVI. Some fire severity data from analyzed
areas were under 0.1, to configure a burned area according to Key and Benson (1999).
However, this scale can be flexible and depending on analyzed scenes (pre and post fire) the
limits can be changed by + 0.1. Even so we had some areas on the limit value, decreasing C
factor, burn severity caused great positive effect on sediment balance, as expected.

In general, an exponential increase of soil loss was induced by decreasing vegetation
cover (Borrelli et al., 2016; Cerda et al., 1995; Efthimiou et al., 2020; Wischmeier & Smith,
1978). The weighting of C factor for different LULC classes based on the Atlantic Forest
literature, with NBR dated before and after fire covering months and years, contributed to a
better estimate of soil loss, exportation and sediment retention in burned areas, trying to
reduce the problem of static data that do not take into account the multitemporal dynamics of
erosion processes, pointed out by Borrelli et al. (2016) and Efthimiou et al. (2020).

Fire significantly increased soil loss and sediment export, but not increased sediment
retention in all analyzed classes enough to barrier the exportation, since According to INVEST
SDR model, if soil loss increases, more soil particles are retained by vegetation and therefore,
the retention service also increases (Natural Capital Project, 2023). Therefore, we can say the
ecosystem service of sediment retention or erosion control decreased induced by fire. Fire that
occurred in analyzed areas, with low to moderate burning severity, did not burn all the fuel
present. Even so, land cover factor was not calculated only by burn severity but was weighted

with it using values between minimum and maximum C factor found in Atlantic Forest
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studies in unburned areas. In addition, depending on vegetation and weather conditions, the
fifteen-day interval may allow some vegetation recover. Despite these considerations, there
was reduction in sediment retention after fire, considering the percentage retained pre and
post fire.

According to Hosseine et al. (2016,2018), increasing fire frequencies causes increased
soil and organic matter loss. In APA Silveiras, although, significant Spearman correlation with
sediment loss and export, fire frequency affected burned pastures only, probably due to high
number of polygons and fire frequency. Although with low coefficient, slope showed a
positive effect in most models, as expected. Drought severity, global solar radiation,
restoration priority, distance from roads and fire frequency showed effect in a few models.
Even so individual models could be more comprehended by inclusion of these variables.
Future studies can explore these variables considering spatiotemporal analyses, i.e. by year or
month.

Erosion control or sediment retention is an Ecosystem Service inherent to tropical
forests, as the dense canopy and surface litter that intercept precipitation, reduce the impact of
rain on the surface layer of the soil, as well as the high content of organic matter, high
porosity and various micro and macroorganisms living in a dense root system, which
facilitates water infiltration and reduces runoff (Borma et al., 2022). Therefore, natural forest
areas have significantly lower soil loss rates than pasture areas and agricultural lands, as
evidenced in Brazilian experiences (Anache et al., 2017), corroborated by this work. Fire
events contribute to the loss of the ecosystem service of sediment retention and erosion
control, since the loss of vegetation cover increases soil vulnerability to precipitation forces,
increasing the potential for erosion and sediment transport (Robichaud et al., 2016; Shu-ren,
2003). Therefore, even though they retain a greater amount of soil even if burned, forests are

impacted by fire, damaging the delivery of ecosystem services.

4. Conclusion

In this study we hypothesized that fire caused increased balance of soil loss and

sediment export and reduced sediment retention according to the LULC classes; and that

burnt native forests were able to conserve soil ecosystem services better than other land
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covers. Lastly, we expected some variables, as burn severity and slope, would be more
associated to sediments balance between post and pre fire.

The use of NBR in methodology allowed estimate sediment loss induced by fire,
considering space-time differences, indicating that there is a great increase in soil loss and
sediment export and a reduction of sediment retention. This impact varied according to LULC
classes, with greatest losses for classes with less vegetation cover, i.e. pastures and high-
altitude grasslands, and greatest retentions for classes with high cover, i.e. native forests,
following the gradient of biodiversity and biomass. However, eucalyptus and semideciduous
forests did not follow this premise. In percentage terms, the greatest impacts were for forest
class, especially dense rainforests with 69% of sediment export. We also concluded that burn
severity, measured within the interval of occurrence of a maximum of 15 days, was decisive
for C factor. In addition, slope affected sediment balance.

Thus, public policies of forest conservation and restoration, such as payment for
ecosystems services, should include the fundamental service of soil retention in their scope. In
addition, burning prevention of pasture and grassland areas should be pursued by fire
management programs, as soil losses and erosion could increase in these ecosystems,

especially in a climate change scenario with trend to increasing fires.
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FIRE AND ECOSYSTEM SERVICE IN SOUTHEAST ATLANTIC FOREST: IMPACT ON SOIL LOSS,

EXPORT AND RETENTION

1. Burned areas by years

S1: Burned areas in a temporal series.
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2. Determination of C factor

S2: Table of C factor values of research in Atlantic Forest Biome.

LULC C factor Local References Year  Min Max Range
0,376 PR (Tomazoni & Guimarées, 2009) 2005
Agriculture 0,16 SP  (PADOVESI et al., 2018) 2018 0,1376 0,2559 0,1183
0,2559 RJ  (Costa et al., 2005) 2005
) ) 0,0194 RJ  (Costaetal., 2005) 2005
High Altitude grasslands 0,042 SP  (Pereira Toniolo etal. 2021) 2021 0,0194 0,042 0,0226
0,003 PR (Tomazoni & Guimarées, 2009) 2005
0,0013 MG (Saad etal., 2021) 2021
0,0085 RJ  (Costa etal., 2005) 2005
Eucalyptus 0009 SP (PADOVESI etal, 2018) 2018 20013 00700687
0,047 SP  (Silvaetal., 2010) 2010
0,07 SP  (Pereira Toniolo et al., 2021) 2021
0,0001  RJ  (Costa etal., 2005) 2005
Ombrophilous dense Forest  0,0001  SP  (PADOVESI et al., 2018) 2018 10,0001 0,002 0,0019
0,002 SC  (Amaral et al., 2020) 2020
0,0001 Bertoni e Lombardi Neto 2012
. 0,0001  SP  (PADOVESIetal., 2018) 2018
Mixed Forest 0001 PR (Tomazoni & Guimardes, 2009) 2005 01 0003 0.0029
0,003 PR (Tomazoni & Guimarées, 2009) 2005
0,1 PR  (Tomazoni & Guimarées, 2009) 2005
0,0075  SP  (Pereira Toniolo et al., 2021) 2021
0,01 SP  (Silvaetal., 2010) 2010
0,01 MG  (Saad etal., 2021) 2021
Pasture 0,02 SP  (PADOVESI et al., 2018) 2018 0,0075 0,1  0,0925
0,025 RJ  (Ribeiro & Alves, 2007) 2007
0,0288 RJ  (Costaetal., 2005) 2005
0,05 SP  (Silvaetal., 2010) 2010
0,1 MG  (Saad etal., 2021) 2021
0,0001 SP  (PADOVESIetal., 2018) 2018
0,0004 SP (Silvaetal,, 2010) 2010
Semideciduous Forest 0,0004  SP  (Pereira Toniolo et al., 2021) 2021 0,0001 0,001 0,0009
0,0007 RJ  (Costa etal., 2005) 2005
0,001 MG  (Saad etal., 2021) 2021
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S3: Table of C factor weighted with NBR for each class based on year, month and LULC.

; C FACTOR C FACTOR
g £ LULC Normalized NER (0-1) LITERATURE WEIGHTED
> = PRE POST MIN RANGE PRE POST
1 HIGH ALTITUDE GRASSLANDS 0,57118928 0,264656616 | 0,0194 | 0,226 | 0,029091122 0,03601876
9 HIGH ALTITUDE GRASSLANDS 0,822445561 0,22278057 | 0,0194 [ 10,0226 0,02341273 0,036965159
7 MIXTURE SECONDARY 0,815745394 0,139028476 | 0,0001 | 0,0029 | 0,000634338 | 0,002596817
9 MIXTURE OLD GROWTH 0,345058626 0,217755444 | 0,0001 | 0,0029 0,00199933 0,002368509
6 SSF - SECONDARY 0,318257956 0,003350084 | 0,0001 | 0,0009 | 0,000713568 | 0,000996985
7 SSF - SECONDARY 0,098827471 0,025125628 | 0,0001 | 0,0009 | 0,000911055 | 0,000977387
1 EGF OLD GROWTH 0,658291457 0,592964824 | 0,0001 | 0,0019 | 0,000749246 | 0,000873367
5 EGF OLD GROWTH 0,541038526 0,212730318 | 0,0001 | 0,0019 | 0,000972027 | 0,001595812
g7 EGF OLD GROWTH 0,685092127 0,197654941 | 0,0001 [ 0,0019 | 0,000698325 | 0,001624456
K8 EGF OLD GROWTH 0,413735343 0,337520938 | 0,0001 | 0,0019 | 0,001213903 0,00135871
9 EGF OLD GROWTH 0,380234506 0,293132328 | 0,0001 | 0,0019 | 0,001277554 | 0,001443049
12 EGF OLD GROWTH 0,328308208 0,219430486 | 0,0001 | 0,0019 | 0,001376214 | 0,001583082
1 PASTURE 0,257956449 0,164154104 | 0,0075 | 0,0925 | 0,076139028 | 0,084815745
2 PASTURE 0,577889447 0,090452261 | 0,0075 | 0,0925 | 0,046545226 | 0,091633166
6 PASTURE 0,49078727 0,123115578 | 0,0075 | 0,0925 | 0,054602178 | 0,088611809
7 PASTURE 0,423785595 0,057788945 | 0,0075 | 0,0925 | 0,060799832 | 0,094654523
8 PASTURE 0,345058626 0,169179229 | 0,0075 | 0,0925 | 0,068082077 | 0,084350921
9 PASTURE 0,355108878 0,166666667 | 0,0075 | 0,0925 | 0,067152429 | 0,084583333
3 SSF - SECONDARY 0,641541039 0,269681742 | 0,0001 | 0,0009 | 0,000422613 | 0,000757286
L7 PASTURE 0,381909548 0,180904523 | 0,0075 | 0,0925 | 0,064673367 | 0,083266332
8|8 PASTURE 0,354271357 0,157453936 | 0,0075 | 0,0925 | 0,067229899 | 0,085435511
9 PASTURE 0,475711893 0,115577889 | 0,0075 | 0,0925 0,05599665 0,089309045
10 PASTURE 0,43718593 0,092127303 | 0,0075 | 0,0925 | 0,059560302 | 0,091478224
8 EGF - SECONDARY 0,649916248 0,152428811 | 0,0001 | 0,0019 | 0,000765159 | 0,001710385
10 EGF - SECONDARY 0,45561139 0,246231156 | 0,0001 | 0,0019 | 0,001134338 | 0,001532161
8 EGF OLD GROWTH 0,609715243 0,149078727 | 0,0001 [ 0,019 | 0,000841541 0,00171675
(10 EGF OLD GROWTH 0,443886097 0,152428811 | 0,0001 | 0,0019 | 0,001156616 | 0,001710385
Q7 PASTURE 0,505862647 0,170854271 | 0,0075 | 0,0925 | 0,053207705 0,08419598
8 PASTURE 0,574539363 0,201005025 | 0,0075 | 0,0925 | 0,046855109 | 0,081407035
10 PASTURE 0,507537688 0,206030151 | 0,0075 | 0,0925 | 0,053052764 | 0,080942211
1 PASTURE 0,979899497 0,236180905 | 0,0075 | 0,0925 | 0,009359296 | 0,078153266
10 | HIGH ALTITUDE GRASSLANDS 0,283082077 018760469 | 0,194 | 00226 | 0,035602345 | 0,037760134
10 EGF - SECONDARY 0,471524288 0,195142379 | 0,0001 [ 0,0019 | 0,001104104 | 0,001629229
2( 10 EGF OLD GROWTH 0,475711893 0,259631491 | 0,0001 | 0,0019 | 0,001096147 0,0015067
K| 8 PASTURE 0,362646566 0,082077052 | 0,0075 | 0,0925 | 0,066455193 | 0,092407873
9 PASTURE 0,474036851 0,068676717 | 0,0075 | 0,0925 | 0,056151591 0,093647404
10 PASTURE 0,398659966 0,122278057 | 0,0075 | 0,0925 | 0,063123953 0,08868928
9 EGF OLD GROWTH 0,32998325 0,169179229 | 0,0001 | 0,0019 | 0,001373032 | 0,001678559
<7 PASTURE 0,579564489 0,237855946 | 0,0075 | 0,0925 | 0,046390285 | 0,077998325
g8 PASTURE 0,529313233 0,36599665 | 0,0075 | 0,0925 | 0,051038526 0,06614531
9 PASTURE 0,430485762 0,185929648 | 0,0075 | 0,0925 | 0,060180067 | 0,082801508
12 PASTURE 0,626465662 0,128978224 | 0,0075 | 0,0925 | 0,042051926 | 0,088069514
-l 2 HIGH ALTITUDE GRASSLANDS 0,661641541 0,24120603 | 0,0194 | 10,0226 | 0,027046901 0,036548744
g [ 11 [ HIGH ALTITUDE GRASSLANDS 0,368509213 0,217755444 | 0,0194 | 0,0226 | 0,033671692 | 0,037078727
8 PASTURE 0,35678392 0,200167504 | 0,0075 | 0,0925 | 0,066997487 | 0,081484506
© |10 EGF - SECONDARY 0,675041876 0,194304858 | 0,0001 | 0,0019 0,00071742 0,001630821
gl EGF OLD GROWTH 0,278056951 0,259631491 | 0,0001 | 0,0019 | 0,001471692 0,0015067
10 PASTURE 0,680067002 0,030150754 | 0,0075 | 0,0925 | 0,037093802 | 0,097211055
9 MIXTURE OLD GROWTH 0,572864322 0,212730318 | 0,0001 | 0,0029 | 0,001338693 | 0,002383082
4 EGF - SECONDARY 0,654941374 0,159128978 | 0,0001 [ 0,0019 | 0,000755611 0,001697655
9 EGF - SECONDARY 0,743718593 0,138190955 | 0,0001 | 0,0019 | 0,000586935 | 0,001737437
|8 EGF OLD GROWTH 0,55360134 0,314070352 | 0,0001 | 0,0019 | 0,000948157 | 0,001403266
S| 9 EGF OLD GROWTH 0,61641541 0,247906198 | 0,0001 | 0,0019 | 0,000828811 0,001528978
s PASTURE 0,606365159 0,189279732 | 0,0075 | 0,0925 | 0,043911223 | 0,082491625
7 PASTURE 0,520938023 0,283082077 | 0,0075 | 0,0925 | 0,051813233 | 0,073814908
8 PASTURE 0,511725293 0,310720268 | 0,0075 | 0,0925 0,05266541 0,071258375
9 PASTURE 0,463149079 011641541 | 0,0075 | 0,0925 0,05715871 0,089231575
1 HIGH ALTITUDE GRASSLANDS 1 0,465661642 | 0,0194 | 0,0226 0,0194 0,031476047
[ 1 EGF - SECONDARY 0,432160804 0,142378559 | 0,0001 [ 0,0019 | 0,001178894 | 0,001729481
K1 EGF OLD GROWTH 0,680067002 0,32160804 | 0,0001 | 0,0019 | 0,000707873 | 0,001388945
1 EGF OLD GROWTH 0,448911223 0,164154104 | 0,0001 | 0,0019 | 0,001147069 | 0,001688107
2 EGF OLD GROWTH 0,554438861 0,309882747 | 0,0001 | 0,0019 | 0,000946566 | 0,001411223
| 8 EGF OLD GROWTH 0,753768844 0,30318258 | 0,0001 | 0,0019 | 0,000567839 | 0,001423953
QN7 PASTURE 0,61641541 0,308207705 | 0,0075 | 0,0925 | 0,042981575 | 0,071490787
8 PASTURE 0,538525963 0,308207705 | 0,0075 | 0,0925 | 0,050186348 | 0,071490787
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1" PASTURE 0,495812395 0,149078727 | 0,0075 | 0,0925 0,054137353 0,086210218
9 HIGH ALTITUDE GRASSLANDS 0,510050251 0,226130653 | 0,0194 | 0,0226 0,030472864 0,036889447
10 HIGH ALTITUDE GRASSLANDS 0,559463987 0,252931323 | 0,0194 | 0,0226 0,029356114 0,036283752
9 EGF - SECONDARY 0,400335008 0,246231156 | 0,0001 0,0019 0,001239363 0,001532161
210 EGF - SECONDARY 0,557788945 0,664991625 | 0,0001 0,0019 0,000940201 0,000736516
K[ 10 EGF OLD GROWTH 0,41038526 0,32998325 0,0001 0,0019 0,001220268 0,001373032
8 PASTURE 0,273031826 0,16080402 0,0075 | 0,0925 0,074744556 0,085125628
9 PASTURE 0,395309883 0,142378559 | 0,0075 | 0,0925 0,063433836 0,086829983
10 PASTURE 0,371859296 0,319932998 | 0,0075 | 0,0925 0,065603015 0,070406198
9 MIXTURE SECONDARY 0,211055276 0,18760469 0,0001 0,0029 0,00238794 0,002455946

