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Resumen

Globalmente, el fuego es uno de los principales elementos en la dindmica
de los ecosistemas terrestres, siendo su seguimiento y andlisis relevante para la
comprensién de los procesos ecolégicos e impactos humanos a diferentes
escalas. En Brasil, las dreas mds frecuentemente afectadas por el fuego se sitdan
en las zonas de transicién entre las sabanas tropicales y la Amazonia, vinculadas

a fuerte influencia antrépica que altera los regimenes naturales de fuego.

La presente tesis tiene como objetivo analizar los patrones espacio-
temporales y la dindmica de regeneracién vegetal de dreas afectadas por el fuego
en ambientes de sabana tropical de la Amazonia Meridional brasilefia, centrando
el andlisis en un drea que constituye el mayor enclave de sabana tropical del sur
de la Amazonia, los Campos Amazénicos. Con este fin, se explora el uso de las
series multitemporales derivadas de los sensores/satélites Landsat y MODIS,
buscando combinar el potencial de cada serie en la generacién y andlisis de
informaciones anuales/estacionales que contribuyan a la interpretacién de la

incidencia del fuego y sus repercusiones en la dindmica de estos paisajes.

La generacién de una serie anual/estacional ha permitido cartografiar un
total de 1.03 millones de hectdreas afectadas por el fuego en el drea de estudio
(practicamente 2.5 veces su drea total), en el periodo comprendido entre 2000 y
2016. Se ha identificado una fuerte influencia de la estacionalidad en los
subtotales anuales, donde las cicatrices de fuego de los meses mds extremos de
sequia representan el 86% del total de drea quemada y el 32% del nimero de
incendios. Estos incendios afectan proporcionalmente més a las superficies de
mayor densidad de vegetacién lefiosa, a diferencia de lo que sucede al principio

o fuera del perfodo de sequia.

La base multitemporal generada también ha sido utilizada como
referencia para evaluar las Gltimas generaciones de los productos de drea
quemada de MODIS en ecosistemas de sabana tropical. Se han identificado
las nuevas prestaciones del Gltimo producto (MCD64A1 v006), asociadas
principalmente a la disminucién significativa de los errores de omisién, al
tiempo que se mantienen los bajos niveles de comisién ya logrados con las

versiones anteriores.

Se comprueba que la fusién de imégenes Landsat y MODIS a través del

método Flexible Spatiotemporal Data Fusion constituye una buena alternativa



para subsanar problemas de falta de informacién en series multitemporales de
media/alta resolucién espacial en ambientes de sabana tropical afectados por el
fuego. La combinacién de la serie multitemporal Landsat disponible y el uso del
fusionado Landsat-MODIS ha permitido generar con éxito una serie de
media/alta resolucién espacial con ocho composiciones anuales, para el periodo
de 2009-2016, en édreas del enclave de los Campos Amazénicos. El andlisis de
las trayectorias utilizando indices espectrales, muestra descensos abruptos de sus
valores en respuesta a la accién del fuego. Estos efectos son perceptibles en las
trayectorias durante los dos afos siguientes al fuego; a partir del tercer afo, los
valores de los indices se asemejan a las condiciones pre-fuego. Estos resultados
han sido verificados con datos de campo, a partir de los cuales también se ha
podido cuantificar una mayor acumulacién de biomasa seca en aquellas parcelas

en las que ha transcurrido més tiempo sin ser afectadas por el fuego.

En definitiva, en el contexto de las series multitemporales de productos de
teledeteccion de media/alta resolucién  espacial, se han aplicado
metodologias y generado informacién que han permitido avanzar en el
seguimiento de la incidencia del fuego en ambientes de sabana tropical de la
Amazonia Meridional. Los resultados refuerzan, espacial y estadisticamente,
importantes argumentos respecto a la estacionalidad de las quemas en estos
paisajes, asi como permiten progresar en la comprensiéon del proceso de

regeneracion vegetal post-fuego en estas dreas.



Abstract

On a global scale, fire is one of the main factors in ecosystem dynamics, with
monitoring and analysis being very important for understanding ecological
processes and human impact at different scales. In Brazil, the areas most frequently
affected by fire are located in the transition environments between tropical
savannas and Amazon landscapes, due to strong anthropic influence on the

alteration of natural fire regimes.

The objective of this thesis is to analyze the spatio-temporal patterns and
dynamics of vegetation recovery in fire-affected areas in tropical savanna
environments of the Brazilian Southern Amazon, focused on the Campos
Amazénicos, an area that constitutes the largest enclave of this type in the southern
Amazon. To this end, the use of multitemporal series derived from the Landsat and
MODIS sensors/satellites is explored, seeking to combine the potential of each
series to generate and analyze annual/seasonal information that contributes to

interpreting fire incidence and its repercussions on the dynamics of these regions.

The generation of an annual/seasonal database allowed for 1.03 million
hectares of burned areas to be mapped in the studied site (practically 2.5
times its total area) in the period between 2000 and 2016. A strong seasonal
influence has been identified in the annual subtotals, where the most extreme
drought months represent 86% of the total burned and 32% of the number of
fire events. Surfaces with a higher density of tree cover during the middle of
the dry season were more significantly fire-affected, compared to the early

and out-of-dry season periods.