10 MIXTURE SECONDARY 0,103852596 0 0,0001 0,0029 0,002698827 0,003
9 MIXTURE OLD GROWTH 0,229480737 0,216080402 | 0,0001 0,0029 0,002334506 0,002373367
10 MIXTURE OLD GROWTH 0,202680067 0,18760469 0,0001 0,0029 0,002412228 0,002455946
10 EGF - SECONDARY 0,412060302 0,055276382 | 0,0001 0,0019 0,001217085 0,001894975
-9 EGF OLD GROWTH 0,336683417 0,326633166 | 0,0001 0,0019 0,001360302 0,001379397
K10 EGF OLD GROWTH 0,487437186 0,291457286 | 0,0001 0,0019 0,001073869 0,001446231
7 PASTURE 0,393634841 0,18760469 0,0075 | 0,0925 0,063588777 0,082646566
8 PASTURE 0,58961474 0,251256281 0,0075 | 0,0925 0,045460637 0,076758794
9 PASTURE 0,319932998 0,130653266 | 0,0075 | 0,0925 0,070406198 0,087914573
10 PASTURE 0,095477387 0,115577889 | 0,0075 | 0,0925 0,091168342 0,089309045
10 EUCALYPTUS 0,438023451 0,023450586 | 0,0013 | 0,0687 0,039907789 0,068388945
1 HIGH ALTITUDE GRASSLANDS 0,561976549 0,198492462 | 0,0194 | 0,0226 0,02929933 0,03751407
10 SSF - OLDGROWTH 0,658291457 0,252931323 | 0,0001 0,0009 0,000407538 0,000772362
10 EGF - SECONDARY 0,633165829 0,396984925 | 0,0001 0,0019 0,000796985 0,001245729
~ L4 EGF OLD GROWTH 0,420435511 0,231155779 | 0,0001 0,0019 0,001201173 0,001560804
3 10 EGF OLD GROWTH 0,458961474 0,257118928 | 0,0001 0,0019 0,001127973 0,001511474
7 PASTURE 0,546063652 0,123953099 | 0,0075 | 0,0925 0,049489112 0,088534338
8 PASTURE 0,495812395 0,149078727 | 0,0075 | 0,0925 0,054137353 0,086210218
10 PASTURE 0,484087102 0,105527638 | 0,0075 | 0,0925 0,055221943 0,090238693
1 PASTURE 0,450586265 0,087102178 | 0,0075 | 0,0925 0,058320771 0,091943049
8 EGF OLD GROWTH 0,631490787 0,140703518 | 0,0001 0,0019 0,000800168 0,001732663
- |10 EGF OLD GROWTH 0,479061977 0,195979899 | 0,0001 0,0019 0,001089782 0,001627638
S8 PASTURE 0,494137353 0,165829146 | 0,0075 | 0,0925 0,054292295 0,084660804
9 PASTURE 0,476549414 0,154941374 | 0,0075 | 0,0925 0,055919179 0,085667923
10 PASTURE 0,449748744 0,121440536 | 0,0075 | 0,0925 0,058398241 0,08876675
10 HIGH ALTITUDE GRASSLANDS 0,582914573 0,351758794 | 0,0194 | 0,0226 0,028826131 0,034050251
12 HIGH ALTITUDE GRASSLANDS 0,269681742 0,219430486 | 0,0194 | 0,0226 0,035905193 0,037040871
12 MIXTURE OLD GROWTH 0,641541039 0,190954774 | 0,0001 0,0029 0,001139531 0,002446231
9 SSF - SECONDARY 0,434673367 0,132328308 | 0,0001 0,0009 0,000608794 0,000880905
9 SSF - OLDGROWTH 0,530150754 0,412060302 | 0,0001 0,0009 0,000522864 0,000629146
10 SSF - OLDGROWTH 0,45561139 0,363484087 | 0,0001 0,0009 0,00058995 0,000672864
8 EGF - SECONDARY 0,479061977 0,123953099 | 0,0001 0,0019 0,001089782 0,001764489
< 12 EGF - SECONDARY 0,579564489 0,170854271 0,0001 0,0019 0,000898827 0,001675377
S 6 EGF OLD GROWTH 0,752931323 0,12479062 0,0001 0,0019 0,00056943 0,001762898
8 EGF OLD GROWTH 0,899497487 0,194304858 | 0,0001 0,0019 0,000290955 0,001630821
10 EGF OLD GROWTH 0,502512563 0,298157454 | 0,0001 0,0019 0,001045226 0,001433501
12 EGF OLD GROWTH 0,420435511 0,229480737 | 0,0001 0,0019 0,001201173 0,001563987
4 PASTURE 0,780569514 0,284757119 | 0,0075 | 0,0925 0,02779732 0,073659966
8 PASTURE 0,627303183 0,13400335 0,0075 | 0,0925 0,041974456 0,08760469
9 PASTURE 0,396984925 0,128978224 | 0,0075 | 0,0925 0,063278894 0,088069514
10 PASTURE 0,527638191 0,177554439 | 0,0075 | 0,0925 0,051193467 0,083576214
10 EUCALYPTUS 0,346733668 0,055276382 | 0,0013 | 0,0687 0,046179397 0,066202513
wl 12 EGF OLD GROWTH 0,514237856 0,266331658 | 0,0001 0,0019 0,001022948 0,00149397
s PASTURE 0,552763819 0,155778894 | 0,0075 | 0,0925 0,048869347 0,085590452
7 PASTURE 0,365159129 0,088777219 | 0,0075 | 0,0925 0,066222781 0,091788107
1 SSF - OLDGROWTH 0,519262982 0,189279732 | 0,0001 0,0009 0,000532663 0,000829648
o 1 EGF OLD GROWTH 0,520938023 0,264656616 | 0,0001 0,0019 0,001010218 0,001497152
3 1 EGF OLD GROWTH 0,974874372 0,747068677 | 0,0001 0,0019 0,000147739 0,00058057
8 PASTURE 0,427973199 0,167504188 | 0,0075 | 0,0925 0,060412479 0,084505863
9 PASTURE 0,448911223 0,10720268 0,0075 | 0,0925 0,058475712 0,090083752
1 EGF - SECONDARY 0,711055276 0,644053601 0,0001 0,0019 0,000648995 0,000776298
~| 6 EGF OLD GROWTH 0,648241206 0,592964824 | 0,0001 0,0019 0,000768342 0,000873367
KN EGF OLD GROWTH 0,766331658 0,732830821 0,0001 0,0019 0,00054397 0,000607621
9 PASTURE 0,463149079 0,186767169 | 0,0075 | 0,0925 0,05715871 0,082724037
o 9 MIXTURE OLD GROWTH 0,683417085 0,117252931 0,0001 0,0029 0,00101809 0,002659966
- 8 PASTURE 0,657453936 0,167504188 | 0,0075 | 0,0925 0,039185511 0,084505863
10 SSF - SECONDARY 0,405360134 0,296482412 | 0,0001 0,0009 0,000635176 0,000733166
110 EGF - SECONDARY 0,389447236 0,24120603 0,0001 0,0019 0,00126005 0,001541709
{10 EGF OLD GROWTH 0,45561139 0,349246231 0,0001 0,0019 0,001134338 0,001336432
7 PASTURE 0,534338358 0,221105528 | 0,0075 | 0,0925 0,050573702 0,079547739
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9 PASTURE 0,485762144 0,150753769 0,0075 0,0925 0,055067002 0,086055276
10 PASTURE 0,425460637 0,077051926 0,0075 0,0925 0,060644891 0,092872697
10 EUCALYPTUS 0,462311558 0,278056951 | 0,0013 | 0,687 | 0,038239196 | 0,050897487
9 HIGH ALTITUDE GRASSLANDS 0,779731993 0,25879397 0,0194 0,0226 0,024378057 0,036151256
9 MIXTURE OLD GROWTH 0,664154104 0,370184255 0,0001 0,0029 0,001073953 0,001926466
8 EGF - SECONDARY 0,316582915 0,218592965 | 0,0001 | 0,019 | 0,001398492 | 0,001584673
9 EGF - SECONDARY 0,702680067 0,236180905 0,0001 0,0019 0,000664908 0,001551256
-9 EGF OLD GROWTH 0,675879397 0,273869347 | 0,0001 | 00019 | 0,000715829 | 0,001479648
§ 11 EGF OLD GROWTH 0,41038526 0,211055276 0,0001 0,0019 0,001220268 0,001598995
12 EGF OLD GROWTH 0,752093802 0,619765494 0,0001 0,0019 0,000571022 0,000822446
6 PASTURE 0,659966499 0,128978224 0,0075 0,0925 0,038953099 0,088069514
7 PASTURE 0,474036851 0,139028476 | 0,0075 | 0,925 | 0,056151591 | 0,087139866
8 PASTURE 0,45561139 0,144891122 0,0075 0,0925 0,057855946 0,086597571
9 PASTURE 0,350083752 0,157453936 | 0,0075 | 0,925 | 0,067617253 | 0,085435511
3. Total sediments
S4: Absolute and percentual values of total sediment in pre and post fire.
Pré fire
Soil loss Sediment export Sediment retention Total
Eucalyptus 1119,11  65,77% 22,29 1,31% 560,21 32,92% 1701,62
HAG 36161,19 39,76%  1968,74  2,16%  52818,90 58,08%  90948,83
Old-growth ODF  8106,35  2,17% 400,06 0,11%  365861,31 97,73%  374367,72
Old-growth MOF  1422,10  2,68% 86,78 0,16% 5154842 97,16%  53057,30
Old-growth SSF 40,94 1,87% 1,68 0,08% 2141,89  98,05% 2184,51
Pasture 200115,07 49,03%  12572,72  3,08%  195467,96 47,89% 40815574
Secondary ODF 144539  3,76% 74,21 0,19%  36969,84 96,05%  38489,43
Secondary MOF 114,90 4,86% 6,55 0,28% 224321  94,86% 2364,67
Secondary SSF 71,38 5,89% 2,86 0,24% 1138,26  93,88% 1212,49
Total 248596,44 2556% 1513583  1,56%  708750,00 72,88%  972482,31
Post fire
Eucalyptus 1626,04  72,44% 34,78 1,55% 583,81 26,01% 2244,63
HAG 42367,25 43,16%  2334,93 2,38%  53456,84  54,46%  98159,02
Old-growth ODF  13216,49  3,38% 676,52 0,17%  377274,92 96,45%  391167,94
Old-growth MOF  2010,08  3,62% 126,25 0,23%  53339,42 96,15%  55475,75
Old-growth SSF 57,42 2,61% 2,33 0,11% 2142,05  97,29% 2201,81
Pasture 285222,37 56,21%  18827,74  3,71%  203400,03 40,08%  507450,14
Secondary ODF 1960,86  4,90% 102,20 0,26%  37933,59 94,84%  39996,65
Secondary MOF 162,27 6,48% 8,20 0,33% 2333,82  93,19% 2504,29
Secondary SSF 77,39 6,33% 3,07 0,25% 1142,02  93,42% 1222,47
Total 346700,17 31,51%  22116,03 2,01%  731606,51 66,48%  1100422,71
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4. Characterization of burned areas

(A) Erodibility (B) Erosivity (C) Cover factor
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S5: Boxenplot of variables used for soil ecosystem services estimation and to analyze effects
on balance soil loss, sediment export and retention (ODF — Dense Ombrophilous Forest; SSF
— Semideciduous forest; MOF — Mixed Ombrophilous Forest and HAG — High-altitude
grasslands). Source: Constructed by authors
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5. Soil loss in watersheds

S6: Sediment balance per watershed that presented burned areas in APA Silveiras,
including soil loss, sediment export and sediment retention.

Sediment balance ( Post - Pre fire)

©
=
3 = ‘ Soil loss Sediment export Sediment retention
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o & 5 5 g8 2 g 2 8 2
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i Y 3§ & & 3 & E 3 & : %
2 s 5 5 s 5 5
Bocaina 152422 1460083 21 76,761.99 5036 526 6,84829 449 047 789806 518 0.54
Silveiras 44567 1509841 19 13,89825 3118 092 131169 294 009 521110 1169 0.35

Macacos 380.72  9504.01 16  6,728.68 1767 071 67219 177 007 117016 3.07 0.2
Cachos 22.88 535.79 9 1,563.07 6830 292 31956 1396 0.60 0.62 0.03 0.00
Small basins 9.95 1057.28 4 530.29 53.30 0.50 38.66 389  0.04 86.48 869 0.08

6. Relation between variables of burned areas and sediment balance

Topography (elevation and slope) and global solar radiation were calculated by
DEM raster (ASF DAAC, 2023) (Figure 3) in Quantum Gis 3.16.11. We obtained burn
severity using the same NBR data used to weight C factor, calculating the difference
between pre and post fire (hereafter named dNBR — Equation 1). NBR was
considered suitable for detection of fires in several studies (Chafer, 2008; Efthimiou
et al., 2020; Escuin et al.,, 2008; Leite et al., 2017; Rosan & Alcantara, 2015;
VERAVERBEKEA et al., 2011) and Severity by dNBR was based on equation and
scale developed by Key and Benson (2006, 1999).

dNBR = NBR,,, — NBR,,.. (1)

Priority for restoration ranges from low (1), medium (2) to high (3). Drought
severity was evaluated by the Drought Integrated Index (11S), used by CEMADEN
(Centro de Monitoramento e Alertas de Desastres Naturais) for drought monitoring
throughout Brazilian territory (CEMADEN, 2020), which has been related to

availability of humidity and resistance of the canopy, indicating stress in vegetation or
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water stress in soil, allowing early warnings of drought events (Do Amaral Cunha et
al.,, 2019; Marengo et al., 2021). IIS is calculate on descending drought scale,
ranging from one (exceptional drought) to six (normal condition). Here, we converted
to ascending scale. Distance from rivers and roads, we produced by Euclidian
distance raster maps of drainage and road, respectively. In this assessment we
used C factor post fire, understanding that its contribution increase soil loss, and we
obtained fire frequency by overlay analyzes of areas burned of each year, counting

any percentage of overlapping burned area.
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S7. Spearman correlation matrix with respective correlation coefficients with p-value
<0,05
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S8: Generalized Linear Model results with total burned areas and pasture, EGF, Old-
growth and secondary forest burned areas with sediment export balance greater than
zero (Significative effects are in bold).

Total Old-growth Secondary Macacos Bocaina Silveiras
D: 269.901 D: 127.308 D: 24.109 D: 36.644 D: 190.963 D: 40.063
AIC: 4687.546 AIC: 1363.427 AIC: 303.992 AIC: 680.425 AIC: 3293.978 AIC: 984.054
X2: 283.386 x2: 118.039 x2: 31.208 x2: 39.187 x2: 192.025 x2: 36.752
Variables coef p-value coef p-value coef p-value coef p-value coef p-value coef p-value
Intercept ~ -2.834.500  0.024 -99.432 0.001 2.446.700 0.603  -0.417400 0.210  -3.812.500  0.022 -0.488200 0.917
AREA 0.128200 0.000 0.0843 0.000 0.383500 0.000 0.114100 0.000 0.114800 0.000 0.170900 0.000
DROUGHT  -0.081800 0.409 -0.0310 0.876 0.042800 0.907  -0.122300 0.645 -0.073200 0.515 0.032000 0.850
ELEVATION  0.000042 0.902 0.0020 0.009 -0.003500 0.028 -0.000500 0.414 0.000500 0.270 -0.000300 0.874
SLOPE 0.098000 0.000 0.0537 0.004 0.124100 0.000 0.108100 0.000 0.089200 0.000 0.118800 0.000
RADIATION  -0.000066 0.135 -0.0002 0.170 -0.000098 0.528 0.000086 0.541 -0.000081 0.195 0.000070 0.328
g K_FACTOR  32.830.000  0.000 502.218 0.025  42.893.800  0.237  48.007.200  0.133  42.638.900  0.001  58.901.900  0.011
§ R_FACTOR  0.000200 0.339 0.0011 0.001 -0.001000 0.127 0.000300 0.550 0.000400 0.095 -0.000600 0.353
C_FACTOR  42.562.500  0.000 598.688 0.000 420.186.700  0.249  43.602.600  0.000  41.968.700  0.000  55.698.300  0.000
PRIORITY -0.000700 0.995 0.3809 0.568 0.804300 0.081  -1.252.300  0.210 -0.207400 0.544 -0.123900 0.610
SEVERITY  3.548.500 0.000 45.421 0.000 3.343.600 0.003  4.415.400 0.000 3.935.500 0.000 1.446.500 0.125
RIVERS -0.002200 0.000 -0.0034 0.000 -0.001300 0.224 -0.003400 0.000 -0.002500 0.000 -0.000400 0.629
ROADS 0.000100 0.032 0.0001 0.362 0.000011 0.954  -0.000300 0.395 0.000200 0.007 -0.000100 0.598
FREQ 0.036300 0.260 0.0352 0.659 -0.160700 0.332 0.037800 0.555 0.019800 0.649 0.102600 0.421
D: 391.461 D: 183.099 D: 46.605 D: 50.557 D: 279.07 D: 56.281
AIC: 2047.906 AIC: 306.207 AIC: -74.362 AIC: 195.94 AIC: 1522.317 AIC: 424.308
X2: 494.625 x2: 211.997 x2: 59.459 x2: 64.295 x2: 340.421 x2: 48.848
Intercept ~ -6.720.600  0.000 -142.299 0.000 3.355.900 0.604  -1.115300  0.009  -7.488.500  0.001 -0.645300 0.906
AREA 0.113700 0.000 0.0821 0.000 0.375500 0.000 0.110300 0.000 0.104300 0.000 0.164300 0.000
DROUGHT  -0.047100 0.719 -0.0140 0.957 0.181900 0.717  -0.149400 0.662 -0.066600 0.656 0.098200 0.622
. ELEVATION  0.000200 0.702 0.0022 0.025 -0.005200 0.017 -0.000500 0.515 0.000600 0.309 -0.004100 0.051
§ SLOPE 0.113500 0.000 0.0986 0.000 0.163000 0.000 0.133600 0.000 0.110400 0.000 0.137600 0.000
'; RADIATION  -0.000079 0.177 -0.0001 0.424 -0.000200 0.292 0.000100 0.453 -0.000052 0.530 0.000087 0.299
% K_FACTOR  37.459.600  0.000 461.809 0.116  41.691.000  0.404  101.648.600 0.014  39.551.100  0.018  91.316.800  0.001
®  R_FACTOR  0.000300 0.173 0.0012 0.005 -0.001700 0.067 0.000600 0.341 0.000500 0.111 -0.000900 0.277
C_FACTOR  48.706.600  0.000 649.568 0.000 115.542.900 0.818  49.690.400  0.000  47.121.900  0.000  65.011.500  0.000
PRIORITY -0.076000 0.594 0.2852 0.744 1.335.400 0.035  -3.345.900  0.009 -0.250300 0.581 0.157600 0.580
SEVERITY ~ 3.251.700 0.000 40.698 0.000 3.470.400 0.024  4.277.800 0.000 3.720.200 0.000 0.761700 0.492
RIVERS -0.004700 0.000 -0.0059 0.000 -0.003300 0.026 -0.005200 0.000 -0.004700 0.000 -0.001600 0.118
ROADS 0.000100 0.250 0.0001 0.485 -0.000004 0.989  -0.000600 0.213 0.000300 0.020 -0.000200 0.525
FREQ 0.041400 0.332 -0.0771 0.460 -0.237600 0.298 -0.007200 0.930 -0.001600 0.979 -0.002200 0.988
D: 757.666 D: 318.623 D: 61.757 D: 81.105 D: 475.702 D: 111.884
AIC: 3769.4 AIC: 1453.947 AIC: 393.744 AIC: 565.292 AIC: 2554.078 AIC: 613.783
x2: 806.754 x2: 255.383 x2: 51.632 x2: 109.392 x2: 535.908 x2: 63.383
Intercept ~ -4.050.800  0.055 -119.728 0.008  -4.159.000  0.606  -0.574500 0.370  -5.483.000  0.089  -11.256.400  0.103
AREA 0.140000 0.000 0.0862 0.000 0.226400 0.070 0.118400 0.000 0.120400 0.000 0.224800 0.000
DROUGHT  -0.025800 0.877 -0.2826 0.341 -0.082800 0.918  -0.777800 0.139 0.229600 0.309 -0.315900 0.205
s ELEVATION  -0.000200 0.707 0.0017 0.124 -0.003300 0.238 -0.001400 0.213 0.000200 0.833 0.000057 0.983
E SLOPE 0.084700 0.000 0.0600 0.031 0.203900 0.000 0.063300 0.060 0.086900 0.000 0.122100 0.000
g RADIATION  -0.000010 0.891 -0.0004 0.050 0.000500 0.069 -0.000005 0.985 -0.000007 0.949 0.000200 0.107
@
E K_FACTOR 28.463.300  0.036 0.2228 0.995 -134.508.000 0.042 125.983.100 0.025  -8.316.200  0.720  49.017.400  0.172
§ R_FACTOR  0.000600 0.038 0.0015 0.002 -0.001700 0.111 0.001000 0.323 0.000500 0.274 0.001500 0.135
C_FACTOR  3.217.100 0.115 -0.0543 0.996 -715.168.500  0.278 3.280.200 0.528 1.273.200 0.655  12.301.500  0.017
PRIORITY 0.353200 0.051 20.516 0.039 6.129.900 0.000  -1.723.500  0.370 1.313.800 0.034 -0.012100 0.973
SEVERITY  2.390.000 0.000 27.617 0.006 1.960.600 0.299 5.711.700 0.001 1.864.800 0.040 0.807200 0.558
RIVERS -0.006100 0.000 -0.0093 0.000 -0.004800 0.011 -0.007900 0.000 -0.005500 0.000 -0.004700 0.000
ROADS 0.000100 0.334 0.0002 0.375 0.000500 0.081 -0.000100 0.875 0.000200 0.186 0.000038 0.911
FREQ -0.009800 0.857 -0.1053 0.376 0.321400 0.236 -0.097600 0.393 -0.016300 0.845 -0.031100 0.863




PASTURE ODF SSF HAG MOF Cachos
D: 85.13 D: 131.832 D: 1.908 D: 4.373 D: 0.328 D: 0.07
AIC: 3300.396 AIC: 1266.892 AIC: nan AlC: 270.787 AIC: 97.363 AIC: 113.471
X2: 76.259 x2: 135.645 x2: 1.305 x2: 3.907 x2: 0.351 x2: 0.072
Variables coef P>|z| coef P>|z| coef P>|z]| coef P>|z]| coef P>|z]| coef P>|z|
Intercept 3.639.300 0.003  -8.953.100  0.040 -7,65E+06  0.456 0.081 0.935 -6.938.800 0.167  -75.551  0.053
AREA 0.176200  0.000  0.077500 0.000  7,34E+05  0.000 3.801 0.000  0.156700  0.243 ~ -0.5482  0.129
DROUGHT -0.052300  0.503  -0.108800  0.615 3,27E+06  0.004 -2.106 0.035  1.040.400  0.608  0.2955 0.530
ELEVATION -0.000700  0.010  0.000700 0.412  1,89E+04  0.105 0.163 0.870  0.010800  0.161 0.0129 0.340
SLOPE 0.100800  0.000  0.092900 0.000 -3,65E+05 0.033 -0.046 0.963  0.142900  0.732  0.1132 0.051
o RADIATION -0.000054  0.180  -0.000070  0.586 -1,80E+03  0.017 -1.010 0.312  0.000600  0.786  -0.0001  0.924
o
= K_FACTOR 27.719.600  0.000  60.429.600  0.026 -2,65E+08  0.042 0.081 0.935  -0.300400  0.167 -2.170.547 0.222
3 R_FACTOR -0.000300  0.086  0.000500 0.155  1,00E+03  0.738 2.549 0.011 0.011100  0.183  0.0177 0.000
PRIORITY 0.059400  0.462  0.973300 0.380 1,62E+06  0.053 0.081 0.935 -20.816.300 0.167  281.065  0.115
SEVERITY 2.757.800  0.000  4.934.400  0.000 1,39E+07  0.000 2.626 0.009  10.262.900 0.000 -226.653  0.053
RIVERS -0.001400  0.000  -0.003900  0.000 -6,20E+03  0.116 -2.302 0.021  -0.005600  0.321 59.372 0.001
ROADS 0.000200  0.026  0.000006 0.962 3,30E+03  0.019 -0.931 0.352  0.000067  0.981  -0.0071  0.481
FREQ 0.050900  0.044  0.074400 0.411 -7,65E+06  0.456 -1.387 0.165  -0.506600  0.437  0.0001 0.918
D: 138.523 D: 190.098 D: 5.312 D: 5.247 D: 0.333 D: 0.083
AIC: 1891.925 AIC: 75.497 AIC: nan AIC: 152.751 AIC: 22.606 AIC: 27.853
x2: 141.545 x2: 211.186 X2: 2.744 x2: 4.683 x2: 0.349 x2: 0.084
Intercept 0.884300  0.589 -13.354.600 0.014 -9,65E+06  0.656 -0.040 0.968  -9.312.600 0.113  -65.969  0.119
AREA 0.161500  0.000  0.068000 0.000 8,45E+05 0.029 3.676 0.000  0.123800  0.431  -0.7363  0.060
DROUGHT -0.043200 0.683  -0.070800  0.792  4,77E+06  0.047 -1.974 0.048 0262300  0.912  0.2369 0.642
S ELEVATION -0.000800  0.031 0.000600 0.553  1,66E+04  0.503 0.144 0.885  0.015700  0.083  0.0045 0.757
% SLOPE 0.105300  0.000  0.141200 0.000 -4,58E+05 0.206 -0.251 0.801 0.268800  0.582  0.0432 0.493
g’ RADIATION -0.000014  0.803  0.000020 0.898 -2,00E+03  0.202 -1.154 0.249  0.000500  0.832  0.0017 0.238
E K_FACTOR 30.925.100 0.000 52.737.700  0.119 -3,46E+08  0.207 -0.040 0.968  -0.403200  0.113 -5.507.128 0.004
R_FACTOR -0.000200  0.317  0.000500 0.316  1,00E+03  0.873 2.258 0.024  0.013900  0.154  0.0198 0.000
PRIORITY 0.032300 0.768  1.316.800  0.339 2,78E+06  0.116 -0.040 0.968 -27.937.800 0.113  236.386  0.221
SEVERITY 2.329.700  0.000  4.758.300  0.000 1,97E+07  0.013 2.396 0.0177  9.067.000  0.001 -197.906  0.119
RIVERS -0.003500  0.000  -0.006600  0.000 -6,30E+03  0.450 -2.331 0.020  -0.010700  0.104  35.610 0.074
ROADS 0.000037  0.728  0.000100 0.500 5,10E+03  0.087 -0.919 0.358  -0.000400  0.910  -0.0036  0.742
FREQ 0.070400  0.039  0.012800 0.909 -9,65E+06  0.656 -1.410 0.159  -0.458400  0.548  0.0015 0.283
D: 307.9 D: 310.926 D: 9.868 D: 6.481 D: 0.508 D: 17.927
AIC: 1886.057 AIC: 1544.673 AIC: nan AIC: 147.108 AIC: 110.922 AIC: nan
x2: 372.525 x2: 273.474 x2: 1.889 x2: 3.031 x2: 0.466 x2: 2.752
Intercept -3.722.000 0.224  -3.530.300  0.520 -2,32E+00  1.000 2.537 0.011  -9.078.400 0.238  -11.482  1.000
AREA 0.191800  0.000  0.090200 0.000 9,42E+01  1.000 1.684 0.092  0.147800  0.473  -53.301 1.000
DROUGHT 0.070200 0.724  -0.091100  0.763 -1,06E+01  1.000 -1.937 0.053  0.065600  0.983  55.423 1.000
-g ELEVATION -0.000700  0.349  -0.000300  0.818 -3,23E+01  1.000 -2.168 0.030  0.015900  0.178  0.0489 1.000
‘g SLOPE 0.079700  0.000  0.088700 0.001  4,00E+02  1.000 -2.201 0.028  0.325400  0.610  -10.495  1.000
g RADIATION 0.000100  0.183  -0.000100  0.368 -1,50E+03  1.000 -1.977 0.048  0.001300  0.704  0.0125 1.000
3 K_FACTOR 38.209.100 0.010  -21.303.800 0.539  -523E-02  1.000 2.537 0.011  -0.393100  0.238  -18.407  1.000
° R_FACTOR 0.000400  0.293  0.000500 0.273  1,00E+03  1.000 -1.744 0.081 0.013100  0.305  -0.0334  1.000
PRIORITY 0.310100  0.101 1.267.100  0.355 -1,18E+01  1.000 2.537 0.011 -27.235.100 0.238  158.413  1.000
SEVERITY 2.764.200 0.012  1.388.800  0.131 5/16E+00  1.000 0.522 0.602  13.264.100 0.000  -34.446  1.000
RIVERS -0.005100  0.000  -0.008400  0.000  1,40E+03  1.000 -1.209 0.227  -0.011000  0.204 -265.743  1.000
ROADS 0.000100  0.529  0.000400 0.017  5,00E+02  1.000 -1.746 0.081 0.000300  0.947  -0.0026  1.000
FREQ -0.008000  0.898  0.025300 0.824 -2,32E+00  1.000 -0.362 0.718  -0.365200  0.714  -0.0055  1.000

105

Note: ODF — Ombrophilous forest; SSF — Semideciduous forest (do not show numbers greater than
zero, in sediment retention balance); MOF — Mixed forest and HAG — High altitude grasslands.
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Abstract:

To assess the impact of fire on ecosystem services, we conducted an analysis
that involved estimating carbon loss in different Land Use and Land Cover (LULC)
classes, considering seasonality, in a protected area in Atlantic Forest, from 2000 to
2020. This analysis was carried out using the InVEST Carbon model, with
aboveground carbon biomass pre fire based on fieldworks in Atlantic Forest and pos
fire, based on linear regression. Both weighting with pre- and post-fire NBR spectral
indices provided by Landsat Images in time/local indicated by MapBiomas Fire.
Additionally, we analyzed the LULC changes up to three years after fire and then up
to 2022. We also examined the Spearman correlation with different variables on
carbon loss. The results, in 21 years, revealed a carbon loss after fire of 55.7GgC
(43%), in which 79% is in old-growth Ombrophilous dense. In general, fire negatively
impacts the carbon stock of native forests by an average of 38% (ranging from 19.9%
to 69.1%, depending on phytophysiognomy and seasonality), Eucalyptus by 87.1%,

High-altitude grasslands by 79 .5% and pasture in 90.4%. In LULC changes
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analyzes, there were conversions from forest to mosaic, deforestation or secondary
forest that generating a carbon loss of 4.1GgC in three years. A small portion of this
biome has shown a high potential for carbon loss induced by fire, indicating a danger
for the whole Atlantic Forest conservation and to international agreements of carbon

emission reductions.
Keywords: Carbon stock; NBR; Forest; Pasture; INVEST, Post-fire.

1. Introduction:

The Atlantic Forest biome, a biodiversity hotspot (MYERS et al., 2000),
occurring from the northeast to south of Brazil, is home to most of the Brazilian
population and the largest cities, with only 12.5% remaining from its original territory,
with a history of deforestation followed by fire (DEAN, 2004). Although deforestation
has decreased ( SOS MATA ATLANTICA; INPE, 2021) the biome is still losing forest
cover (ROSA et al., 2021; SOUZA et al., 2018). This deforestation is partly
associated to fire (BAIAO et al., 2023), whose burning probability increases with
small patches, more edge and more pasture around them (GUEDES et al., 2020).
These fragments are surrounded in many portions by pasture areas (32% of the
biome area is occupied by pastures: MAPBIOMAS, 2020), which is a typology highly

flammable.

Fire in the Atlantic Forest has been increasing (MAPBIOMAS, 2022) and it
ranks third in area and number of fires among other Brazilian biomes (JESUS et al.,
2020). However, the evergreen forests in the Atlantic Forest biome are fire-sensitive
ecosystems (HARDESTY; MYERS; FULKS, 2005), not prone to burns due to its high
humidity, with species that did not evolve under fire regimes and do not have

adaptations to resist to these events (PIVELLO et al., 2021). Fire promotes disruption
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of the natural system, threatening size, structure and composition of ecosystems
(BRANDO et al., 2014; CARVALHO et al., 2022; HARDESTY; MYERS; FULKS,
2005; SANSEVERO et al., 2020), making it more susceptible to the incidence of
forest fires (PUTZ et al., 2011), threatening biodiversity and ecosystem services
(KELLY et al., 2020; LOISELLE et al., 2020; ROBINNE et al., 2020; ROCES-DIAZ et

al., 2022; RODRIGUES; JACOBI; FIGUEIRA, 2019; TABOADA et al., 2021).

Ecosystem services (classified as provision, supporting, regulating and
cultural services), which are benefits for human well-being, generated by complex
interactions between biotic and abiotic dimensions in ecosystems (BOYD; BANZHAF,
2006; HAINES-YOUNG; POTSCHIN, 2018; IPBES, 2018; MEA, 2005), are normally
sustained by biological diversity of landscapes, with growing evidence that greater
biodiversity is directly associated to environmental resilience and to ecosystem
services provided to people (CARDINALE et al., 2012; LARSEN; TURNER;
BROOKS, 2012; MACE; NORRIS; FITTER, 2012; OLIVER et al., 2015). Thus, high
diverse forests, as the Atlantic Forest would offer more provision services, such as
water, food and wood; regulating services such as climate, water quality, flood and
disease control; cultural services such as recreation, aesthetics and spiritual benefits;
and supporting services such as soil formation, photosynthesis, and nutrient cycling

than simplified sites, as pastures and large-scale agricultural areas.

However, fires (and other degradation drivers) in tropical ecosystems threaten
biodiversity and consequently ecosystem services. For example, fire removes
vegetation cover, which affects soil stability, causing erosion(EFTHIMIOU;
PSOMIADIS; PANAGOS, 2020; FERNANDEZ-RAGA et al., 2019) and impacting

water bodies (ADDISON; OOMMEN, 2020; DIAZ, 2012; LOISELLE et al., 2020;
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ROBINNE et al., 2020; SHAKESBY; DOERR, 2006). Furthermore, carbon emissions
to atmosphere caused by fire contributes to climate change (IPCC, 2019, 2023) and
several associated disasters (ANDERSON; CUNNINGHAM, 2019; CAMPANHARO
et al., 2019) further reducing carbon storage and sequestration. Therefore, there is a
need to reduce carbon emission activities due to deforestation and environmental
degradation (MUNANG et al.,, 2013), to increase ecological restoration and
compensation for changes in land use (IPCC, 2014) and to recognize that adaptation
to climate change and disaster risk reduction are associated with the maintenance of
ecosystem services (O’'BRIEN et al., 2008). Brazil, one of the world biggest emitters
of greenhouse gases, will need to control deforestation induced by the expansion of
the large scale and commodities agricultural frontier in the Amazon and Cerrado
biomes in the next ten years (DA SILVA JUNIOR et al., 2020) and also in other

biomes, such as Atlantic rainforest.

Although there is literature on carbon emissions caused by fire, especially in
Amazon Forest (ANDERSON et al., 2015; BARBOSA; FEARNSIDE, 1999; BARLOW
et al., 2003; COCHRANE; LAURANCE, 2002; PESSOA et al., 2020;
VASCONCELOS et al., 2013), the Atlantic Forest has only few studies. Likewise,
some studies estimated the ecosystem service of carbon storage and sequestration
(DE LIMA et al., 2020; GARRASTAZU et al., 2015; PAVANI et al., 2018), but none of
them evaluate the impact of fire. Recently, a study showed that the widely accepted
drivers of carbon stocks, such as climate, soil, topography, and forest fragmentation,
have a much smaller role than the forest disturbance history of the Atlantic Forest
(PYLES et al., 2022). Thus, despite Atlantic Forest is already very degraded and
fragmented, where fires affect frequently small areas, (average do not exceed 5 ha

(BAIAO et al., 2023)), it is urgent to investigate the role played by fire in carbon
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emissions in the Atlantic Forest and what is the potential for carbon loss even from
small burned areas. This knowledge can support public climate policies by directing
more effective actions at local and regional levels, both in fire prevention and

restoration. Furthermore, it can contribute to studies in other regions of the planet.

Therefore, to analyze the fire impact, this study aimed to quantify carbon loss
induced by fire in a Southeast Atlantic Forest protected area, considering land use
and land cover (native forest, native grasslands, pasture and silviculture), as well as
to analyze influence of biophysical variables on this loss. Our hypotheses were that
native forest areas, having greater biomass, were more impacted by fire and lost
more carbon and that slope, drought severity and fire severity influenced more
carbon storage. We also hypothesize that seasonality interferes with fire-induced

carbon loss.

2. Material and Methods

2.1. Study area

In the southeast Atlantic Forest biome, specifically in Paraiba do Sul River
Basin, is located the study area. The region has gone through several economic
cycles that occupied, degraded, fragmented and deforested the region, sugar cane
(mainly in the 17" century), coffee plantations (in the 19" and 20™), dairy livestock,
eucalyptus silviculture, industrialization and urbanization (20" till nowadays)
(DEVIDE et al., 2014) causing urban exodus (SILVA et al., 2016). Because of this,
high slope pastures are being abandoned and some of them are regenerating,

increasing native forest cover (SAPUCCI et al., 2021). Nowadays, main land use and
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land cover in the basin are pasture (35.5%), native forest (32.8%), mosaic (14.1%)
and eucalyptus plantations (4.2%) (MAPBIOMAS PROJECT, 2023).

The Paraiba do Sul river basin is strategic to supply of water resources to
more than 15.7 million inhabitants in states of S&o Paulo, Rio de Janeiro and Minas
Gerais (specially the two largest Brazilian metropolis Sdo Paulo and Rio de Janeiro),
and Sao Paulo portion settles 34 municipalities with more than 2.2 million inhabitants
in an area of 14,000 km? (AGEVAP, 2018) and a GDP of R$87.1 hillion (EMPLASA,
2020). Paulista portion of Paraiba do Sul River Basin suffers from a growing trend of
fires (INPE, 2020), part of them correlated to deforestation (BAIAO et al., 2023),
mainly APA Silveiras, which we selected as study area. APA is a type of protected
area (PA) in Brazil, classified as sustainable use, in which extensive areas with a
certain degree of human occupation, whose objective is to protect diversity biological,
discipline occupation process and ensure sustainability of natural resources
(BRASIL, 2000). From 2000 to 2020, APA Silveiras is the first of VPP, seventh of Sao
Paulo state in fire events (INPE, 2020) and the 18th throughout the Atlantic Forest
Biome in burned area, (FIRMS Platform - NASA - Fire Information System for
Resource Management). Burned areas are distributed in forest formation (26%),
rocky outcrops (25%), pasture (24%), mosaics of agriculture and pasture (22%) and
agriculture (3%) (SOUZA et al., 2020).

APA Silveiras is characterized by cambisol, latosol and argisol soils(ROSSI,
2017), relief with hilly and mountains that reach 1902 m (ASF DAAC, 2023), humid
subtropical climate with dry winter and hot summer (Cwa) and temperate summer
(Cwb) (ALVARES et al., 2014). It has 59% of its area defined as high priority for
restoration and conservation (SAO PAULO; FUNDACAO FLORESTAL, 2018),

comprising headwater areas of Paraitinga River and 38.9% of its territory overlaps by
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other APA, with the same name of basin (Figure 1). Land use and cover is 37.1% of
forest formation, 36.67% of pasture, 19.35% of mosaic of agriculture and pasture,
4.94% of planted forest (eucalyptus silviculture) and the remainder occupied by rocky
outcrops, agriculture and non-vegetated areas (SOUZA et al., 2020). According to the
forest inventory, native vegetation is distributed in Ombrophilous Dense Forest (ODF,
84%), high altitude grasslands (HAG - 10%), semideciduous seasonal forest (SSF -
5%) and mixed Ombrophilous forest (OMF, 1%) (SAO PAULO, 2020). Figure 1 shows
the fire scar of burned area (MAPBIOMAS PROJETCT, 2023) greater than 1 ha

selected for this study.
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Figure 1: Study area in Sao Paulo Atlantic Forest, Silveiras Protected area in

Paraiba do Sul River Valley, overlapped by Paraiba do Sul Federal Protected area
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and burned areas from 2000 to 2020 greater than 1ha (MAPBIOMAS, 2023).

2.2. Dataset

Burned areas from 2000 to 2020 and their coverage, were obtained from
datasets of MapBiomas Project, an Annual Mapping of Land Use and Coverage
project in Brazil composed of a multidisciplinary network that uses cloud processing
and pattern recognition methodologies to generate a historical series of annual maps
of land use and land cover in Brazil, from 1985 to 2020, from images of Landsat
satellites, with 30 m resolution (https://mapbiomas.org/). For this work, we used: fire
scars from the monthly accumulated, (89.3% accuracy (ALENCAR et al., 2022)); land
use and cover (LULC), with indications of old-growth and secondary forest (with an
accuracy of 92% for forest and 90.6% for pasture in the Atlantic Forest (SOUZA et
al., 2020)).