The multitemporal fire database generated has also been used as a
reference to evaluate the accuracy of the latest generations of MODIS burned
area products. The results validate the higher performance of the MCD64A1
v006 in comparison with its previous versions, presenting a clear improvement
in terms of fewer omission errors, and maintaining the low levels of commission

errors already achieved by the previous BA products.

The use of Landsat-MODIS image fusion through the Flexible Spatiotemporal
Data Fusion method has been confirmed as a good alternative to overcome
problems stemming from a lack of information on multitemporal series of
medium/high spatial resolution over tropical savanna environments affected by

fire. A combination of the available Landsat multitemporal series with fusion-



derived images has successfully generated a spectral indices series of
medium/high spatial resolution with eight annual compositions for the period
2009-2016, in selected areas of the Campos Amazénicos Savanna Enclave.
Analysis of the spectral indices trajectories showed that their values fell abruptly in
response to immediate fire-effects. These repercussions remained apparent in the
trajectories of the two years following the burning, not reaching those similar to
the phenological variations observed in pre-fire conditions until three years later.
These findings have been complemented with information obtained through field
work, where a greater accumulation of dry fuel loads was quantified in plots with

longer periods without fire, in comparison with recently fire-affected areas.

In summary, a set of methodological procedures has been presented,
including the use of multi-temporal remote sensing series in the generation and
analysis of medium/high spatial resolution information, providing insights into
monitoring fire incidence in tropical savanna environments, and especially
Amazonian savannas. The results reinforce, both spatially and statistically,
important arguments regarding the seasonality of fires in these areas, as well as

allowing progress in understanding the post-fire recovery process.
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Introduccién

1.1. La incidencia del fuego en las dreas de transicién de las sabanas
tropicales y la Amazonia

El fuego es un elemento clave en la distribucién y composicién de los
ecosistemas globales (Bond et al., 2005; Bowman et al., 2009; Pausas and
Keeley, 2009) y su incidencia tiene mltiples efectos en la dindmica del
paisaje, pudiendo ser benéfico o dafino, dependiendo de dénde, cudndo y

cémo se producen estos fenémenos (Hardesty et al., 2005).

En las sabanas tropicales de América del Sur, registros
paleovegetacionales y paleoclimdticos demuestran la presencia del fuego en
distintos momentos desde hace 32,000 afios previos al registro de
asentamientos humanos (Ledru, 2002; Salgado-Labouriau and Ferraz-
Vicentini, 1994), lo que confirma la influencia de los regimenes naturales de
fuego en la formacién de este conjunto de paisajes (denominados en Brasil
como ‘Cerrado’). Se refiere al segundo mayor dominio morfoclimdtico y
fitogeogrdfico nacional después de la Amazonia (Ab’Saber, 2003),
ocupando aproximadamente 2 millones de km?, siendo considerado como
un hotspot de biodiversidad global (Cavalcanti and Joly, 2002).

En estos ambientes, los regimenes naturales de fuego estdn asociados
principalmente a la ocurrencia de rayos (Ramos-Neto and Pivello, 2000),
desempenando un papel relevante en el ciclo de nutrientes y en la conservacion
de la diversidad y estructura de los hdbitats (Coutinho, 1990; Miranda et al.,
2009). Histéricamente, el uso del fuego por el hombre no es considerado
esencialmente negativo (Mistry et al., 2005; Pivello, 2011), pero el aumento
exponencial de las actividades antrépicas esté teniendo un impacto significativo
en la modificacién de los regimenes naturales de fuego, con importantes
repercusiones en la alteraciéon de estos ambientes (Goldammer, 1993; Pausas
and Keeley, 2009). Las dreas de transicién Cerrado-Amazonia, regién conocida
como ‘Arco de Deforestacién y Fuego de la Amazonia’, constituye la zona mdés
frecuentemente afectada por el fuego en las Gltimas décadas dentro del territorio
brasilefo (Schroeder et al., 2009; Silva Cardozo et al., 2011).

La influencia antrépica estd directamente relacionada con el aumento
significativo de las igniciones, asociada principalmente al empleo del fuego
para actividades de manejo y preparacién de la tierra para uso agro-pastoral,
siendo frecuentes las situaciones de falta de control en el proceso de quema

dando lugar a grandes incendios forestales (Cano-Crespo et al., 2015). Mds

21
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allé de los igniciones directas, es importante considerar que los cambios
promovidos en el paisaje, materializados principalmente en la construccién de
nuevas redes viarias, el avance de las fronteras de uso agro-pecuario y la
infroduccién de nuevas especies vegetales, modifican las condiciones de
susceptibilidad al fuego en estas dreas (Eva and Lambin, 2000; Nepstad et al.,
2001; Ometto et al.,, 2016). A esto se suma la influencia de anomalias
climéticas regionales en la Amazonia, representadas principalmente por el
fendmeno El Nifio Oscilacién del Sur (ENSO) y la Oscilacién Multidecadal del
Atlantico (AMQO), que generalmente se asocian a periodos de sequia mds
prolongados (Lewis et al., 2011; Marengo et al., 2011, 2008).