Normalized Burned Ratio (NBR) is an index indicated for studying vegetation
quality and therefore used in detection and investigation of fire severity (KEY;
BENSON, 2006) and it uses the near infrared (NIR) range, where there is high
reflectance from vegetation and the shortwave infrared (SWIR) range where there is
low reflectance from vegetation and high reflectance from soil (JENSEN, 2009). In
the same way, we also used Normalized difference vegetation index (NDVI) with NIR
and red (R) bands. We calculated NBR and NDVI (for each month and year of time
series) from collections of atmospherically corrected surface reflectance images
available on Google Earth Engine platform (https://developers.google.com/earth-
engine/datasets/catalog/landsat), courtesy of U.S. Geological Survey, using bands 4

and 7 (Landsat TM 5 and ETM 7), and 5 and 7 (Landsat OLI 8), for NBR and bands 4
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and 3 (Landsat TM 5 and ETM 7), and 5 and 4 (Landsat OLI 8) for NDVI (Eg. 1 and

Eq. 2).

_ NIR —5SWIR

NBR=———
NIR + 5WIR

(1)

_NIR—-R

NDVI = ————
NIH + R

(2)

From DataGeo system, environmental spatial data infrastructure of Sdo Paulo
state (https://datageo.ambiente.sp.gov.br/), Forest Inventory (SAO PAULO, 2020) we
had forest phytophysiognomies and Priority Areas for Restoration and Conservation
in Paraiba do Sul River basin (SAO PAULO; FUNDACAO FLORESTAL, 2018), as
same as drainage map from Hydrography of Sdo Paulo State. A road map with high
resolution, including non-pavement roads, was obtained from Open Street Map
(https://download.geofabrik). For topography survey, the digital elevation model
(DEM) was obtained from ALOS PALSAR Radiometric terrain High resolution data,
12,5 m (ASF DAAC, 2023).

The Integrated Drought Index (1IS), which consists of combining Standardized
Precipitation Index (SPI), with Vegetation Health Index (VHI), from do Amaral Cunha
et al., (2019) study, that evaluated drought events in Brazil with determination of IIS
by weekly time series based on VHI with a resolution of 4 km, with a 12-month time
scale (11S-12) of integrated values of VHI and SPI for the hydrological year. The gis-

software used for analyses was Quantum Gis 3.16.11.
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2.3. Data Analysis

Data were analyzed and processed following methodological procedures

described in Figure 2. Methodological steps are described in the next sections.

Phytophysiognomies

% (Séo Palo, 2020)
L Area extension (ha)
S Elevation, slope and
Run model for each year twice: » global solar radiation
AGCB pre and AGCB post (ASF DAAC, 2023)
ton/pxiyr
Priority for restoration
’-_4 (Forest foundation, 2018)
) Burned severity
(key & Benson, 1999)

Ly Drought severity
(Cunha et all, 2019)
A
> MONTH > N Distance from rivers and
roads

. v —> YEAR BEFORE FIRE/ 3 YEARS LATER
L—

3 YEARS LATER/2022

Figure 2: Methodology flowchart of this research.

2.4.Burned area selection:

Using Google Earth Engine, we vectorized land use and land cover data and
monthly accumulation of fire scar data from MapBiomas. Then, the data was
downloaded for processing in Quantum Gis. A total of 6147 burned areas were found
in APA Silveiras. As fire scar data is made available with an identifier code formed by
the month of occurrence and the LULC class where the fire occurred, scars occurring
in forest, pasture and eucalyptus areas were selected from 1 hectare. Then, we

superimposed on the Forest Inventory of the State of Sdo Paulo (Sao Paulo, 2020) to
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identify the phytophysiognomy. According to this criteria, 542 burned areas were
selected, being 294 pasture areas (3.75 +4.28), 4 forestry (3.45+2.59), 178 old-
growth forest (142 Ombrophilous dense — ODF (6.51+13.47), 5 semideciduous —
SSF (2.17+1.35), 10 mixed Ombrophilous — OMF (7.11+6.32) and 21 high-altitude
grasslands — HAG (4.68+5.59) and 66 secondary forest (55 ODF (2.47+1.56), 8
SSF(2.49+£1.97) and 3 OMF (2.31+0.97). The burned areas were then classified by
year and month of occurrence, as well as by phytophysiognomy and stage of
regeneration (old-growth or secondary forest). With this data we were able to
produce new LULC raster files for each year of the time series including burned

areas, as explained in next section.

2.5. Estimating carbon loss induced by fire

2.5.1. Defining biomass burning

As there are absence data from biomass burned area in Atlantic Forest, to
determinate the aboveground carbon biomass AGCB of burned areas, we adapted
Equations of Pessba et al. (2020) and Anderson et al. (2015), which generated linear
regression based on biomass field calculation in burned and unburned areas from
several works in Amazénia and Cerrado, selecting studies up to one year after the
fire occurrence. In this work, we added data from pastures and grasslands (campo
limpo) and removed data with aboveground carbon biomass before fire higher than
the maximum value found in the Atlantic Forest regions. Furthermore, we separated
the data with pre-burn biomass into those below and above 40 ton/ha. We then

generated a new regression Equation for areas with low biomass and areas with high
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biomass (See supplementary material — S1 and S2). We applied these Equations in
AGCB of several studies developed in Atlantic Forest (natural forest, eucalyptus and
pastures) or correlated areas, as Cerrado grasslands (Campo limpo) for High-altitude
grasslands (See supplementary material — S3). Some studies used in this work
estimate total aboveground biomass, we then found carbon aboveground by
multiplying by 0.5, as other literatures (ANDERSON et al., 2015; DITT et al., 2010;

METZKER et al., 2011; PESSOA et al., 2020)

Then, the average, minimum and maximum value for pre-fire and post-fire
AGCB were determined for each LULC class. In order to establish a specific value for
each area, considering seasonality, the range pre-fire and post-fire AGCB of
respective LULC was weighted with the median value of the normalized NBR and
NDVI (0 to 1) of burned area, according to Eq. 4 and Eq. 5. Month and year of index
followed MapBiomas data, within the satellite's passage interval, i.e. 15 days, to
determine index pre and post fire. As the NBR showed greater adherence to the

average AGBC data, we chose to use it (See supplementary material — S4 and S5).

AGCB,, = Min,

un

+ (Max,, — Min,

un

j ® NBR,"J?‘E (4)
AGCB,, . = Min, + (Max, —Min, ) * NBR,, (5)

Where AGCBy, is the aboveground carbon biomass pre and post fire, Min and
max is the minimum and maximum AGCB values of unburned areas (un), obtained
from field data from literature, and burned areas (b), from adjusted Equation, as
explained above. NBR is the median normalized burn ratio for each month of each

year, considering the Landsat interval (~15 days) to determine pre and post fire.
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In the secondary forest, we estimated the AGCB by multiplying the AGCB of old-
growth forest by the average of values (0.52) founded by other works related to the
Atlantic Forest (BIELUCZYK et al., 2023; BRASIL, 2016; DITT et al., 2010; LEMOS

et al., 2023; METZKER et al., 2011).

2.5.2. Carbon Storage and Sequestration

We used the INnVEST 3.12.1 (Integrated Valuation of Ecosystem Services and
Tradeoffs (NATURAL CAPITAL PROJECT, 2023)) Carbon Storage and Sequestration
model, as well as other works in the literature (BABBAR et al., 2021; FERNANDES et
al., 2020; GARRASTAZU et al., 2015; HU et al., 2020; PAVANI et al., 2018) to
estimate how much of this ecosystem service is lost due to the occurrence of fire in

different land uses and land covers.

The model operates with input data from land use and cover maps and the
amount of carbon stored in carbon pools (Carbon above ground, below ground, soil
and dead organic matter), generating estimates of the amount of carbon stored in a
share of land over time and the market value of carbon sequestered in the remaining
stock (NATURAL CAPITAL PROJECT, 2023). Using a raster map, the model assigns
a LULC class to each cell and estimates the amount of carbon for each class using a
lookup table, producing a map of carbon stock in the landscape, calculating the

economic and the result per cell and study area (PAVANI et al., 2018).

In this study, we produce two lookup tables (csv files) for each year, one for pre
fire using AGCBwre and other for post fire, using AGCBwyost (corresponding to each
month and year). Although the model allows the entry of all carbon pools, we only
use the AGCB, considering that the greatest impact caused by fire occurs in this

pool. For raster maps, we use the new LULC raster corresponding to each year as
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input data in both situations. Unburned areas, we attributed the same AGCB value in
pre and post fire. Then, we ran Carbon model for each year twice, one pre and other

post fire.

After that, we subtracted the pre raster from post raster for each year. Then, we
superimposed burned areas from each year on the lost carbon raster from the
corresponding year and using the quantum gis zonal statistical tool, we obtained the
sum of the pixel values of each burned area from the years of study, allowing us to
estimate the total carbon loss per LULC class, month and year, as well as the carbon
loss per area unit (ha). We also analyzed significant differences between LULC
classes averages in carbon loss per hectare in LULC class using post hoc Tukey test

in Python with Scipy libraries (VIRTANEN et al., 2020).

To estimate the carbon loss induced by fire beyond the 15-day interval, we
evaluated the conversion of LULC class (MAPBIOMAS, 2023) comparing LULC class
of fire occurrence year with three years after, following methodology of Baido et al.
(2023). Then, the converted class after three years (forest to pasture, mosaic or
deforestation) with 2022, using the average carbon stock per hectare in pre fire raster
files. Mosaic class and deforestation classes, not counted in initial stage, we used the
average of minimal percentual of carbon loss applied on average carbon stock found
in studied LULC class, except for HAG, which remained as this class. Therefore, the
value of 50.05 Mg/ha was attributed to mosaic and deforestation, which corresponds
to a carbon loss of 38%, close to the values found by Lima et al. (2020) in the
Atlantic Forest (32%) and close to the value found by Shimamoto et al. (2014) for
restoration area within a period of 20 years (36 MgC/ha), avoiding data

overestimation, considering little data in literature.
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2.6. Analyzing variables correlation

Burned areas were analyzed according to variables of extension, topography and
radiation (ASF DAAC, 2023), priority for restoration within VPP basin (SAO PAULO;
FUNDACAO FLORESTAL, 2018), burn and drought severity, distance from rivers
and roads and fire frequency, in order to better comprehend impacts on ecosystem
service. Topography (elevation and slope) and global solar radiation were calculated
by DEM raster (ASF DAAC, 2023) (Figure 3) in Quantum Gis 3.16.11. We obtained
burn severity using the same NBR data used to weigh AGBC, calculating the
difference between pre and post fire (hereafter named dNBR — Eq. 6). NBR was
considered suitable for detection of fires in several studies (CHAFER, 2008;
EFTHIMIOU; PSOMIADIS; PANAGOS, 2020; ESCUIN; NAVARRO; FERNANDEZ,
2008; LEITE et al., 2017; ROSAN; ALCANTARA, 2015; VERAVERBEKEA et al.,
2011) and Severity by dNBR was based on Equation and scale developed by Key

and Benson (1999, 2006).

dNBR = NBR,,, — NBR,.. (6)

Priority for restoration ranges from low (1), medium (2) to high (3). Drought
severity was evaluated by the Drought Integrated Index (11S), used by CEMADEN
(Centro de Monitoramento e Alertas de Desastres Naturais) for drought monitoring
throughout Brazilian territory (CEMADEN, 2020), which has been related to
availability of humidity and resistance of the canopy, indicating stress in vegetation or
water stress in soil, allowing early warnings of drought events (DO AMARAL CUNHA
et al., 2019; MARENGO et al., 2021). IIS is calculated on descending drought scale,

ranging from one (exceptional drought) to six (normal condition). Here, we converted
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to ascending scale. Distance from rivers and roads, we produced by Euclidian
distance raster maps of drainage and road, respectively. And then, we
analyzed the relationship between carbon loss with variables of each burned area, by

Spearman correlation in Python 3.6 with Scipy libraries (VIRTANEN et al., 2020).

3. Results

The total fire-induced carbon loss from the 542 burned areas analyzed from 2000
to 2020, in the 15-day Landsat interval of each area, was 55.71 Gg C, corresponding
to 43.3% of the pre-fire AGCB. Of the total lost, old-growth ODF predominated (79%),
as it was the second class with the most burned fragments (after pastures), mostly
concentrated in the central region of APA Silveiras (Figure 3 A, B and C). Years with
the greatest carbon losses were the years 2000, 2003, 2014 and 2020 (Figure 3D),
while September and October were those months with the greatest losses along

years (Figure 3E).
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Figure 3: Carbon storage before fire (A), after fire (B) and balance (C) in time series
from 2000 to 2020 (D) and fire months (E) in APA Silveiras, Southeast Atlantic Forest,

Brazil.

Old-growth forests, followed by secondary forests and eucalyptus silviculture

lost more carbon (Figures 4A and 4B). All types of old-growth forests and of



126

secondary forests lost the same carbon amount, between them (Figure 4B).
Eucalyptus silviculture carbon loss was similar to some forest physiognomies (Figure
4B). SSF and ODF lost the same carbon amount, when comparing old-growth and
secondary forests (Figures 4B). Pastures and native grasslands lost the same carbon
content (Figure 4B). Considering years, 2014 exceeded 70 MgC/ha (Figure 4C and
4D) and months of January, June, September, October and November exceed 70
MgC/ha of carbon loss (Figure 4E and 4F). Along years, losses have been similar

and throughout months, August differed from October, November and December.

(A) Carbon loss per LULC (Mg C) (B) Carbon loss per LULC (Mg C/ha)
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Figure 4: Boxplot of carbon loss per LULC (A) and (B), year (C) and (D) and month
(E) and (F) from 2000 to 2020 (left — absolute values and right — relative values) in
APA Silveiras, Southeast Atlantic Forest, Brazil. 1 is January, 2 is February and so on

in Figure E and F.

In general, June and July were months with higher carbon losses per hectare
(Table 1). We verified carbon losses per area in this sequence of land use and land
covers, old-growth SSF higher than old-growth ODF, old-growth OMF, eucalyptus,
secondary SSF, secondary ODF, secondary OMF, grasslands and pastures (Table 1).
We verified total carbon losses in this sequence of land use and land covers: old-
growth ODF, secondary ODF, pasture and old-growth OMF and other with lower

values (Table 1).

Table 1: Carbon storage loss data per area, burned patches, land use and land cover
class and month, with percentual of AGCB pre fire in APA Silveiras, Southeast
Atlantic Forest, Brazil. 1 is January, 2 is February and so on. (ODF = Ombrophilous
dense forest; SSF = Semideciduous Forest; OMF = Mixed Ombrophilous forest; HAG

= High-altitude fields; SD = Standard deviation).

s Area Burned Total carbon loss Min Max

LULC é (ha) patches (MgC) (MgC) (MgC) Average (MgC/ha)
1 3,55 2 -12.68 83.4% -7.11 -1.86 448 + 3.71

2 3,31 1 -57.11 93.7% -17.27 -17.27 -17.27

4 1,32 1 -2.46 92.0% -1.86 -1.86 -1.86

5 1,98 1 -3.76 92.0% -1.90 -1.90 -1.90
6 3,72 3 -38.44 90.7% -14.34 -1.89 9.84 + 6.90
Pasture 7 66,24 29 -520.58 93.6% -14.25 -1.79 -6.07 + 5.47
8 325,25 83 -1116.06 87.6% -10.98 -1.67 -3.72 + 3.4
9 526,92 124 -1157.79 91.2% -13.63 -1.66 237 o+ 2.29
10 166,43 47 -320.26 92.0% -12.17 -1.59 -2.05 + 1.51
11 3,72 2 -6.89 92.0% -1.89 -1.83 -1.86 + 0.04

12 1,65 1 -3.24 92.1% -1.96 -1.96 -1.96
total 1104,09 294 -3239.27 90.4% -17.27 -1.59 -3.20 + 3.41
1 9,58 2 -58.05 78.5% -6.76 -4.73 5.74 = 1.44

HAG 2 3,80 1 -21.11 83.3% -5.55 -5.55 -5.55

9 10,91 5 -56.41 83.0% -6.69 -4.26 -5.59
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Evaluating LULC changes in up to three years after fire, we observed small

conversions in relation to fires, mostly secondary ODF burnt that became mosaic of

uses (3.2%) and some became pastures (Figure 5). Deforested sites were old growth

ODF and SSF (Figure 5). Some old-growth ODF turned to secondary (0.3%) and

some secondary OMF to eucalyptus (0.1%). Despite the low percentage, these

conversions were responsible for reducing carbon storage by 4.1 GgC in this period

and by 1.9 GgC up to 2022 (See supplementary material - S5).
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Figure 5: LULC changes in three years after fire and up to 2022 and respective

carbon loss in total burned areas in time series from 2000 to 2020.
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In general, we observed elevation and restoration priority negatively linked to

carbon loss and the same was found for pasture and eucalyptus silviculture (Figure

4). Burnt frequency positively explained carbon loss in old-growth ODF and burnt

severity positively explained carbon loss in old-growth ODF and OMF and secondary

ODF. Distance to rivers and roads did correlate to carbon loss in old-growth and

secondary ODF (negatively, Figure 4).
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Carbonloss  Radiation Elevation Slope Drought Frequency Severity Rivers Roads Priority

General 0.8 -1.0 -0.4 -0.8 0.4 -0.4 -0.4 -0.2

ODF Old-growth 0.1 0.1 -0.1 0.1 0.3 0.3 -0.4 -0.2 -0.3 0.8
ODF Secundary -0.1 0.1 0.1 0.1 0.1 0.4 -0.4 -0.3 -0.2 05
OMF Old-growth -0.3 0.2 0.0 0.5 0.7 0.6 -0.3 -0.6 - 0.25
OMF Secondary 0.5 -0.5 -0.5 -0.9 0.0 0.5 i -0.9 - 0
SSF Old-growth 0.3 0.3 -0.1 -0.6 0.5 -0.5 0.5 -0.4 -0.3
SSF Secondary 0.5 0.0 0.0 -0.3 o -0.1 -0.4 0.0 -0.6 0.5
HAG -0.3 0.1 0.2 0.1 0.2 0.3 0.0 0.0 _ -0.8
Pasture 0.1 -0.2 0.0 0.0 -0.1 0.0 -0.2 -0.1 -0.2 10

Eucalyptus 0.8 1.0 | 04 - 0.8 04 04 04 | -0.8

Figure 4. Spearman correlation between carbon storage in burned areas and
variables in LULC class analyzed in APA Silveiras, Southeast Atlantic Forest, Brazil
(ODF = Ombrophilous dense forest; SSF = Semideciduous Forest; OMF = Mixed

Ombrophilous forest; HAG = High-altitude fields).

4. Discussion

This study aimed to quantify carbon loss induced by fire in a Southeast
Atlantic Forest protected area, considering land use and land cover (native forest,
native grasslands, pasture and silviculture), as well as to analyze influence of
biophysical variables on this loss. Our hypotheses were that native forest areas,
having greater biomass, were more impacted by fire and lost more carbon, which we
found, and that slope, drought severity and fire severity influenced more carbon

storage, which we only verified for this last variable.