El aumento de la frecuencia y la alteracién sistemdtica del periodo de
quema de determinado régimen de fuego (por ejemplo, al favorecer
igniciones durante los meses de sequia més extremos), estd asociado a
impactos severos sobre componentes de la biosfera, edafosfera y atmdsfera
(Pausas and Keeley, 2009). En este sentido, los incendios que ocurren en el
principio del periodo de sequia son en general menos intensos, mientras que
las d&reas quemadas en periodos de mayor acimulo de materiales
combustibles secos (generalmente los meses finales del periodo de sequia)

generan incendios mds intensos con efectos negativos de mayor envergadura

(Andersen et al., 2005; Williams et al., 1998).

Los incendios frecuentes sobre la vegetacion reducen el total de biomasa,
especialmente en el caso de las formaciones vegetales lefiosas (de porte arbéreo
y arbustivo), lo que puede derivar también en la exclusién de determinadas
especies con mayor sensibilidad al impacto del fuego (Hoffmann and Moreira,
2002; Moreira, 2000) y favorecer la propagacién de especies exdticas invasoras
(Gorgone-Barbosa et al., 2016). En relacién con el suelo, pueden alterar la
composicién fisica y quimica, favoreciendo el desarrollo de altas tasas de erosién
(Certini, 2005). Ademds, desde el punto de vista de la emisién total de gases de

efecto invernadero, los incendios recurrentes también son un factor de gran
relevancia (Levine et al., 1995; Van Der Werf et al., 2010).

Estos efectos alcanzan diferente intensidad en funcién del tipo de ecosistema
que se vea afectado, lo que confiere una complejidad afadida al andlisis de la
incidencia del fuego en las dreas de transicién de sabanas tropicales y la
Amazonia. En un conjunto de quemas experimentales realizadas sobre parcelas
de bosques tropicales de la Amazonia Meridional, Balch et al. (2015; 2013)
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registraron un aumento de la mortalidad de las especies arbéreas sometidas a
distintas frecuencias de fuego, demostrando la mayor sensibilidad de estas dreas
a los incendios recurrentes. Por otro lado, en quemas experimentales llevadas a
cabo en dreas core del Cerrado brasilefio, las formaciones vegetales presentan
una mayor resiliencia al fuego, viéndose en ciertos casos incluso beneficiadas en

términos de aumento de biodiversidad de especies (Coutinho, 1990; Miranda,
2010; Schmidt et al., 2018).

Esta combinacién de especificidades entre ambientes es incluso mdés
compleja en los enclaves de sabana tropical situados en dreas de predominio
de vegetacién amazénica (sabanas amazénicas) (Ratter et al., 2003), que se
constituyen prdcticamente como ‘islas de sabana’ en medio a zonas de selva
tropical. Mientras que la aplicacién de politicas centradas principalmente en la
prevencién y extinciéon de los incendios son consideradas adecuadas para las
dreas de bosques tropicales de la Amazonia, no se puede afirmar lo mismo para
los dreas de sabana tropical. En las ¢ltimas décadas, la ejecucion de este tipo
de politicas de fuego-cero en dreas protegidas situadas en el Cerrado ha
generado efectos muy negativos (Durigan and Ratter, 2016; Schmidt et al.,
2018), favoreciendo la ocurrencia de grandes e intensos incendios debido a la
mayor acumulacién de materiales combustibles, hechos perjudiciales en la

conservacién de estas dreas.

En general, las formaciones vegetales de las sabanas amazénicas estdn
menos influenciadas por las actividades antrépicas, ya que se tratan de zonas
menos densamente pobladas que las dreas core de las sabanas tropicales de
Brasil. Se estima que el avance de las fronteras agropecuarias en las dreas core
del Cerrado supuso en las Oltimas décadas cerca de 46% de pérdidas de su
cobertura vegetal nativa (aproximadamente 8.8 millones de hectdreas)
(Strassburg et al., 2017), presentando regimenes de fuego muy alterados directa
o indirectamente por esas actividades. Las sabanas amazénicas constituyen, por
lo tanto, reductos de vegetacién de sabana tropical nativa (o/d-growth savannas)
(Veldman, 2016), donde el andlisis del comportamiento de los incendios y sus
repercusiones en el paisaje acercan mds la comprension de la relacién entre la

vegetacion y sus regimenes naturales de fuego.

En este contexto es clave el seguimiento y andlisis de los efectos del fuego
sobre ambientes de transicién Cerrado-Amazonia de Brasil, y en especial de las

sabanas amazénicas, con el objeto de apoyar acciones estratégicas vinculadas
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a la conservacién de la biodiversidad y la disminucién de las emisiones de
carbono. Surge la necesidad de que se piense estratégicamente, en términos de
politica publica nacional (Durigan and Ratter, 2016), avanzando en el
desarrollo de directrices y planes de manejo integrado del fuego (Schmidt et al.,
2018). Es necesario superar la percepcién de que el fuego es necesariamente
negativo (Laris and Wardell, 2006), planeando acciones que consideren el
manejo del fuego en concomitancia con el seguimiento y andlisis de sus
impactos, cuestion que todavia avanza lentamente en el dmbito de las politicas
de conservacién de Brasil.