In our analysis of 2385.18 ha of burned areas, we found a total of 128.7 GgC
of pre-burn carbon stock, with a relative stock of 53.9 MgC/ha and a carbon loss of
23.35 MgC/ha, considering pre and post fire, 1.72MgC/ha, considering up to 3 years

later and 0.81 MgC/ha after 3 years until 2022 (See supplementary material - S5).
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These values are larger than another study found in nearby areas with a
predominance of ODF, that a carbon loss of 1.37 Mg/ha in relation to land use and
land cover changes in the 20 previous years by Pavani et al. (2018). These data
exemplify that losses in carbon induced by deforestation and fires might be
underestimated, as also evidenced in a fieldwork study in the Atlantic rainforest by
Souza et al. (2022), being urgent to quantify them to have the real impacts of

disturbances and land use and land cover on carbon storage.

The old-growth ODF had higher carbon losses, both due to its high carbon
biomass and the largest burned area among the forest formations, highlighting the
importance of disturbances that affect biodiversity and biomass of old native forests
(DE LIMA et al., 2020; ROSA et al., 2021). Although pasture areas have lower carbon
biomass and loose less carbon induced by fire, the high numbers of burned
fragments, as well as the extension of the areas, in addition to the high percentage of
carbon loss (90.4%) deserve attention, since surround forest fragments (GUEDES et
al., 2020). Additionally, carbon losses in old-growth forests were similar among
different forest types, despite seasonal, dense and mixed ombrophilous forests have
different compositions, biomass and ecological processes (IBGE, 2012). Old growth
forests lost more carbon than secondary forest, which might be associated to its

succession status, adding importance to its conservation values.

As expected, the differences between the average carbon loss per hectare
compared to the LULC classes indicated significant differences between the lowest
and highest AGCB classes. As can be seen in the supplementary material (S2),
although the AGCB forest found in several field studies has similar values, the

minimum and maximum values used in Eq. 4 and Eqg. 5 are different in all LULC
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classes. In the same sense, the normalized NBR, applied in the equations, was
obtained by the median of the month and the LULC, therefore generating different

values.

Considering the annual variations in total carbon loss per area and per
hectare, 2020 stands out for 25% of its areas losing carbon at values below -200 Mg
C and 2014 for reaching the highest losses per hectare. In correlation analysis of
LULC classes with drought severity, measured by the annual IIS, there was no
significant correlation. In the same sense, IIS values that indicated that drought years
had also more burnings and greater carbon loss, were valid only for 2003 and 2014,
which together with 2001 and 2016 constituted severe drought. On the contrary, 2017
with few fires and few losses of carbon was a year of extreme drought, according to
data from Cunha et al. (2019). Although drought events increase the flammability of
vegetation (ALENCAR et al. 2006; MARENGO et al.,, 2021) promoting a higher
incidence of fires, they can decrease vegetation biomass (YAO et al., 2023). In the
same study region, high occurrences of fire events and burning areas were more
explained by drought in dry and wet seasons than by temperature, making a complex
dynamic between fire events, burned area, the environment, and climatic variables
(OLIVEIRA et al., 2023). Also, in years of extreme drought there would be little loss of
carbon per hectare induced by fire, considering that there have already been losses

induced by drought.

Likewise, although carbon losses occurred mainly between July to December
and there were variations between the months, averages between them do not
present significant differences. In June, in the beginning of the dry season there is

more fuel to burn and in December, with the return of rain, biomass develops again
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and makes fuel more available. Evaluating carbon stocks loss per hectare, the data
suggest that seasonality does not interfere on it. However, observing total loss, is
possible to state that the reduction in carbon stocks follows the fire seasons, which is
worrying given the increasing in length of fire weather (IPCC, 2023; JOLLY et al.,

2015).

Analyzing conversion of LULC classes, we observed small conversions in
relation to fires, mostly secondary ODF that became mosaic of uses and some
became pastures, meaning that degraded and burned forests are going back to its
succession process, becoming denser dirty pastures, and when burnt become open
pastures. On the other side, open pastures becoming mosaics have high potential for
natural regeneration (GASTAUER et al., 2021). In this sense, as areas converted to
deforestation after 3 years of fire, convert to mosaic and eucalyptus in 2022, we
assume the same value for these two classes. The methodology that evaluated the
pre-post fire loss and the loss due to conversion of the LULC class were different and
for this reason the values were much higher in the first. When evaluating the loss in
the interval before and after the fire, with the Landsat interval to calculate the NBR,
we can estimate more accurately how much carbon was lost, trying to consider only
the fire, even knowing about the rapid regeneration of the pasture class and high
altitude grasslands and disregarding the carbon released by decomposition, as
attempted Alencar et al. (2006). Otherwise, evaluating the conversion in up to 3

years, we can consider losses and gains and suggest the influence of fire.

In rural sites, fires are used to renew pasture and agriculture sites (BRUNEL et
al., 2021) and to clean trash and these fires may go uncontrolled to near forests.

However, tropical forests can be highly damaged by fire-induced disturbances
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(BRANDO et al., 2014; CARVALHO et al., 2022; KELLY et al., 2020; LOISELLE et
al., 2020; PUTZ et al., 2011; ROBINNE et al., 2020; SANSEVERO et al., 2020).
Native grasslands as HAG, for example, is a phytophysiognomy more prone to fire, in
which even prescribed burning is discussed for its management (AXIMOFF et al.,
2016; MOTTA et al., 2016). Therefore, apart from SSF secondary, all other forests,
including the eucalyptus planted forest, had a portion of their areas converted to

other classes with lower carbon stocks.

5. Conclusion

As we expect, forests have greater fire-induced carbon loss than pastures and
grasslands, a function of carbon storage capacity. Hence the need for care and
protection of the remaining forest fragments. Slope and drought severity did not
correlate with carbon loss, contrary to what we expected. However, burn severity
confirmed our hypothesis. Given little literature, our work contributes to filling a gap
regarding fire and carbon stock in Atlantic Forest, but there are still other issues that
need to be addressed. Fieldwork in burned areas in the Atlantic Forest quantifying
biomass or possible correlation variables would be important for better data
validation. In the Atlantic forest, fire is prohibited ( Lei da Mata Atlantica, Law n°
11.428/2006 - BRASIL, 2006), but it still happens and threatens ecosystem services.
Our study, carried out in a small portion of this biome, in a protected area, has shown
a high potential for carbon loss induced by fire, indicating a danger for the whole
Atlantic Forest conservation and to international agreements of carbon emission

reductions.
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Suplementary Material: Fire impact on ecosystem service in Atlantic Forest:
An analysis of carbon loss in different classes

Cheila Flavia de Praga Baiéo, Klécia Gili Massi, Wilson Cabral de Sousa Junior

1. Estimating aboveground carbon biomass after fire

S1 — Aboveground biomass (AGB) pre and post fire of field studies with up to one year of burning and
Aboveground Carbon biomass (AGCB = 0.5*AGB).

LULC AGB pre fire  AGB post fire References AGCB pre AGCB post

Campo limpo 4,28 0,58 (SOUZA, 2017) 2,14 0,29
Campo limpo 7,13 2,00 (KAUFFMAN et al., 1994) 3,56 1,00
Campo sujo 7,32 0,24 (KAUFFMAN et al., 1994) 3,66 0,12
Cerrado 8,63 2,23 (KAUFFMAN et al., 1994) 4,31 1,11
Cerrado Sensu strictu 10,03 1,60 (KAUFFMAN et al., 1994) 5,02 0,80
Campo Cerrado 11,43 7,48 (SOUZA, 2017) 5,72 3,74

Pasture 29,50 23,80 (GUILD et al., 1998) 14,75 11,90

Terra Firme Forest 91,00 54,00 (BARLOW et al., 2003) 45,50 27,00
Terra Firme Forest 95,40 46,80 (BARLOW et al., 2003) 47,70 23,40
Open forest 199,00 88,00 (ALENCAR et al., 2005) 99,50 44,00
Open forest 209,20 192,20 (SILVA et al., 2018) 104,60 96,10
Dense forest 230,70 250,20 (SILVA et al., 2018) 115,35 125,10
Dense forest 237,00 202,30 (BARBOSA; FEARNSIDE, 1999) 118,50 101,15

Tropical moist
evergreen forest 295 270 (COCHRANE; SCHULZE, 1999) 1475 135




Fonte: Adapt from Pessoa et al. (2020) and Anderson et al. (2015)
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S2 — Linear regression of low (<40) and high (>40) Aboveground Carbon biomass (AGCB) pre fire and
post fire for high and low.

AGCEB post fire
o
3 o

y = 0079114916
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AGCB Pre fire
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Pasture and grassland (< 40 ton/ha before fire)

y = 0,0368x21619
R2=D0,9556

8
AGCB pre fire

10

S3 — Studies of AGCB in Atlantic Forest and correlated areas in Cerrado with conversion of AGCB after

fire.
Not burned Burned
LULC AGCB Local References Average Min Max Range AGCB Average Min Max Range
1,98 PR (SANTOS et al., 2003) 0,16
Pasture 2,09 SP (ZANINI et al., 2021) 2,02 1,98 2,09 0,11 0,18 0,17 0,16 0,18 0,02
2,00 SP (BIELUCZYK et al., 2023) 0,16
2,14 MG (SOUZA, 2017) 0,19
Altitude fields 3,56 DF (KAUFFMAN et al., 1994) 477 2,14 8,60 6,46 0,57 1,54 0,19 3,85 3,66
8,60 MG (DA COSTA et al., 2021) 3,85
6,70 SP (FEREZ et al., 2015) 1,26
18,40 SP (FEREZ et al., 2015) 571
25,44 SP (SANTANA et al., 2008) 9,25
Eucalyptus 50,19 SP (SANTANA et al., 2008) 47,01 6,70 97,57 90,87 25,49 26,59 1,26 68,72 67,45
64,15 MG (GATTO et al., 2010) 36,76
66,65 SP (SANTANA et al., 2008) 38,93
97,57 SP (SANTANA et al., 2008) 68,72
27,39 SP (ZANINI et al., 2021) 10,33
44,09 MG (TORRES et al., 2013) 21,02
Semideciduous 54,60 SP (BIELUCZYK et al., 2023) 28,91
Forest (SSF) 83,83 MG (AMARO et al., 2013) 78,17 27,39 148,70 121,31 54,80 41,01 10,33 74,39 64,06
85,70 MG (METZKER et al., 2011) 56,63
102,90 MG (SCOLFORO et al., 2015) 74,39
148,70 SP (FEREZ et al., 2015) 128,84
67,19 RJ (CUNHA; GAMA-RODRIGUES, 2009) 39,39
83,15 SP (MARCHIORI et al., 2016) 54,14
Ombrophilous 85,00 SP (SOUZA et al., 2023) 55,94
dense forest 94,28 SP (VIEIRA et al., 2011) 94,92 67,19 136,68 69,49 65,29 73,66 39,39 113,62 74,22
(ODF) 113,21 SP (VIEIRA et al., 2011) 85,78
126,72 SP (VIEIRA et al., 2011) 101,49
136,68 RJ (AZEVEDO et al., 2018) 113,62
Mixed 90,64 PR (WATZLAWICK et al., 2012) 61,57
Ombrophilous 108,30 PR (ANDRADE et al., 2013) 108,03 90,64 125,15 34,51 80,29 80,49 61,57 99,62 38,05
Forest (ODF) 125,15 RS (ROSENFIELD; SOUZA, 2014) 99,62

2. Estimating aboveground carbon biomass considering year and month of fire occurrency

S4 — AGBC pre and post fire weighted by NBR and NDVI per LULC, year and month of occurrence fire.
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AGCB Unbumed field AGCB burned field SPECTRAL INDEX NORMALIZED AGCB weighted
e | s
< | 5| Luc
g2 Averag | MIN | RANG | Averag | MIN | RANG | NBR_PRE_ | NBR_POST | NDVIPRE | NDVI_POST | C_ABOVE.N | C_AVOVEN | C_ABOVE_ND | C_ABOVE_ND
e pre pre E pre epost | post | E post N N _N N BR PRE BR POST VIPRE VIPOST
2000 | HAG 4767 | 2140 | 6460 | 1540 | 04190 | 3662 0,571 0,265 0,616 0,566 5,830 1,159 6,120 2,264
2000 | o HAG 4767 | 2140 | 6460 | 1540 | 0,190 | 3662 0,822 0,223 0,616 0,566 7,453 1,006 6,120 2,264
2000 ODFOLD | 10384 | 67,18 39,39
1 | GROWTH 6| 0 | 69494 | 73660 | 0 | 74205 0,658 0,593 0,868 0,800 112,927 83,403 127,523 98,770
2000 ODFOLD | 10384 | 67,18 39,39
5 | GROWTH 6| 0 | 69494 | 73660 | 0 | 74205 0,541 0,213 0,539 0,583 104,779 55,180 104,646 82,634
2000 ODFOLD | 10384 | 67,18 39,39
7 | GROWTH 6| 0 | 69494 | 73660 | 0 | 74205 0,685 0,198 0,834 0,553 114,790 54,061 125,106 80,467
2000 ODFOLD | 10384 | 67,18 39,39
8 | GROWTH 6| 0 | 69494 | 73660 | 0 | 74205 0,414 0,338 0,630 0,565 95,932 64,442 110,991 81,343
2000 ODFOLD | 10384 | 67,18 39,39
9 | GROWTH 6] 0 | 69494 | 73660 | 0 | 74225 0,380 0,293 0,512 0,598 93,604 61,148 102,747 83,741
2000 ODFOLD | 10384 | 67,18 39,39
12 | GROWTH 6| 0 | 69494 | 73660 | 0 | 74205 0,328 0,219 0,586 0,602 89,995 55,677 107,927 84,109
2000 OMFOLD | 108,30 | 90,64 61,57
9 | GROWTH 0| o | 34510 | 80490 | 0 | 38052 0,345 0,218 0,760 0,562 102,548 69,856 116,876 82,959
OMF
2000 SECONDAR | 10830 | 90,64 61,57
7 Y 0| o | 34510 | 80490 | 0 | 38052 0,816 0,139 0,760 0,562 118,791 66,860 116,876 82,959
2000 | 4 | pASTURE 2,023 | 1980 | 27520 | 0170 | 0,195 | 10,210 0,258 0,164 0,631 0,573 9,079 1,871 19,347 6,042
2000 | 5 | paSTURE | 2,023 | 1,980 | 27520 | 0170 | 0,195 | 10,210 0,578 0,090 0,807 0,573 17,884 1,119 24,201 6,042
2000 | 6 | pASTURE | 2,023 | 1,980 | 27520 | 0470 | 0195 | 10,210 0,491 0,123 0,773 0,545 15,486 1452 23,244 5,763
2000 | 7 | pASTURE | 2,023 | 1,980 | 27,520 | 0470 | 0195 | 10,210 0,424 0,058 0,722 0,566 13,643 0,785 21,859 5,979
2000 | g | pASTURE | 2,023 | 1,980 | 27,520 | 0470 | 0,195 | 10,210 0,345 0,169 0,660 0,552 11,476 1922 20,133 5,827
2000 | o | paSTURE | 2,023 | 1,980 | 27,520 | 0470 | 0,195 | 10,210 0,355 0,167 0,59 0,580 11,753 1,897 18,372 6,118
SSF -
2000 SECONDAR 2738 | 121,31 10,33
6 Y 78,000 | 8 0 | 41010 | o | 64064 0,318 0,003 0,609 0,544 65,996 10,545 101,229 45,187
SSF-
2000 SECONDAR 2738 | 121,31 10,33
7 Y 78,000 | 8 0 | 41010 | 0 | 64064 0,099 0,025 0,609 0,544 39,377 11,940 101,229 45,187
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AGCB Unbumed field AGCB burned field SPECTRAL INDEX NORMALIZED AGCB weighted
e | s
< | 5| Luc
g2 Averag | MIN | RANG | Averag | MIN | RANG | NBR_PRE_ | NBR_POST | NDVIPRE | NDVI_POST | C_ABOVE.N | C_AVOVEN | C_ABOVE_ND | C_ABOVE_ND
e pre pre E pre epost | post | E post N N _N N BR PRE BR POST VIPRE VIPOST
2001 | 7 | pASTURE 2,023 | 1980 | 27520 | 0170 | 0,195 | 10,210 0,382 0,181 0,615 0,543 12,490 2,042 18,902 5,738
2001 | g | pASTURE 2,023 | 1980 | 27520 | 0170 | 0,195 | 10,210 0,354 0,157 0,684 0,529 11,730 1,803 20,817 5,502
2001 | o | paSTURE | 2,023 | 1,980 | 27520 | 0470 | 0195 | 10,210 0,476 0,116 0,728 0,553 15,072 1375 22013 5,846
2001 | 49 | pASTURE | 2,023 | 1,980 | 27520 | 0470 | 0195 | 10,210 0,437 0,092 0,724 0,579 14,011 1136 21911 6,106
SSF -
2001 SECONDAR 2738 | 121,31 10,33
3 Y 78,000 | 8 0 | 41010 | 0 | 64064 0,642 0,270 0,819 0,570 105,213 27,607 126,696 46,859
2002 ODFOLD | 10384 | 67,18 39,39
8 | GROWTH 6| 0 | 69494 | 73660 | 0 | 74205 0,610 0,149 0,769 0,539 109,552 50,455 120,617 79,407
2002 ODFOLD | 10384 | 67,18 39,39
10 | GROWTH 6| 0 | 69494 | 73660 | 0 | 74205 0,444 0,152 0,045 0,588 98,027 50,704 70,288 83,003
2002 ODFOLD | 10384 | 67,18 39,39
11 | GROWTH 6| 0 | 69494 | 73660 | 0 | 74205 0,980 0,236 1,000 0,448 135,277 56,921 136,674 72,676
ODF
2002 SECONDAR | 10384 | 67,18 39,39
8 Y 6| 0 | 69494 | 73660 | 0 | 74,205 0,650 0,152 0,664 0,553 112,345 50,704 113,322 80,467
ODF
2002 SECONDAR | 10384 | 67,18 39,39
10 Y 6] 0 | 69494 | 73660 | 0 | 74225 0,456 0,246 0,664 0,553 98,842 57,666 113,322 80,467
2002 | 7 | paSTURE | 2,023 | 1,980 | 0108 | 0170 | 0160 | 0,020 0,506 0,171 0,720 0,553 2,035 0,163 2,058 0,171
2002 | g | paSTURE | 2,023 | 1,980 | 0108 | 0470 | 0,160 | 0,020 0,575 0,201 0,724 0,549 2,042 0,164 2,058 0,171
2002 | 49 | pASTURE | 2,023 | 1,980 | 0108 | 0470 | 0,160 | 0,020 0,508 0,206 0,096 0,575 2,035 0,164 1,990 0,171
2003 | 4o HAG 4767 | 2140 | 6460 | 1540 | 04190 | 3662 0,283 0,188 0,520 0,530 3,969 0,877 5,502 2,133
2003 ODFOLD | 10384 | 67,18 39,39
10 | GROWTH 6| 0 | 69494 | 73660 | 0 | 74205 0,476 0,260 0,684 0,559 100,239 58,661 114,747 80,882
ODF
2003 SECONDAR | 10384 | 67,18 39,39
10 Y 6| 0 | 69494 | 73660 | 0 | 74205 0,472 0,195 0,678 0,547 99,048 53,874 114315 80,006
2003 | g | paSTURE | 2,023 | 1,980 | 0108 | 0470 | 0,160 | 0,020 0,363 0,082 0,630 0,523 2,019 0,162 2,048 0,170
2003 | o | paSTURE | 2,023 | 1,980 | 0108 | 0470 | 0,160 | 0,020 0474 0,069 0,491 0,528 2,031 0,161 2,033 0,170
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AGCB Unburned field AGCB burned field SPECTRAL INDEX NORMALIZED AGCB weighted
o s
= S LULC
> = Averag | MIN | RANG | Averag | MIN | RANG | NBR_PRE_ | NBR_POST | NDVI_PRE | NDVI_POST | C_ABOVE_N | C_AVOVE_N | C_ABOVE_ND | C_ABOVE_ND
e pre pre E pre epost | post | E post N N _N N BR PRE BR POST VIPRE VIPOST
2003 | 4o PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,399 0,122 0,616 0,539 2,023 0,162 2,046 0,171
2004 ODF OLD 103,84 | 67,18 39,39
9 GROWTH 6 0 69,494 | 73,660 0 74,225 0,330 0,169 0,513 0,554 90,112 51,947 102,833 80,513
2004 | 4 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,580 0,238 0,843 0,566 2,043 0,165 2,07 0,171
2004 | 4 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,529 0,366 0,784 0,567 2,037 0,167 2,065 0,171
2004 | 4 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,430 0,186 0,497 0,557 2,026 0,164 2,034 0,171
2004 1 45 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,626 0,129 0,128 0,575 2,048 0,163 1,994 0,171
2005 2 HAG 4,767 | 2,140 | 6,460 1,540 | 0,190 | 3,662 0,662 0,241 0,763 0,568 6,414 1,073 7,067 2,271
2005 | 44 HAG 4,767 | 2,140 | 6,460 1,540 | 0,190 | 3,662 0,369 0,218 0,763 0,568 4,521 0,987 7,067 2,271
2005 8 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,357 0,200 0,607 0,228 2,019 0,164 2,046 0,164
2006 ODF OLD 103,84 | 67,18 39,39
9 GROWTH 6 0 69,494 | 73,660 0 74,225 0,278 0,260 0,581 0,581 86,503 58,661 107,581 82,542
ODF
2006 SECONDAR | 103,84 | 67,18 39,39
10 Y 6 0 69,494 | 73,660 0 74,225 0,675 0,194 0,558 0,583 114,091 53,812 105,941 82,680
2006 | 49 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,680 0,030 0,552 0,566 2,053 0,161 2,040 0,171
2007 ODF OLD 103,84 | 67,18 39,39
8 GROWTH 6 0 69,494 | 73,660 0 74,225 0,554 0,314 0,472 0,584 105,652 62,702 99,985 82,772
2007 ODF OLD 103,84 | 67,18 39,39
9 GROWTH 6 0 69,494 | 73,660 0 74,225 0,616 0,248 0,805 0,557 110,017 57,791 123,121 80,698
ODF
2007 SECONDAR | 103,84 | 67,18 39,39
4 Y 6 0 69,494 | 73,660 0 74,225 0,655 0,159 0,773 0,565 112,694 51,201 120,876 81,343
ODF
2007 SECONDAR | 103,84 | 67,18 39,39
9 Y 6 0 69,494 | 73,660 0 74,225 0,744 0,138 0,773 0,565 118,864 49,647 120,876 81,343
2007 OMF OLD 108,30 | 90,64 61,57
9 GROWTH 0 0 34,510 | 80,490 0 38,052 0,573 0,213 0,771 0,548 110,410 69,665 117,262 82,416
2007 5 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,606 0,189 0,832 0,547 2,045 0,164 2,070 0,171
W< S LUL!
> QF ° uLe AGCB Unburned field AGCB burned field SPECTRAL INDEX NORMALIZED AGCB weighted
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Averag | MIN | RANG | Averag | MIN | RANG | NBR PRE_ | NBR_POST | NDVI.PRE | NDVI_POST | C_ABOVEN | C_AVOVE N | C_ABOVE ND | C_ABOVE_ND
e pre pre E pre epost | post | E post N N N N BR PRE BR POST VIPRE VIPOST
2007 | 7 | paSTURE | 2,023 | 1,980 | 0108 | 0470 | 0,160 | 0,020 0,521 0,283 0,468 0,568 2,036 0,166 2,031 0471
2007 | g | paSTURE | 2,023 | 1,980 | 0108 | 0470 | 0,160 | 0,020 0,512 0,311 0,481 0,593 2,035 0,166 2,032 04172
2007 | o | paSTURE | 2,023 | 1,980 | 0108 | 0470 | 0,160 | 0,020 0,463 0,116 0,748 0,570 2,030 0,162 2,061 0471
2008 | HAG 4767 | 2140 | 6460 | 1540 | 0,190 | 3662 1,000 0,466 0,595 0,039 8,600 1,895 5,984 0,331
2008 ODFOLD | 10384 | 67,18 39,39
1 | GROWTH 6| 0 | 69494 | 73660 | 0 | 74205 0,680 0,322 0,571 0,005 114,441 63,261 106,891 39,759
2008 ODFOLD | 10384 | 67,18 39,39
11 | GROWTH 6| 0 | 69494 | 73660 | 0 | 74205 0,449 0,164 0,739 0,799 98,377 51,574 118,502 98,678
ODF
2008 SECONDAR | 103,84 | 67,18 39,39
1 Y 6| 0 | 69494 | 73660 | 0 | 74205 0,432 0,142 0,692 0,578 97,213 49,958 115,265 82,311
2000 ODFOLD | 10384 | 67,18 39,39
2 | GROWTH 6] 0 | 69494 | 73660 | 0 | 74225 0,554 0,310 0,747 0,602 105,710 62,391 119,063 84,109
2009 ODFOLD | 10384 | 67,18 39,39
8 | GROWTH 6| 0 | 69494 | 73660 | 0 | 74205 0,754 0,303 0,882 0,574 119,562 61,894 128,473 81,989
2009 | 7 | pasTURE | 2,023 | 1,980 | 0,108 | 0470 | 0,160 | 0,020 0,616 0,308 0,558 0,976 2,047 0,166 2,040 0,179
2009 | g | paSTURE | 2,023 | 1,980 | 0,108 | 0470 | 0,160 | 0,020 0,539 0,308 0,786 0,566 2,038 0,166 2,065 0471
2009 | 41 | paSTURE | 2,023 | 1,980 | 0108 | 0470 | 0,160 | 0,020 0,496 0,149 0,011 0,557 2,034 0,163 1,981 0471
2010 | HAG 4767 | 2140 | 6460 | 1540 | 0190 | 3662 0,510 0,226 0,494 0,534 5435 1,018 5,334 2,146
2010 | 4o HAG 4767 | 2140 | 6460 | 1540 | 0,190 | 3662 0,559 0,253 0,494 0,534 5,754 1,116 5,334 2,146
2010 ODFOLD | 10384 | 67,18 39,39
10 | GROWTH 6| 0 | 69494 | 73660 | 0 | 74205 0,410 0,330 0,600 0,593 95,699 63,883 108,876 83,372
ODF
2010 SECONDAR | 103,84 | 67,18 39,39
9 Y 6| 0 | 69494 | 73660 | 0 | 74205 0,400 0,246 0,620 0,593 95,001 57,666 110,258 83,372
ODF
2010 SECONDAR | 103,84 | 67,18 39,39
10 Y 6| 0 | 69494 | 73660 | 0 | 74205 0,558 0,665 0,620 0,593 105,943 88,749 110,258 83,372
2010 | g | pasTURE | 2023 | 1,980 | 0108 | 0470 | 0,160 | 0,020 0,273 0,161 0,612 0,574 2,009 0,163 2,046 0471
Ya=§ LULC i ) .
AGCB Unburned field AGCB burned field SPECTRAL INDEX NORMALIZED AGCB weighted
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Averag | MIN | RANG | Averag | MIN | RANG | NBR_PRE_ | NBR_POST | NDVI_PRE | NDVI_POST | C_ABOVE_N | C_AVOVE N | C_ABOVE_ND | C_ABOVE_ND
e pre pre E pre epost | post | E post N N N N BR PRE BR POST VIPRE VIPOST
2010 9 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,395 0,142 0,615 0,539 2,023 0,163 2,046 0,171
2010 | 49 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,372 0,320 0,696 0,671 2,020 0,166 2,055 0,173
2011 EUCALYPT
10 us 47,013 | 6,700 | 90,866 | 26,590 | 1,260 | 67,451 0,438 0,023 0,727 0,524 46,501 2,842 72,789 36,578
2011 ODF OLD 103,84 | 67,18 39,39
9 GROWTH 6 0 69,494 | 73,660 0 74,225 0,337 0,327 0,655 0,650 90,577 63,634 112,675 87,613
2011 ODF OLD 103,84 | 67,18 39,39
10 GROWTH 6 0 69,494 | 73,660 0 74,225 0,487 0,291 0,721 0,611 101,054 61,023 117,293 84,755
ODF
2011 SECONDAR | 103,84 | 67,18 39,39
10 Y 6 0 69,494 | 73,660 0 74,225 0,412 0,055 0,680 0,543 95,816 43,493 114,445 79,730
2011 OMF OLD 108,30 | 90,64 61,57
9 GROWTH 0 0 34,510 | 80,490 0 38,052 0,229 0,216 0,564 0,566 98,559 69,792 110,103 83,125
2011 OMF OLD 108,30 | 90,64 61,57
10 GROWTH 0 0 34,510 | 80,490 0 38,052 0,203 0,188 0,564 0,566 97,634 68,709 110,103 83,125
OMF
2011 SECONDAR | 108,30 | 90,64 61,57
9 Y 0 0 34,510 | 80,490 0 38,052 0,211 0,188 0,564 0,566 97,924 68,709 110,103 83,125
OMF
2011 SECONDAR | 108,30 | 90,64 61,57
10 Y 0 0 34,510 | 80,490 0 38,052 0,104 0,000 0,511 0,539 94,224 61,570 108,259 82,085
2011 7 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,39%4 0,188 0,707 0,540 2,023 0,164 2,056 0,171
201 8 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,590 0,251 0,539 0,625 2,044 0,165 2,038 0,172
2011 9 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,320 0,131 0,646 0,555 2,015 0,163 2,050 0,171
201 | 49 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,095 0,116 0,534 0,569 1,990 0,162 2,038 0,171
2012 | 4y HAG 4,767 | 2,140 | 6,460 1,540 | 0,190 | 3,662 0,562 0,198 0,773 0,592 5,770 0,917 7,135 2,358
2012 ODF OLD- 103,84 | 67,18 39,39
4 GROWTH 6 0 69,494 | 73,660 0 74,225 0,420 0,231 0,634 0,580 96,398 56,548 111,207 82,450
2012 ODF OLD- 103,84 | 67,18 39,39
10 GROWTH 6 0 69,494 | 73,660 0 74,225 0,459 0,257 0,704 0,616 99,075 58,475 116,085 85,124
w < [—
> n:ls ° LuLC AGCB Unburned field AGCB burned field SPECTRAL INDEX NORMALIZED AGCB weighted
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Averag | MIN | RANG | Averag | MIN | RANG | NBR PRE_ | NBR_POST | NDVI.PRE | NDVI_POST | C_ABOVEN | C_AVOVE N | C_ABOVE ND | C_ABOVE_ND
e pre pre E pre epost | post | E post N N N N BR PRE BR POST VIPRE VIPOST
ODF
2012 SECONDAR | 10384 | 67,18 39,39
10 Y 6| 0 | 69494 | 73660 | 0 | 74205 0,633 0,397 0,704 0,625 111,181 68,856 116,085 85,769
2012 | 7 | pasTURE | 2023 | 1,980 | 0108 | 0470 | 0,160 | 0,020 0,546 0,124 0,826 0,570 2,039 0,162 2,069 0471
2012 | g | pasTURE | 2023 | 1,980 | 0108 | 0470 | 0,160 | 0,020 0,496 0,149 0,760 0,534 2,034 0,163 2,062 0,170
2012 | 49 | paSTURE | 2,023 | 1,980 | 0,108 | 0470 | 0,160 | 0,020 0,484 0,106 0,730 0,545 2,032 0,162 2,059 0471
2012 | 44 | pasTURE | 2023 | 1,980 | 0408 | 0170 | 0,160 | 0,020 0,451 0,087 0,732 0,570 2,029 0,162 2,059 0471
2012 SSF OLD- 27,38 | 121,31 10,33
10 | GROWTH | 78000 | 8 0 | 41010 | 0o | 64064 0,658 0,253 0,829 0,580 107,245 26,534 127,902 47,495
2013 ODFOLD | 10384 | 67,18 39,39
10 | GROWTH 6| 0 | 69494 | 73660 | 0 | 74225 0,631 0,141 0,943 0,944 111,065 49,834 132,703 109,466
2013 | g | paSTURE | 2023 | 1,980 | 0108 | 0470 | 0,160 | 0,020 0,494 0,166 0,862 0,800 2,033 0,163 2,073 0,176
2013 | 9 | pasTURE | 2023 | 1980 | 0408 | 0170 | 0,160 | 0,020 0477 0,155 0,735 0,583 2,031 0,163 2,059 0,171
2013 | 49 | paSTURE | 2023 | 1,980 | 0108 | 0470 | 0,160 | 0,020 0,479 0,152 0,553 0,714 2,032 0,163 2,040 0,174
2014 EUCALYPT
10 us 47,013 | 6,700 | 90,866 | 26,500 | 1,260 | 67,451 0,347 0,055 0,703 0,555 38,206 4,988 70,588 38,714
2014 | 49 HAG 4767 | 2140 | 6460 | 1540 | 0,190 | 3662 0,583 0,352 0,733 0,625 5,906 1478 6,875 2478
2014 | 4y HAG 4767 | 2140 | 6460 | 1540 | 04190 | 3662 0,270 0,219 0,733 0,625 3,882 0,994 6,875 2478
2014 ODFOLD | 10384 | 67,18 39,39
6 | GROWTH 6| 0 | 69494 | 73660 | 0 | 74205 0,753 0,125 0,893 0,525 119,504 48,653 129,250 78,393
2014 ODFOLD | 10384 | 67,18 39,39
8 | GROWTH 6| 0 | 69494 | 73660 | 0 | 74205 0,899 0,194 0,471 0,564 129,690 53,812 99,898 81,251
2014 ODFOLD | 10384 | 67,18 39,39
10 | GROWTH 6| 0 | 69494 | 73660 | 0 | 74205 0,503 0,208 0,706 0,612 102,102 61,521 116,214 84,847
014 ODFOLD | 10384 | 67,18 39,39
12 | GROWTH 6| 0 | 69494 | 73660 | 0 | 74205 0,420 0,229 0,550 0,614 96,398 56,423 105,423 84,939
ODF
2014 SECONDAR | 103,84 | 67,18 39,39
8 Y 6| 0 | 69494 | 73660 | 0 | 74205 0,479 0,124 0,696 0,610 100,472 48,590 115,524 84,663
ODF
2014 SECONDAR | 103,84 | 67,18 39,39
12 Y 6| 0 | 69494 | 73660 | 0 | 74205 0,580 0471 0,696 0,610 107,456 52,072 115,524 84,663
w < [=
><oE S| Luc AGCB Unburned field AGCB burned field SPECTRAL INDEX NORMALIZED AGCB weighted
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Averag | MIN | RANG | Averag | MIN | RANG | NBR_PRE_ | NBR_POST | NDVI_PRE | NDVI_POST | C_ABOVE_N | C_AVOVE N | C_ABOVE_ND | C_ABOVE_ND
e pre pre E pre epost | post | E post N N N N BR PRE BR POST VIPRE VIPOST
2014 OMF OLD 108,30 | 90,64 61,57
12 GROWTH 0 0 34,510 | 80,490 0 38,052 0,642 0,191 0,481 0,596 112,780 68,836 107,231 84,259
014 | 4 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,781 0,285 0,663 0,622 2,064 0,166 2,052 0,172
2014 | ¢ PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,627 0,134 0,535 0,533 2,048 0,163 2,038 0,170
2014 | o PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,397 0,129 0,573 0,543 2,023 0,163 2,042 0,171
2014 | 49 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,528 0,178 0,752 0,553 2,037 0,163 2,061 0,171
SSF
2014 OLDGROW 27,38 | 121,31 10,33
9 TH 78,000 8 0 41,010 0 64,064 0,530 0,412 0,721 0,634 91,701 36,728 114,867 50,917
SSF
2014 OLDGROW 27,38 | 121,31 10,33
10 TH 78,000 8 0 41,010 0 64,064 0,456 0,363 0,721 0,634 82,658 33,616 114,867 50,917
SSF
2014 SECONDAR 27,38 | 121,31 10,33
9 Y 78,000 8 0 41,010 0 64,064 0,435 0,132 0,726 0,571 80,118 18,808 115,507 46,938
ODF OLD 103,84 | 67,18 39,39
2015 | 12 GROWTH 6 0 69,494 | 73,660 0 74,225 0,514 0,266 0,780 0,612 102,916 59,158 121,394 84,847
2015 1 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,553 0,156 0,821 0,561 2,040 0,163 2,069 0,171
2015 7 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,365 0,089 0,729 0,571 2,019 0,162 2,059 0,171
2016 ODF OLD 103,84 | 67,18 39,39
1 GROWTH 6 0 69,494 | 73,660 0 74,225 0,521 0,265 0,798 0,639 103,382 59,034 122,603 86,783
2016 ODF OLD 103,84 | 67,18 39,39
11 GROWTH 6 0 69,494 | 73,660 0 74,225 0,975 0,747 0,453 0,480 134,928 94,841 98,690 74,981
2016 8 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,422 0,174 0,713 0,676 2,026 0,163 2,057 0,173
2016 9 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,449 0,107 0,768 0,752 2,028 0,162 2,063 0,175
SSF -
2016 OLDGROW 27,38 | 121,31 10,33
1 TH 78,000 8 0 41,010 0 64,064 0,519 0,189 0,758 0,604 90,380 22,456 119,312 49,007
2017 ODF OLD 103,84 | 67,18 39,39
6 GROWTH 6 0 69,494 | 73,660 0 74,225 0,648 0,593 0,814 0,783 112,229 83,403 123,725 97,479
W< S LUL!
> KIE °© uLe AGCB Unburned field AGCB burned field SPECTRAL INDEX NORMALIZED AGCB weighted
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Averag | MIN | RANG | Averag | MIN | RANG | NBR_PRE_ | NBR_POST | NDVI_PRE | NDVI_POST | C_ABOVE_N | C_AVOVE N | C_ABOVE_ND | C_ABOVE_ND
e pre pre E pre epost | post | E post N N N N BR PRE BR POST VIPRE VIPOST
2017 ODF OLD 103,84 | 67,18 39,39
11 GROWTH 6 0 69,494 | 73,660 0 74,225 0,766 0,733 0,475 0,033 120,435 93,784 100,157 41,833
ODF
2017 SECONDAR | 103,84 | 67,18 39,39
11 Y 6 0 69,494 | 73,660 0 74,225 0,711 0,644 0,477 0,000 116,594 87,195 100,330 39,390
2017 9 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,463 0,187 0,637 0,547 2,030 0,164 2,049 0,171
2018 OMF OLD 108,30 | 90,64 61,57
9 GROWTH 0 0 34,510 | 80,490 0 38,052 0,683 0,117 0,467 0,543 114,225 66,032 106,759 82,227
2018 8 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,657 0,168 0,488 0,562 2,051 0,163 2,033 0,171
2019 EUCALYPT
10 us 47,013 | 6,700 | 90,866 | 26,590 | 1,260 | 67,451 0,462 0,278 0,655 0,607 48,708 20,015 66,186 42,233
2019 ODF OLD 103,84 | 67,18 39,39
10 GROWTH 6 0 69,494 | 73,660 0 74,225 0,456 0,349 0,655 0,650 98,842 65,313 112,675 87,613
ODF
2019 SECONDAR | 103,84 | 67,18 39,39
10 Y 6 0 69,494 | 73,660 0 74,225 0,389 0,241 0,642 0,594 94,244 57,293 111,812 83,464
2019 7 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,534 0,221 0,742 0,575 2,038 0,164 2,060 0,171
2019 9 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,486 0,151 0,753 0,550 2,032 0,163 2,061 0,171
2019 | 49 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,425 0,077 0,725 0,560 2,026 0,162 2,058 0,171
SSF
2019 SECONDAR 27,38 | 121,31 10,33
10 Y 78,000 8 0 41,010 0 64,064 0,405 0,296 0,666 0,616 76,562 29,324 108,161 49,803
2020 9 HAG 4767 | 2,140 | 6,460 1,540 | 0,190 | 3,662 0,780 0,259 0,935 0,601 7177 1,138 8,183 2,390
2020 ODF OLD 103,84 | 67,18 39,39
9 GROWTH 6 0 69,494 | 73,660 0 74,225 0,676 0,274 0,845 0,594 114,150 59,718 125,883 83,464
2020 ODF OLD 103,84 | 67,18 39,39
11 GROWTH 6 0 69,494 | 73,660 0 74,225 0,410 0,211 0,613 0,575 95,699 55,056 109,783 82,035
2020 ODF OLD 103,84 | 67,18 39,39
12 GROWTH 6 0 69,494 | 73,660 0 74,225 0,752 0,620 0,862 0,056 119,446 85,392 127,092 43,539
ODF
2020 SECONDAR | 103,84 | 67,18 39,39
8 Y 6 0 69,494 | 73,660 0 74,225 0,317 0,219 0,840 0,588 89,181 55,615 125,538 83,003
Ya<o=§ LULC , .
AGCB Unburned field AGCB burned field SPECTRAL INDEX NORMALIZED AGCB weighted
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Averag | MIN | RANG | Averag | MIN | RANG | NBR_PRE_ | NBR_POST | NDVI_PRE | NDVI_POST | C_ABOVE_N | C_AVOVE N | C_ABOVE_ND | C_ABOVE_ND
e pre pre E pre epost | post | E post N N N N BR PRE BR POST VIPRE VIPOST
ODF