1.2. El uso de productos de teledetecciéon en el andlisis de dareas
qguemadas

Uno de los grandes retos en el andlisis de la incidencia del fuego en las dreas
de transicién de las sabanas tropicales y la Amazonia brasilefia es la baja
disponibilidad de datos sistemdticos del terreno existentes. Existe una escasa red
de registros meteorolégicos y no se dispone de un inventario forestal nacional
completo (su primera versiéon estd en desarrollo). A ello se suma el hecho de que
se trata de dreas de grandes dimensiones y, en general, de dificil acceso vial.

A diferencia de otros paises como Canadd, con el Canadian Wildland Fire
Information System (CWFIS) (CFS, 2018), Estados Unidos, con el Monitoring
Trends in Burn Severity (MTBS) Fire Occurrence Dataset (USGS and USDA,
2018), o Espafia, con las Estadisticas Generales de Incendios Forestales
(MAPAMA, 2018), que poseen décadas de registros sistematizados de la
incidencia del fuego sobre sus distintos territorios, Brasil todavia no dispone de
una base de datos de dreas quemadas con similares caracteristicas. Los
Registros de Ocurrencias de Incendios (ROI) son la base oficial, disponible
desde el Sistema Nacional de Prevenciéon y Combate a los Incendios Forestales
de Brasil (PREVFOGQ), vinculado al Instituto Brasilefio de Medio Ambiente y de
los Recursos Naturales Renovables (IBAMA). Sin embargo, los datos derivados
de los ROI carecen de informacién espacial y estdn vinculadas esencialmente a
incendios en dreas protegidas en las que se aplicaron acciones para su extincién
(Bontempo et al., 2011). Un importante avance esté siendo desarrollado por el
“Proyecto Quemadas” (INPE, 2018), que ya dispone resultados parciales de
una base de dreas quemadas que incluye el periodo de 2011 hasta la

actualidad, todavia restrictos a las dreas core del Cerrado brasilefo.
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En este contexto, los datos derivados de productos de teledeteccién son
fuentes esenciales para generar registros sistemdticos, desde el punto de vista
espacial y temporal, necesarios para la mejor comprensién de las éreas afectadas
por el fuego (Giglio et al., 2010; Pereira, 2003). Proporcionan cobertura global
y acceso multitemporal, apoyando lineas de investigacién asociadas a estudios
de la dindmica pre y post-fuego; desde la generacién de modelos de riesgo de
incendios (Chuvieco et al., 2010; Maeda et al., 2011) al andlisis del proceso de

regeneracién vegetal (Réder et al., 2008; Van Leeuwen et al., 2010).

Entre los diferentes sensores utilizados en la evaluacién y seguimiento de
dreas quemadas destacan los de la serie de satélites Landsat (7hematic Mapper -
TM, Enhanced Thematic Mapper — ETM+, Operational Land Imager - OLI), Terra y
Aqua (Moderate Resolution Imaging Spectroradiometer - MODIS). La serie
multitemporal de Landsat viene proporcionado informacién espacial precisa, de
manera ininterrumpida desde la década de los 80, muy Util en el dmbito de la
ordenacién y gestién del territorio en escala local/regional (Lentile et al., 2006).
Por ofra parte, la serie MODIS ofrece informaciones diarias, a una resolucién
espacial inferior que la de Landsat, permitiendo un seguimiento multitemporal
més exhaustivo desde el 2000 (Giglio et al., 2013).

En el marco del andlisis de incendios forestales, el uso de imdgenes
Landsat ha demostrado su gran utilidad en la delimitacién de dreas quemadas
(Bastarrika et al., 2014; Koutsias and Karteris, 2000), la evaluacién de los
impactos del fuego (Escuin et al., 2008; Wimberly and Reilly, 2007) y el
andlisis del proceso de regeneracién vegetal post-fuego (Bartels et al., 2016;
White et al.,, 2017). Las series multitemporales Landsat se utilizan
constantemente para caracterizar los regimenes anuales de incendio en
distintos paisajes, como en los estudios de los patrones de dreas quemadas
en las sabanas de Sudéfrica y Botsuana (Hudak and Brockett, 2004), pastizales
aridos de Australia (Greenville et al., 2009), ambientes mediterrdneos en
Espafia (Réder et al., 2005), bosques tropicales de la Amazonia (Alencar et
al., 2011; Morton et al., 2011) y también en dreas core del Cerrado de Brasil
(Daldegan et al., 2014; Lemes et al., 2014).

Pese a la gran cantidad de estudios sobre los regimenes de fuego a escala
interanual, no son muy numerosas las investigaciones que exploraran el
comportamiento de la estacionalidad en la incidencia del fuego mediante series

multitemporales de resolucién espacial media/alta. Ciertas excepciones se
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aprecian en estudios de las sabanas de Australia (Russel-Smith et al., 1997) y
Africa (Laris, 2002, 2005) y en estudios recientes desarrollados en dreas
especificas del Cerrado brasilefio (Alvarado et al., 2017; Batista et al., 2018).
Estudios anuales/estacionales son mds frecuentes utilizando series de imagenes
de moderada/baja resolucién espacial, como se observan en investigaciones
desarrolladas en dreas de vegetacion mediterrdnea (Levin and Heimowitz, 2012)
y dreas de contacto de sabana y bosques tropicales en Madagascar (Jacquin and
Goulard, 2013). Para las dreas de Cerrado y Amazonia, el andlisis de la
estacionalidad de los incendios estd basado principalmente en informaciones de
focos activos (Alencar et al., 2015; Chen et al., 2013; Mataveli et al., 2017,
2018; Schroeder et al., 2009). Estos sirven en el andlisis intra-anual de los
momentos claves de la incidencia de los incendios, pero su interpretacién
cuantitativa directa en relacién a total de drea quemada y nimero de incendios
es muy poco precisa (Schroeder et al., 2008). La baja resolucién espacial y la alta
tasa de omisién de dreas quemadas de estos datos, especialmente en relacién a
los incendios pequefios (Laris, 2005; Schroeder et al., 2010), limitan mucho su

uso para el andlisis regional/local de las dreas afectadas por el fuego.