2020 SECONDAR | 103,84 | 67,18 39,39
Y 6 0 69,494 | 73,660 0 74,225 0,703 0,236 0,840 0,588 116,012 56,921 125,538 83,003

2020 OMF OLD 108,30 | 90,64 61,57
GROWTH 0 0 34,510 | 80,490 0 38,052 0,664 0,370 0,827 0,656 113,560 75,656 119,191 86,528
2020 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,660 0,129 0,860 0,542 2,051 0,163 2,073 0,171
2020 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,474 0,139 0,714 0,553 2,031 0,163 2,057 0,171
2020 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,456 0,145 0,717 0,555 2,029 0,163 2,057 0,171
2020 PASTURE 2,023 | 1,980 | 0,108 0,170 | 0,160 | 0,020 0,350 0,157 0,678 0,544 2,018 0,163 2,053 0,171
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S5 — Linear regression AGCB pre and post fire and vegetation index (NBR and NDVI) pre and post fire
(p<0,0001)
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3. Carbon loss per each LULC class, year and month in time serie from 2000 to 2020 in APA
Silveiras.



S5 - Carbon loss in APA Silveiras considering year (2000 to 2020), month and LULC classes.
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growth

Month
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mean
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12
mean
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12

mean
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2000

1.1
-17.27

-13.81
-13.15
-9.26
-10.20

-12.20
-4.73

6.17

-5.45

-27.93

-50.42

61.38
-31.88

2001

-10.32
-10.03
-13.47
-12.17

-10.77

2002

-1.94
-1.97

-1.83

-20.44

-20.44

2003

-1.90
-1.89
-1.82

-1.87

-3.13

-3.13

-23.91

-23.91

2004

-1.88
-1.80
-2.02

-1.96
-1.91

2005

-1.91

-1.91

-5.55

-3.38

-4.47

2006

-1.79

-1.79

-30.75

-30.75

2007

-1.90

-1.86
-1.83
-1.82

-1.84

-33.26

-35.67

-34.87

-42.16

2008

-6.76

-6.76

-24.66

-24.66
-55.10

2009

-1.96
-1.82

-1.89

-1.87

-42.33

-57.16

2010

-1.89
-1.87
-1.83

-1.87

-4.37
-4.61

-4.52

-19.24
-8.97

-11.54

2011

2.1
-1.80
-1.82
-1.82

-1.83

-44.49

-26.50

-26.50

2012

-1.80
-1.93
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-1.87
-1.98
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-42.46

2017

-1.84

-1.84
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-29.33
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-1.91

-1.91

2019

-1.85

-1.89

-1.87

-1.88

-29.31

-19.03

-19.03

2020

-1.89
-1.88
-1.86
-1.83

-1.84

-6.52

-6.52

-17.36

-30.53

-28.65

&
&  Mean month

-17.27

-1.86
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-55.40
-61.38
-49.45

(ton.ha)
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Total Month
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-520,58

-1116,06
-1157,79

-320,26
6,89
-3,24

-3239,27

-58,05
21,11
-56,41
-172,67
91,15
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-424,03
-502,00
-49,46
-139,92
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-188,95
-77,40

-3359,10

-182,20
-83,93
-69,12
-99,97

-491,49

-2337,11
-2065,40

(ton)
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-23361,16
-12236,00
179,81
-1993,42
-44099,61
46,66
132,46
-89,39
-86,18
131,65
-486,34
-89,15
133,99
481,32
704,47
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33,71
-25,47
-155,80
-1897,49
-281,57
-558,22
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S5: Carbon loss and sequestration three years after fire and three years up to 2022.

3 years after fire Eucalyptus Mosaic ODF Old-growth  SSF Old-growth OMF Old-growth  ODF secondary SSF secondary OMF secondary  Deforestation Total
Eucalyptus 0 96,14665 0 0 0 0 0 0 0 96,14665
Pasture 0 531,1472 0 0 0 0 0 0 0 531,1472
ODF Old-growth 0 -109,734 -1738,25602 0 0 -25,2768 0 0 -45,8693  -1919,14
SSF Old-growth 0 0 0 -13,37861953 0 0 0 0 -56,5615  -69,9401
OMF Old-growth 0 -59,6473 0 0 -78,6782 0 0 0 0 -138,326
HAG 0 0 0 0 0 0 0 0 0 0
ODF secondary 0 -2355,97 32,45470271 0 0 -259,984 0 0 0 -2583,5
SSF secondary 0 -48,3127 0 -0,719626722 0 0 275,0559 0 0 226,0236
OMF secondary -74,1337 -113,915 0 0 0 0 0 -57,2655 0 -245,314
Grand Total -74,1337 -2060,28 -1705,80132 -14,09824625 -78,6782 -285,261 275,0559 -57,2655 -102,431 -4102,9
3 years up to 2022  Eucalyptus Pasture Mosaic ODF Old-growth  SSF Old-growth OMF Old-growth HAG ODF secondary  Total
Pasture 345,919 0 1859,91309 0 0 0 0 0 2205,832
Mosaic -22,7179 -750,42 0 0 0 74,36695 0 144,9207 -553,85
ODF Old-growth -138,982 0 -2280,98035 0 0 0 0 -15,7837 -2435,75
SSF Old-growth 0 0 0 0 0 0 0 0 0
OMF Old-growth 0 0 0 0 0 0 0 0 0
HAG 0 0 0 0 0 0 0 0 0
ODF secondary 0 0 -443,806465 4,367854521 0 0 0 0 -439,439
SSF secondary 0 -352,352 -169,558624 0 0 0 0 0 -521,911
OMF secondary 0 0 -198,315545 0 0 0 0 0 -198,316
Deforestation -7,17686 0 0 0 0 0 0 0 -7,17686
Grand Total 177,0424  -1102,77 -1232,7479 4,367854521 0 74,36695 0 129,1371 -1950,61
Eucalyptus Pasture OMF Old-growth  ODF secondary Total

Mosaic -22,7179 -750,42 74,36694628 144,9207396 -553,85

2000 0 -47,5522 0 0 -47,5522

2002 0 0 0 0 0

2003 -22,7179 -51,7438 0 87,83558779 13,37391

2009 0 0 0 0 0

2010 0 -80,6363 0 0 -80,6363

2011 0 0 74,36694628 0 74,36695

2012 0 -163,028 0 0 -163,028

2014 0 -407,46 0 0 -407,46

2017 0 0 0 57,08515185 57,08515

2019 0 0 0 0 0

2020 0 0 0 0 0
Deforestation -7,17686 0 0 0 -7,17686

2006 -7,17686 0 0 0 -7,17686

2016 0 0 0 0 0

160



161

S6: Average burn severity and drought severity by month

Burn severity Months

year 1 2 3 4 5 6 7 8 9 10 11 12 | Grand Total
2000 0,09 | 0,29 0,20 | 0,21 | 0,21 | 0,08 | 0,12 0,05 0,16
2001 0,22 0,12 | 0,13 | 0,23 | 0,21 0,15
2002 0,23 | 0,24 0,17 | 0,44 0,21
2003 0,15 | 0,26 | 0,15 0,16
2004 0,18 | 0,10 | 0,13 0,30 0,15
2005 0,25 0,09 0,09 0,13
2006 0,01 | 0,34 0,23
2007 0,30 | 0,25 0,13 | 0,14 | 0,24 0,20
2008 0,27 0,17 0,21
2009 0,15 0,18 | 0,22 0,21 0,21
2010 0,06 | 0,15 | 0,06 0,12
2011 0,12 | 0,23 | 0,07 | 0,10 0,10
2012 0,11 0,25 | 0,21 0,19 | 0,22 0,20
2013 0,21 | 0,19 | 0,17 0,19
2014 0,30 0,38 0,30 | 0,17 | 0,15 0,11 0,19
2015 0,24 0,17 0,15 0,18
2016 0,18 0,15 | 0,20 0,20 0,17
2017 0,03 0,15 0,03 0,11
2018 0,26 | 0,34 0,27
2019 0,19 0,19 | 0,11 0,13
2020 0,32 | 0,19 | 0,16 | 0,19 0,12 | 0,08 0,18
Grand Total 0,17 | 0,23 | 0,22 | 0,24 | 0,22 | 0,25 | 0,20 | 0,18 | 0,17 | 0,13 | 0,15 | 0,10 0,16
Average of 1IS | Month

year 1 2 3 4 5 6 7 8 9 10 11 12 Grand Total
2000 5,67 | 6,00 6,00 | 6,00 | 5,55 | 5,20 | 5,86 6,00 5,67
2001 3,00 4,00 | 3,82 | 4,00 | 4,00 3,83
2002 4,00 | 4,00 4,07 | 4,00 4,04
2003 3,00 | 3,00 | 4,28 3,94
2004 5,33 | 5,50 | 5,25 6,00 5,40
2005 6,00 6,00 6,00 6,00
2006 6,00 | 6,00 6,00
2007 5,00 | 6,00 5,33 | 5,00 | 5,07 5,12
2008 5,00 5,00 5,00
2009 6,00 6,00 | 6,00 6,00 6,00
2010 6,00 | 5,84 | 5,75 5,83
2011 5,00 | 5,00 | 5,00 | 5,00 5,00
2012 5,00 5,00 | 5,00 5,00 | 5,00 5,00
2013 6,00 | 6,00 | 6,00 6,00
2014 3,00 3,00 3,00 | 3,00 | 3,00 3,00 3,00
2015 5,00 3,00 5,00 4,33
2016 4,00 3,00 | 3,00 3,00 3,18
2017 3,00 2,70 2,75 2,73
2018 6,00 | 6,00 6,00
2019 6,00 6,00 | 6,00 6,00
2020 4,00 | 5,00 | 4,70 | 4,96 5,00 | 5,00 4,92
Grand Total 5,00 | 6,00 | 3,00 | 4,33 | 6,00 | 4,43 | 5,21 | 4,52 | 4,93 | 4,73 | 4,44 | 4,32 4,78
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4 CONSIDERACOES FINAIS

A Mata Atlantica, além de sua reconhecida riqueza em endemismo e
biodiversidade, que promove a oferta de inUmeros servigos ecossistémicos de provisao,
regulacdo, suporte e culturais, € o bioma com a maior concentracdo da populacdo brasileira
e produz a maior parte do PIB nacional. No entanto, poucos trabalhos da literatura
cientifica abordam o fogo no bioma, e hd uma lacuna sobre o seu impacto aos servigos de
regulacdo que atingem direta ou indiretamente as populacfes. Aléem disso 0 aumento das
temperaturas e as condi¢Ges climaticas mais secas podem criar ambientes propicios para
incéndios florestais e queimadas mais frequentes e intensos, 0 que, por sua vez, contribui
para um ciclo de feedback que intensifica as mudancas climaticas. Portanto, reconhecendo
a complexidade dos servigos ecossistémico, ha a necessidade de preencher esta lacuna de
forma a gerar dados que possam subsidiar politicas publicas que envolvam a prevencgédo
contra incéndios e conservacdo do bioma e que contribuam para a reducdo das mudancas
climaticas. Por esta razdo, esse trabalho envolveu a analise de eventos de fogo em relacdo
ao desmatamento na Mata Atlantica, de forma a responder o quanto o fogo induz o
desmatamento e por consequéncia, 0 quanto provoca a perda de servigcos ecossistémicos
como a regulacédo hidrica, avaliada pela perda do controle de erosdo e regulacdo climatica,

pela perda de estoque e sequestro de carbono.

Assim, a analise multidimensional da intersecdo entre queimadas e servigos
ecossistémicos na Mata Atlantica durante o periodo de 2000 a 2020, guiou-se por trés
eixos. No primeiro, a estimativa do desmatamento induzido pelo fogo na Mata Atlantica do
Estado de Sdo Paulo, verificou-se apenas 3,2% do desmatamento total, localizado
principalmente na regido leste do estado, com a maior densidade em Ombroéfila Densa e
que a maior parte dessas areas se converteram para areas de mosaico, considerando até trés
anos apos o fogo. Apesar do baixo percentual, confirma-se a hipotese de que a extenséo de
areas queimadas estd correlacionada a extensdo de areas de desmatamento,
especificamente em Floresta Ombrdéfila Densa para cerca da metade dos anos da série
estudada. Porém refuta-se para a maioria dos anos em Floresta Estacional Semidecidua. As
regides mais afetadas por esse desmatamento induzido pelo fogo foram o Vale do Ribeira,
o Tieté-Piracicaba e o Vale do Paraiba. Por esta razdo, os trabalhos seguiram nessa regiao

na APA com o maior nimero de focos e areas queimadas, a APA Silveiras.
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No segundo eixo, a avaliacdo da perda do servico de retencdo de sedimentos em
areas queimadas na APA, mostrou que areas com alta cobertura vegetal, como florestas
nativas, apresentaram maior retengdo de sedimentos, mas o incéndio levou a um aumento
de aporte de sedimentos nos rios de 61% provenientes de queimadas em florestas, 56% nas
plantacdes de eucalipto, 50% nas pastagens e 19% em campos de altitude. Embora, em
valores absolutos, queimadas em Pastagens e Campos de altitude, sejam as que mais
exportam sedimentos. Com isso, a hipotese de que o fogo reduz a oferta de servigos
ecossistémicos, variando de acordo com a classe de cobertura do solo, se confirmou.
Entretanto, refuta-se que 0 maior impacto, com menor retencdo de sedimentos, ocorreu em
areas com maior biomassa, pois a diferenca entre o pre e p6s fogo foi menor em florestas,
exceto Campos de Altitude, de baixa biomassa, que teve uma diferenca de apenas 1%.
Fatores como severidade da queimada, erodibilidade e cobertura foram identificados como
tendo o impacto mais significativo no saldo dos sedimentos, confirmando a hipdtese para

severidade de queimada e refutando para declividade e severidade de seca.

Finalmente, no terceiro eixo, a estimativa da perda de estoque de carbono nas
mesmas areas, ao longo de 21 anos, revelou uma perda de carbono poés-incéndio de 43%,
dos quais 79% estdo na floresta ombrofila densa em estagio avancado. De maneira geral, o
fogo impacta negativamente o estoque de carbono das florestas nativas em média 38%
(variando de 19,9% a 69,1%, dependendo da fitofisionomia e sazonalidade), do Eucalipto
em 87,1%, dos Campos de Altitude em 79,5% e das pastagens em 90,4%. Em unidades de
area, as formacd@es florestais sdo as que mais perdem carbono, confirmando a hip6tese de
que o fogo reduz o estoque de carbono, dependendo da fitofisionomia e com maior
impacto em areas de maior biomassa. Das variaveis associadas ao fogo para contribuicéo
na perda de servico de estoque de carbono, confirmou-se apenas a severidade de queimada

para Floresta Ombrofila Densa e Ombrofila Mista primaria.

Sendo assim, no periodo 2000 a 2020, o fogo apresentou uma relacdo
substancialmente limitada ao desmatamento na Mata Atlantica do Estado de S&o Paulo,
porém afetou principalmente areas de Floresta Ombrdéfila densa de estagio avancado que
armazenam carbono e retém sedimentos. Considerando o mesmo periodo na APA
Silveiras, fogo impactou negativamente o controle de erosdo com o aumento do aporte de

sedimentos em 38,7% e a regulacdo climatica com a reducdo do estoque de carbono em
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43%. Como as Pastagens e Floresta Ombrofila densa, sdo as areas mais afetadas por

gueimadas, séo as que mais contribuem para este resultado.

A estimativa do percentual de desmatamento induzido pelo fogo, utilizou dados de
cicatrizes de fogo e de desmatamento do Mapbiomas, a partir da interseccdo de dados
utilizando a plataforma Google Earth Engine e o software Quantum Gis. Sendo uma
metodologia simples e com dados disponiveis em facil acesso, porém o alto volume de
dados, considerando a extensdo no estado e o periodo de estudo, bem como a alta
fragmentacdo das fitofisionomias, sobretudo a Floresta Estacional Semidecidua, néo
permitindo uma reprojecdo para uma resolucdo espacial menor, exigiu maior custo

computacional e tempo de analise.

A analise do impacto do fogo sobre a regulacdo hidrica a partir do servigo
ecossistémico de retencdo de sedimentos e a regulacdo climatica a partir do estoque e
sequestro de carbono, foi realizada pela estimativa desses servicos antes e depois da
ocorréncia de fogo, utilizando o modelo Sediment delivery ratio e Carbon do software
INVEST para esse levantamento. Os rasters de entrada no programa, dos 21 anos
analisados, foram compostos com dados de cicatrizes de fogo MapBiomas, classificadas
pelo uso e cobertura e estagio de regeneracdo também do MapBiomas e fitofisionomias do
Inventario Florestal de S8o Paulo para as areas queimadas selecionadas. Os fatores
diferenciais para a analise do pré e p6s queima foi o fator cobertura do solo, para 0 modelo
de retencdo de sedimentos, e a biomassa de carbono acima do solo, para 0 modelo de
carbono. Entretanto, a insuficiéncia desses dados apds a ocorréncia de fogo na literatura da
Mata Atlantica, tanto para o fator cobertura do solo em &reas queimadas, necessario como
entrada no InVEST, quanto o fator biomassa de carbono de areas queimadas, apresentou-se

como a principal dificuldade desta pesquisa.