Esta baja disponibilidad de estudios sobre la incidencia del fuego desde el
punto de vista de la estacionalidad intra-anual a una resolucién espacial media/alta
estd relacionada principalmente con las dificultades derivadas de la influencia de
las perturbaciones atmosféricas (nubes, sombras de nubes, alta influencia de
efectos aerosoles...) en las dreas de Cerrado-Amazonia (Asner, 2001; Sano et al.,
2007), combinado con el bajo ciclo de revisita de la serie Landsat. Estas
perturbaciones dificultan la disponibilidad de series multitemporales, pudiendo
restringir la capacidad de inferpretaciéon de los impactos del fuego en estos
ambientes (Bowman et al., 2003). En las sabanas tropicales, disponer de una
imagen de alta resolucién espacial en el post-fuego inmediato es muy importante,
ya que se fratan de ambientes en los que la regeneracién vegetal es répida y
dindmica, y estos cambios se ven reflejados en la sefial espectral de imégenes mas

distantes de la fecha de ocurrencia de la quema (Veraverbeke et al., 2010).

Para superar este tipo de adversidades, en muchos estudios se utiliza la
combinacién de los sensores Landsat y MODIS para generar series
multitemporales de datos de dreas quemadas. Recientes estudios han demostrado
el potencial del uso de la serie de imégenes MODIS para identificar con mayor
precision la fecha de los incendios (Boschetti et al., 2015; Panisset et al., 2014;

Veraverbeke et al., 2014). Otra alternativa la ofrece el uso de métodos de
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fusionado Landsat-MODIS, que aprovechan la disponibilidad diaria de imagenes
MODIS y la mejor resoluciéon espacial Landsat para generar series
multitemporales (Gao et al., 2008; Zhu et al., 2016, 2010). Con anterioridad a
los contribuciones de la presente tesis doctoral, estas técnicas no han sido
utilizadas en el andlisis de dreas afectadas por el fuego. Sin embargo, su
aplicacién permite aprovechar al méximo los datos de las series multitemporales
derivadas de Landsat y MODIS en la generacién de informaciones de media/alta

resolucion espacial en el andlisis anual/estacional de las éreas quemadas.

1.3. Obijetivos y estructura de la tesis

Una vez expuesta la problemdtica y los retos cientificos descritos en los
anteriores apartados, el objetivo general de la tesis es analizar los patrones
espacio-temporales y la dindmica de regeneracién vegetal de dreas afectadas por
el fuego en ambientes de sabana tropical de la Amazonia Meridional brasilefia,
explorando el uso de series multitemporales derivadas de Landsat y MODIS. Para
ello, el andlisis se centra en un drea que constituye el mayor enclave de sabana
tropical del sur de la Amazonia brasilefia, el Campos Amazénicos Savanna
Enclave (CASE). Los siguientes objetivos especificos permitirdn la consecucién del
objetivo principal de la tesis:

» Generar una base de datos multitemporal anual/estacional de dreas
quemadas de resolucién espacial media/alta (30 m) combinando el uso
de la serie coincidente de Landsat y MODIS;

» Evaluar las relaciones entre estacionalidad, extensién y frecuencia de las

dreas afectadas por el fuego;

» Verificar el comportamiento de las Ultimas generaciones de productos de
dreas quemadas de MODIS en la cartografia anual/estacional de

cicatrices de incendios;

» Explorar el uso del fusionado de imdgenes Landsat y MODIS en la
generacién de informacién multiespectral de resolucién espacial

media/alta en dreas afectadas por el fuego;

» Andlizar el proceso de regeneracién vegetal post-fuego mediante indices
espectrales derivados de series multitemporales de Landsat y del

fusionado de imdagenes Landsat y MODIS.
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Al concebirse la tesis en la modalidad ‘compendio de publicaciones’, los
objetivos especificos se desarrollan a lo largo de sus capitulos centrales (Capitulos
3,4, 5y 6), que reproducen las aportaciones de las investigaciones realizadas
(Tabla 1.7). En este primer capitulo se ha introducido el contexto de la propuesta
de tesis, y se continta con la descripcién resumida de los materiales utilizados y
los métodos empleados en el conjunto de las publicaciones obtenidas, dispuestos
en el Capitulo 2.