Na tentativa de preencher esta lacuna, foi necessario utilizar metodologias de outras
regides, assim como dados de areas correlatas, mas externas ao bioma. Com base nessas
metodologias, o emprego de indices espectrais configura uma possibilidade. Portanto, o
indice NBR (Normalized Burn Ratio), utilizado pra deteccdo e severidade de queimadas,
foi utilizado a partir de imagens Landsat com correcdo atmosférica, no intervalo de
passagem do satélite tentando captar o antes e depois do fogo, em data indicada pelos
dados do MapBiomas, e entdo permitir a avaliagédo da perda do servigo ecossistémico. O
NBR foi normalizado e empregado como ponderador sobre os dados de fator cobertura de
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trabalhos de campo conduzidos na Mata Atlantica. Da mesma forma, ponderou dados de
biomassa de carbono de trabalhos de campo da Mata Atlantica. Em ambos 0s casos,
precaucOes foram adotadas com o uso de equagdes que garantiram que O processo de
ponderacdo ndo extrapolasse os limites estabelecidos pelo intervalo minimo e maximo dos

valores encontrados na literatura.

Reconhece-se que o conjunto de varidveis inerentes a cada bioma pode produzir
resultados diferentes de biomassa pds-queima, porém diante da indisponibilidade de dados,
na andlise do carbono, foi empregada uma equacao obtida por regresséo linear derivada de
dados pos-incéndio de trabalhos conduzidos no Cerrado e Amazonia. Essa equagdo foi
aplicada aos dados de campo da Mata Atlantica, para a quantificacdo da biomassa de

carbono apos o fogo.

A validacdo dos resultados obtidos com o uso do InVEST, NBR e equacdes de
regressdo com resultados de metodologias de campo forneceria 0s erros associados ao
modelo utilizado neste trabalho. Entretanto, embora o trabalho de campo permita
observacdes mais profundas e detalhadas, nem sempre é viavel, seja por dificuldade de
acesso ou resisténcia dos proprietarios de terra, principalmente tratando-se de queimadas
na Mata Atlantica, em que ha a proibicdo do uso do fogo. Por essa razdo, a adaptacdo de
metodologias remotas e trabalhos de outras regides torna-se atil na realizacdo de

estimativas dessa natureza.

Também é importante ressalvar que, como os dados do DEM do ALOS PALSAR
(12,5 m), do LULC e areas queimadas do MapBiomas (30 m), e da Erosividade da chuva
global (~1km) tem resolucGes diferentes, os rasters foram reprojetados para a mesma
resolugdo do ALOS PALSAR, uma vez que a estimativa do Servigo de retencdo de
sedimentos pelo INVEST, todos os dados de entrada precisam ter a mesma resolucdo do
Modelo Digital de Elevacdo (DEM). Os dados de erodibilidade sdo fornecidos em arquivos

vetoriais e foram convertidos a arquivos matriciais ja para a resolucdo de 12,5.

Assim como a severidade de queimada, que é calculada pela diferenca entre 0 NBR
antes e depois das queimadas, a severidade de seca, avaliada neste estudo pelo indice
Integrado de Seca (11S) anual, exibe variacdo sazonal e esta correlacionada com a extenséo
das areas queimadas. Contudo, ndo demonstrou uma influéncia significativa na perda dos

servicos ecossistémicos analisados. E possivel que os resultados pudessem ter maior
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significancia se o 1S de um periodo mais curto fosse empregado. No entanto, € importante
destacar que o processo de seca é gradual e persiste por um periodo consideravel na regido

e é um fator que deve continuar a ser avaliado, sobretudo a luz das questdes climaticas.

Concluindo, em investigacdes futuras, é recomendavel realizar analises do fogo em
diferentes regides da Mata Atlantica, permitindo o estabelecimento de comparagdes
significativas. Da mesma forma, a utilizacdo de indices alternativos ou metodologias
distintas para a quantificacdo da biomassa de carbono pode contribuir para uma precisao
aprimorada e abrangente em relagcdo a todo o bioma. Também é importante realizar a
espacializacdo dessas areas em relacdo as areas de protecdo definidas pelo Caodigo
Florestal, de forma a aprofundar a analise e melhor embasar tomadores de decisdo. A partir
dos dados apresentados neste estudo, é possivel extrapolar as analises para outras areas do
bioma, incluindo as &reas de desmatamento identificadas, fornecendo parametros
relevantes para o desenvolvimento de politicas publicas de prevencdo e combate a
incéndios, a priorizacdo de areas, a implementacdo de programas de pagamento por
servigos ambientais, reducdo das alteracdes climaticas e o alcance das metas estabelecidas
em acordos internacionais. Esta pesquisa comprova dados ja defendidos de maneira
convencional, mas inova trazendo valores quantitativos sobre incéndios e servicos
ecossistémicos na Mata Atlantica, almejando fornecer suporte para iniciativas direcionadas

a preservacdo do bioma, a reducdo de emissdes e ao bem-estar das populacdes.
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APENDICE A — Mapas da relacio do fogo com o desmatamento na Mata Atlantica

Mata Atlantica no Estado de S&o Paulo e as fitofisionomias predominantes

O estado de Sdo Paulo, uma das economias mais ricas do mundo (32,2% do PIB
brasileiro:(IBGE, 2019)) ¢ dividido em 645 municipios, abrangendo uma é&rea de
248.219,94 km2 (2,9% do territorio brasileiro) e uma populacdo de quase 45 milhGes de
habitantes (cerca de 21% da populagdo total do pais), sendo 0 mais populoso do Brasil
(WALDVOGEL et al., 2021). A vegetacdo nativa de Sdo Paulo esté distribuida entre os
Biomas da Mata Atlantica e do Cerrado, com uma area original proporcional de 67,3% e
32,7%, respectivamente. Atualmente, apenas 22,9% da area do estado é coberta por ambos
os Biomas, dos quais 10,1% séo florestas ombrofilas densas ou perenes (EGF) e 31,8% sao
florestas semideciduas sazonais (SSF) (SAO PAULO, 2020)(Figura 1).

As florestas ombroéfilas densas sdo predominantemente ocupadas por arvores perenes,
epifitas, com um dossel uniforme e ndo sujeitas a periodos secos, enquanto as florestas
semideciduas sazonais ocorrem sob um clima com estacdo seca bem definida, levando a
uma perda de folhas no dossel das arvores de 20 a 50% (IBGE, 2012). Apesar de ocupar
uma area menor, a floresta estacional semidecidua é mais dispersa pelo territorio do estado,
com 201.560 fragmentos com uma média de 9,16 ha (x£79,86), enquanto a floresta perene
possui 76.368 fragmentos com uma média de 31,57 ha (1.902,67) (SAO PAULO, 2020).
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Figura 1: Floresta Ombrdfila densa e estacional semidecidua do Estado de S&o Paulo, com
parcelas aumentadas evidenciando fragmentacdo da vegetacdo e distancias de cursos
d’agua e estradas.
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Na Floresta sempre verde (EGF), o desmatamento representou 16.026 fragmentos em uma
area total de 47.560,14 ha, sendo 55,2% de floresta primaria e 44,8% de floresta secundaria
(Figura 2). A maioria dos fragmentos desmatados (96,3%) tiveram entre 2 e 5 ha (floresta
primaria: 3,05 + 1,74 ha e floresta secundaria: 2,86 + 1,29 ha). Cicatrizes de incéndio na
EGF foram verificadas em 32.846 fragmentos em uma éarea total quase triplicada em
relacdo ao desmatamento. A maioria dos fragmentos de floresta queimada (95,9%) tiveram
entre 2 e 10 ha (4,25 £ 3,7 ha). A queima e o desmatamento na EGF ocorreram em 952
fragmentos, com uma area total de 1.316,49 ha, dos quais 63,6% eram de floresta primaria
(1,46 + 1,56 ha) e 36,3%, secundaria (1,26 + 1,36 ha). A maioria dos fragmentos
queimados e desmatados tinha entre 1 e 5 ha (51,68%), seguido por 47,5% de fragmentos
com tamanho inferior a 1 ha.

Para a floresta estacional semidecidua (SSF), o desmatamento representou um ndmero
significativamente maior de fragmentos, mas com uma area menor (~33.000 ha), sendo
32,3% de floresta primaria e 67,6% de floresta secundaria (Figura 2). A maioria dos
fragmentos desmatados (80,1%) tiveram menos de 1 ha, e 19,4% estavam entre 1 e 5 ha
(floresta primaria: 0,95 + 1,27 ha e floresta secundéria: 0,75 + 0,62 ha). O desmatamento e
a queima na SSF representam 0,5% do desmatamento total nessa fitofisionomia, dos quais
64,6% eram de floresta priméria (0,52 + 0,57 ha) e 35,4%, secundaria (0,36 = 0,31 ha). A
maioria dos fragmentos queimados e desmatados tinha 6 ha (91%).
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Figura 2: Distribuicdo espacial de &reas queimadas e ndo desmatadas (preto), desmatadas
e ndo queimadas (verde) e queimadas e desmatadas (vermelho) em floresta primaria (verde
escuro) e secundaria (verde claro) em Ombrofila Densa (A) e Estacional Semidecidua (B)
no estado de S&o Paulo no periodo de 2000 a 2019.
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A densidade de Kernel indicou que as regiGes com mais areas queimadas e
desmatadas em EGF as bacias hidrograficas do Paraiba do Sul, Tieté, Piracicaba e Vale do
Ribeira (Figura 4), enquanto a SSF, localizaram-se na porcdo central do estado,
principalmente na regido de Perddes e Mogi-Guagu.
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Figura 3: Densidade de Kernel de areas queimadas e desmatadas entre os anos de 2000 a
2019 em Floresta Estacional semidecidua (SSF - A) e Ombroéfila Densa (EGF - B) no
Estado de S&o Paulo.

Pela frequéncia de areas queimadas e dematadas foi possivel identificar as areas de
protecdo ambiental mais ameacadas pelo desmatamento induzido pelo fogo (Figura 5).
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Figura 3: Frequéncia de &reas queimadas e desmatadas nas unidades de conservagdo do
Estado de S&o Paulo.
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APENDICE B — Valorag#o da perda de carbono na APA Silveiras

Realizou-se uma concisa andlise de valoracdo dos servicos ecossistémicos
associados ao estoque de carbono, considerando, porém, que o0s Vvalores inerentes a
natureza e seus Servigos ecossistémicos sdo intrinsicamente incalculaveis, e qualquer
tentativa de monetizacdo é inerentemente injusta. A presente valoracdo é destinada a
subsidiar politicas publicas voltadas a conscientizacdo ambiental e restauracdo florestal,
resguardando-se contra a instrumentalizacdo inadequada desses resultados. Até que um
novo paradigma econdmico seja estabelecido, estas valoracBes devem ser interpretadas
como contribuicdes para iniciativas de conscientizacdo e agOes de descarbonizagéo,
evitando sua deturpagdo como meras estratégias de marketing verde.

Desta forma, com base nos dados de perda de carbono na APA Silveiras,
encontrados na pesquisa, foi calculado quanto representaria em valor financeiro a perda do
carbono equivalente se houvesse a transagdo como credito de carbono em mercados
internacionais. O valor da tonelada de carbono foi US$90,00 seguindo o valor do Mercado
Regulado (WORLD BANK. 2023) e US$ 5.80/ton do Mercado Voluntario
(ECOSYSTEM MARKETPLACE, 2022).

Se a perda equivalente de carbono tivesse sido negociada como créditos de carbono
no Mercado Regulado, poderiam ser arrecadados 5 milhGes de dblares, ou cerca de 323 mil
no mercado voluntario, especialmente em florestas primarias (Tabela 1). Considerando o
valor por hectare, a floresta primaria poderia arrecadar mais dinheiro. Até mesmo classes
de uso geralmente com baixos estoques de carbono, como pastagens, desempenham um
papel importante na perda de carbono, pois ocorrem em grandes areas e Sd0 as mais
afetadas por incéndios. Valorando a perda de carbono devido a conversdo da classe de
Cobertura do Uso do Solo e da Vegetagdo (LULC) em até trés anos, poderiam ser obtidos
US$ 369.270,00 no mercado regulado.

Avaliando a perda de carbono em créditos de carbono, De Lima et al. (2020)
contabilizaram a perda de US$2,3 bilhdes em todas as areas protegidas da Mata Atlantica
devido ao desmatamento. Pavani et al. (2018) registraram US$3,2 milhGes em uma érea de
aproximadamente 186 mil hectares ao longo de 20 anos, por meio da analise das mudangas
no uso da terra. Neste trabalho em uma area protegida da Mata Atlantica de 2385,18
hectares, registrou-se uma perda de US$5 milhdes em carbono de 2000 a 2020, com uma
média anual de 239 mil, considerando apenas areas queimadas em até 15 dias. Quando a
andlise é direcionada para a mudanca no uso induzida pelo fogo, ao longo de um periodo
de 3 anos, essa perda diminui para US$369 mil e, se a considerarmos até 2022, diminui
ainda mais para US$76 mil, considerando apenas o mercado regulado. Embora a sequestro
de carbono tenha ocorrido ao longo desses anos, evidenciada pela reducdo nas perdas, ela
estd compensando apenas o que foi perdido em anos anteriores. Mesmo assim, a
porcentagem de conversdo de areas florestais para mosaico e desmatamento, embora
pequena, é significativa considerando a perda de carbono de 2 GgC em 3 anos e a
possibilidade de repetir essa porcentagem para outras areas da Mata Atlantica. Tema que
deve ser explorado em trabalhos futuros.
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Table 1: Valoracdo da perda de armazenamento de carbono considerando séries temporais
de 2000 a 2020, abrangendo as classes de floresta, eucalipto e pastagem na APA Silveiras,
Mata Atlantica. (*Valores médios)

Mercado - Mercado Mercado
< Mercado - Média de -
Area Perda de regulado voluntério perda de regulado voluntario
LULC (antes e depois do fogo) queimad  carbono (2023 - (2022 - carbono/h (2023 - (2022* -
a (ha) (ton) USD$90,00) USD#$5,80 a USD$90,0 USD#$5,80)/h
' ) 0/ha) a
Pastagem 1104.09 -3239.27 -291.534.33  -18.787.77 -2.93 -264.05 -17.02
Campos de altitude 98.24 -424.03 -38.162.90 -2.459.39 -4.32 -388.48 -25.04
Eucalyptus 13.80 -502.00 -45.179.85 -2.911.59 -36.38 -3.274.61 -211.03
Estacional semidecidua
secundaria 19.92 -486.34 -43.770.67 -2.820.78 -24.42 -2.197.43 -141.61
Estacional semidecidua priméaria 10.83 -704.47 -63.401.99 -4.085.91 -65.06 -5.855.37 -377.35
Ombroéfila densa secundaria 135.87 -3359.10  -302.318.66  -19.482.76 -24.72 -2.225.07 -143.39
- 3.968.965.2 -
Ombroéfila densa priméria 924.39 44099.61 2 255.777.76 -47.71 -4.293.63 -276.70
Ombrofila mista secundaria 6.94 -155.80 -14.022.09 -903.65 -22.46 -2.021.35 -130.26
Ombroéfila mista primaria 71.12 -2737.28  -246.355.51  -15.876.24 -38.49 -3.464.09 -223.24
- 5,013,711.2 -
Total 21 anos 2,385.18  55,707.90 2 323,105.83 -23.36 -2,102.03 -135.46
Por ano 113.58 -2,652.76  -238,748.15  -15,385.99 -1.11 -100.10 -6.45
Mercado - Mercado Mercado
. Area Perda de Mercado voluntério Meédia de regulado voluntario
LULC (antes do fogo e até 3 - regulado perda de "
anos depois) queimad  carbono (2023 - (2022 - carbono/h (2023 - (2022* -
a (ha) (ton) USD$90,00) USD$5,80 a USD$90,0 USD#$5,80)/h
' ) 0/ha) a
Pastagem 1104.09 0.00 0.00 0.00 0.00 0.00 0.00
Campos de altitude 98.24 0.00 0.00 0.00 0.00 0.00 0.00
Eucalyptus 13.80 -74.13 -6.672.03 -429.98 -5.37 -483.59 -31.16
Estacional semidecidua
secundaria 19.92 275.06 24.755.03 1.595.32 13.81 1.242.78 80.09
Estacional semidecidua primaria 10.83 -14.10 -1.268.84 -81.77 -1.30 -117.18 -7.55
Ombroéfila densa secundaria 135.87 -285.26 -25.673.51 -1.654.52 -2.10 -188.96 -12.18
Ombréfila densa priméria 924.39 -1705.80  -153.522.12 -9.893.65 -1.85 -166.08 -10.70
Ombrofila mista secundaria 6.94 -57.27 -5.153.90 -332.14 -8.26 -742.96 -47.88
Ombroéfila mista primaria 71.12 -78.68 -7.081.04 -456.33 -1.11 -99.57 -6.42
Mosaico 75.36 -2060.28  -185.425.61  -11.949.65 -27.34 -2.460.53 -158.57
Desmatamento 2.37 -102.43 -9.218.77 -594.10 -43.22 -3.889.78 -250.67
Total 3 anos 1,358.82  -4,102.90  -369,260.79  -23,796.81 -3.02 -271.75 -17.51
Por ano 452.94 -1,367.63  -123,086.93 -7,932.27 -1.01 -90.58 -5.84
< Mercado Merca}dp Média de Mercado Merch(_)
Area Perda de requlado voluntario erda de regulado voluntario
LULC (3 anos até 2022) queimad  carbono (3023 ) (2022 - cgrbonolh (2023 - (2022* -
a (ha) (ton) USD$5,80 USD$90,0 USD#$5,80)/h
USD$90,00) a 0 /ha) a
Pastagem 1104.09 -1.102.77 -99.249.51 -6.396.08 -1.00 -89.89 -5.79
Campos de altitude 98.24 0.00 0.00 0.00 0.00 0.00 0.00
Eucalyptus 13.80 177.04 15.933.82 1.026.85 12.83 1.154.88 74.43
Estacional semidecidua
secundaria 19.92 0.00 0.00 0.00 0.00 0.00 0.00
Estacional semidecidua primaria 10.83 0.00 0.00 0.00 0.00 0.00 0.00
Ombroéfila densa secundaria 135.87 129.14 11.622.34 749.00 0.95 85.54 5.51
Ombréfila densa priméria 924.39 4.37 393.11 25.33 0.00 0.43 0.03
Ombrofila mista secundaria 6.94 0.00 0.00 0.00 0.00 0.00 0.00
Ombroéfila mista primaria 71.12 74.37 6.693.03 431.33 1.05 94.11 6.07
Mosaico 75.36 -1232.75  -110.947.31 -7.149.94 -16.36 -1.472.23 -94.88
Desmatamento 2.37 0.00 0.00 0.00 0.00 0.00 0.00
Total 1,260.58 -847.83 -76,305.02 -4,917.43 -0.67 -60.53 -3.90
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