El Capitulo 3 responde a los dos primeros objetivos especificos
planteados, donde se hace uso de la combinacién de maltiples productos de
teledeteccion para la evaluacién de los patrones espaciales y temporales de
la incidencia del fuego del drea estudiada. El uso de series temporales Landsat
y MODIS permite obtener la extensiéon y optimizar la identificacién de las
fechas de los incendios, generdndose una base de datos anual/estacional de
las dreas afectadas por el fuego entre 2000 y 2016. Sobre esta base de datos,
se han testeado distintas hipétesis relacionadas al comportamiento de los
incendios ocurridos en distintos periodos del afo, asi como se ha verificado la
influencia de la recurrencia del fuego sobre las dreas con mayor predominio

de vegetacién lefosa.

En el Capitulo 4 se desarrolla el tercer objetivo especifico, donde se hace
uso de la base de datos de resolucién espacial media/alta generada a lo largo
del capitulo anterior para verificar el comportamiento de las Gltimas generaciones
de los productos automdticos de deteccién de dreas quemadas de media/baja
resolucion de MODIS. Se trata de un estudio de validacién de las Gltimas tres
versiones de productos de dreas quemadas MODIS, evaluando la evoluciéon de
los mismos para la cartografia anual/estacional de dreas quemadas en ambientes

de sabana tropical.

Ya en el Capitulo 5 se consolida el cuarto objetivo sefalado, en el que
se emplea el fusionado de imdgenes Landsat y MODIS para generar
informaciéon multiespectral de media/alta resolucién espacial de dreas
afectadas por el fuego en ambientes de sabana tropical. Se prueba la
capacidad del uso del fusionado para componer series multitemporales de
indices espectrales, en el marco del estudio de dreas de sabana tropical

afectadas por el fuego.
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Tabla 1.1. Especificacion de los objetivos especificos explorados en las publicaciones
obtenidas, acompafiadas de sus principales etapas metodolégicas y de los
softwares/aplicaciones utilizados.

Obijetivos especificos | y I

Principales etapas
metodolégicas

Softwares/aplicaciones
utilizados

- Generar y analizar una base de datos
multitemporal  anual/estacional  de
dreas quemadas de resolucién espacial
media/alta, combinando el uso de la
serie coincidente de Landsat y MODIS;
- Evaluar las  relaciones  entre
estacionalidad, extensién y frecuencia
de las dreas afectadas por el fuego.

Publicacién:

- Extraccién de los cicatrices de dreas
quemadas en la serie Landsat (2000-2016);
- Optimizacién de las fechas de los incendios
utilizando la serie MODIS;

- Andlisis de los patrones de extensién y
estacionalidad de los incendios;

- Aplicacién de andlisis de las varianzas
(ANOVA) para testear hipétesis relacionadas
con la frecuencia y recurrencia del fuego.

- ArcGIS 10.5;

- Lenguaie y entorno
de programacién R;

- MODIS Reprojection
Tools;

- Lenguaie y entorno
de programacion
Python.

Alves, D.B., Pérez-Cabello, F., 2017. Multiple remote sensing data sources to assess spatio-temporal patterns
of fire incidence over Campos Amazénicos Savanna Vegetation Enclave (Brazilian Amazon). Science of the
Total Environment 801-602, 142-158. doi:10.1016/].scitotenv.2017.05.194.

Obijetivo especifico llI

Principales etapas
metodolégicas

Softwares/aplicaciones
utilizados

- Verificar el comportamiento de las
Oltimas generaciones de productos
de 4reas quemadas de MODIS en la
cartografia  anual/estacional  de
cicatrices de fuego.

Publicacién:

- Adecuacién de los productos MODIS a las
caracteristicas de la base de referencia;

- Segmentacién y asignacién de la
temporada a cada quema identificada por
los productos MODIS de dreas quemadas;
- Evaluacién de los patrones de errores de
comisién y omisién en la deteccion de dreas
quemadas de cada producto.

- ArcGIS 10.5;

- Lenguaije y entorno
de programacién R;

- Orfeo Tool Box 6.0;
- MODIS Reprojection
Tools.

Alves, D.B., Pérez-Cabello, F., Rodrigues Mimbrero, M., Febrer-Martinez, M., 2018. Accuracy assessment of
the latest generations of MODIS burned area products for mapping fire scars on a regional scale over Campos

Amazénicos Savanna Enclave (Brazilian Amazon). Journal of Applied Remote Sensing 12,

doi:10.1117/1.JRS. 12.026026.

1-21].

Obijetivo especifico IV

Principales etapas
metodolégicas

Softwares/aplicaciones
utilizados

- Explorar el uso del fusionado de
imédgenes Landsat y MODIS en la
generacién de informacién
multiespectral de resolucién espacial
media/alta.

Publicacién:

- Preparacién de los datos y aplicacién del
fusionado utilizando el método Flexible
Spatiotemporal DAta Fusion (FSDAF);

- Evaluacién  estadistica y  espacial
(correlacién, RMSE, SSIM e Bias) de las series
bandas y indices espectrales generados.

- ArcGIS 10.5;

- Lenguaie y enforno
de programacién R;

- MODIS Reprojection
Tools;

-ENVI 4.8 + IDL 8.0.

Alves, D.B., Monftorio Lloveria, R., Pérez-Cabello, F., Vlassova, L., 2018. Fusing Landsat and MODIS data to
retrieve multispectral information from fire-affected areas over tropical savannah environments in the Brazilian

Amazon. Infernational Journal of Remote Sensing 39, 1-23. doi:10.1080/01431161.2018.1479720.

Obijetivo especifico V

Principales etapas
metodolégicas

Softwares/aplicaciones
utilizados

- Analizar el proceso de regeneracién
vegetal post-fuego mediante indices
espectrales  derivados de  series
multitemporales de Landsat y del
fusionado de imdgenes Landsat y
MODIS.

Publicacién:

- Generacién de series multititemporales de
indices de vegetacién con 8 registros anuales
(Landsat y fusionado Landsat-MODIS);

- Comparacién de las trayectorias de
pixeles afectados/no afectados por el
fuego.

- ArcGIS 10.5;

- Lenguaie y enforno
de programacién R;

- MODIS Reprojection
Tools;

-ENVI 4.8 + IDL 8.0.

Alves, D.B., Pérez-Cabello, F., Cambraia, B.C., Bonadeu, F., Silveira, A.L.P., 2018. Andlise mulftitemporal de
dreas afetadas pelo fogo no enclave de cerrado do Parque Nacional dos Campos Amazénicos utilizando
sensoriamento remofo e trabalho de campo. Revista Geografia Ensino & Pesquisa 22, el8, 1-24.
doi: 10.5902/2236499433584. Disponible en: hitos://periodicos.utfsm.br/geografio/article/view/33584.
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El ¢ltimo de los objetivos especificos estd desarrollado en el Capitulo 6,
donde se genera una serie multitemporal de imdgenes Landsat,
cumplimentado por el uso de imdgenes derivadas de fusién de Landsat y
MODIS, para el andlisis del proceso de regeneracién vegetal post-fuego de
areas seleccionadas del CASE. Se busca contrastar el comportamiento de las
formaciones vegetales afectadas/no afectadas mediante indices espectrales
habitualmente utilizados en la estimacién del vigor vegetal de dreas
quemadas, que son complementados con informaciones obtenidas en una

campana de campo realizada en septiembre de 2016.

Para finalizar, en el Capitulo 7 se recogen las conclusiones generales
sobre las aportaciones de la investigacién realizada y se describen las lineas
de trabajo futuras.

Teniendo en cuenta la escasez de informacién referente a la incidencia
del fuego en los ambientes estudiados, en esta tesis se propone un conjunto
de experiencias metodolégicas para el andlisis y seguimiento multitemporal
de dreas quemadas mediante productos de teledetecciéon, y se proporciona
informacién sobre el comportamiento de la vegetacion frente al fuego en
estos paisajes, que puede ser muy Util en el contexto de las estrategias de

gestién territorial local/regional.
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Materiales y métodos

2.1. Area de estudio

El drea de estudio se corresponde con el espacio denominado Campos
Amazénicos Savanna Enclave (CASE) (Figura 2.1) que posee un total de 4342
km?, configurdndose como el mayor enclave de sabana tropical de la Amazonia
Meridional. Esta zona se integra, casi en su totalidad, en dreas protegidas del
Sistema Nacional de Unidades de Conservaciéon (SNUC) de Brasil: un 47%
pertenece a los limites del Campos Amazdnicos National Park (CANP); un 46% a
la Tierra Indigena Tenharim Marmelos (limitrofe al oeste del CANP); y un 5% a la
Tierra Indigena Tenharim del Igarapé Preto (limitrofe a este del CANP) (Figura
2.1y). Desde el punto de vista de los limites administrativos, el CASE pertenece a
los municipios de Manicoré, Humaitd, Novo Aripuanéa (Estado del Amazonas) y
Machadinho D’Qeste (Estado de Rondénial).

En términos generales, la topografia se caracteriza por un escaso desnivel
altimétrico, con cuotas que varian entre 80 y 150 metros. Desde un punto de vista
geoldgico, el CASE forma parte del Escudo Central de Brasil (sur del Cratén
Amazénico). La principal formacién geolégica representada es la formacién
‘palmeiral’, con litologias de cardcter sedimentario sobre las que se instalan
suelos distréficos (neosuelos marcado por la presencia de plintita en el horizonte

B), con variaciones de tipos de suelos asociados principalmente a las éreas de
vegetacion de ribera (ICMBio, 2016; Motta et al., 2002).
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Figura 2.1. Localizacién del CASE en dreas de la Amazonia Meridional brasilefa.
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Las condiciones climdticas regionales presentan altas temperaturas, la media
anual varia entre 24°C y 28°C, y abundantes precipitaciones (~2000 mm). Se
distinguen dos estaciones principales, un verano humedo y un invierno seco. El
perfodo de fuertes lluvias se sitGa entre los meses de noviembre y marzo, mientras
que entre los meses de mayo a septiembre las precipitaciones son escasas. Los
meses de abril y octubre generalmente se corresponden con los meses de
transicion entre las dos estaciones (Marengo et al., 2001). Estas caracteristicas
climdticas condicionan el comportamiento fenolégico de las formaciones
vegetales, siendo mds verdes y vigorosas al final del periodo de lluvias y mads

secas al final del periodo de sequia.

Tal y como sugiere la propia denominacién, CASE se corresponde con un
drea de predominio de formaciones vegetales de sabana tropical ubicada en
medio de un dominio morfo-climdtico y fitogeografico amazénico (Figura 2.1,).
El grupo de formaciones vegetales de la regién del CASE estd genéricamente
clasificado como ‘sabana amazdnica desconectada’ (Ratter et al., 2003). Este
patrén de vegetacién obedece a la incidencia de factores ambientales actuales y
a los cambios climdticos que se han sucedido a lo largo de los periodos del
Terciario y Cuaternario (Carneiro Filho, 1993). Se trata por tanto, de un tipo de
vegetacion relicta, y desconectada de las dreas core del Cerrado (sabana tropical
de Brasil), siendo su preservacién muy significativa para la conservacién de su
biodiversidad y proteccién de posibles procesos de especiacion vegetal (ICMBio,
2016). La visualizacién de fotografias adquiridas en sobrevuelo permite identificar

ciertos aspectos del paisaje tipico del CASE (Figura 2.2).

En los ambientes de sabana tropical de Brasil, las formaciones vegetales
existentes no se restringen a fisionomias abiertas, presentando variaciones que
van desde dreas con un predominio de vegetacién herbdcea a formaciones
arbéreas (Coutinho, 1978). Entre las primeras encontramos las formaciones de
‘campo limpo’ (pastizales con rara presencia de arbustos y drboles) y ‘campo
sujo’ (pastizales con cierta presencia de arbustos y érboles). Las formaciones de
sabana pueden ser divididas en dos grandes grupos: ‘campo cerrado’ — donde
ya se observa una mayor presencia de arbustos y drboles, aunque todavia la
proporciéon de pastizales es notable; y ‘cerrado’ (stricto sensu) — éreas en las que
la densidad de la vegetacién lefosa (arbustos y drboles entre 3-8 metros de altura)

predomina sobre los pastizales.
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Figura 2.2. Fotografias adquiridas en sobrevuelos sobre distintas dreas del CASE: (a) variaciones
fito-fisionédmicas en una parte del drea conocida como * Tritha dos Veados', situada en el centro-
norte del enclave; (b) drea situada en la mitad sur del enclave, en la que se muestra el predominio
de formaciones abiertas entre los interfluvios, mientras que las formaciones arbéreas se asocian
mds a bosques de ribera. Fuente: acervo fotogrdfico del CANP, septiembre de 2016 y de octubre
de 2015, respectivamente, realizadas por Ana Rafaela D’Amico.
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El siguiente grado de densificacién de la vegetacion lefiosa se corresponde con
una formacién forestal denominada ‘cerradéo’, donde la proporcién de drea
cubierta por las copas de la vegetacion arbérea representa un 50-90% del terreno,
con alturas de 8-12 metros e incluso mayores. Ofras formaciones arbéreas que
aparecen son las de ribera, denominadas como ‘matas ciliares’o ‘ matas de galeria’.
El primer término se refiere a los bosques de ribera més vigorosos asociados a los
rios mayores, mientras que las ‘matas de galeria’ identifican a la vegetacién que
acompana los arroyos mds pequenos (Oliveira-Filho and Ratter, 2002). Procesos
geomorfolégicos asociados a la fertilidad de los suelos, la dinémica hidrolégica y la
accién del fuego son agentes que juegan un papel clave en la dindmica y distribucion

de estas formaciones vegetales (Dantas et al., 2013; Miranda et al., 2009).

La ilustracién a contfinuacién muestra la variabilidad y distribucién de las
formaciones vegetales del Cerrado segin Ribeiro y Walter (2008) (Figura 2.3).
Desarrollando la  clasificacion anteriormente  descrita, estos autores incluyen otros
subgrupos de formaciones vegetales. Dentro de las formaciones de pastizales, se incluye la
variacién ‘campos rupestres, donde la vegetacion herbdcea comparte espacio con dreas
de afloramientos rocosos, subcategoria que también aparece en el grupo de formaciones
de sabana, denominado ‘cerrado rupestre’. También aparecen distinfas categorias de
formaciones de sabana, destacando los subgrupos ‘cerrado rald, ‘cerrado tpico y
' cerrado densd, que se distinguen por la densificacion gradual de lefiosas. Y el subgrupo
‘parque de cerradd, que incluye dreas de variaciones de predominio de vegetacion
herbdcea con fragmentos arbustivo-arbéreos, conocidos como ‘ murundus'. Por ofra parte,
los subgrupos ‘Palmeiral * y ‘Vereda * constituyen diferentes niveles de densificacion de
cierfas especies arbéreas tipicas del Cerrado. En el gran grupo de formaciones de
vegetacién arbérea, se incluyen también las ‘Maras secas’, que se corresponden con dreas
de predominio de vegefacién arbérea en zonas de suelos poco desarrollados en
profundidad, lo que les confiere mayor grado de sensibilidad en los periodos de sequia.

Formaciones forestales Formacicnes de sabana Pastizales

Mala Mata de
ciliar qgalerio

Cerodo | Cemode | Cerrado | Pargue de . Cerredo | Campo Campo Campo
Palmeiral Vereda

e e
Mata seces | Cerradéo donso fipico . T rupestre | rupesire | suje | limpo

Figura 2.3. Clasificacién de las formaciones vegetales presentes en las sabanas tropicales
de Brasil (Cerrado). Fuente: adaptado de Ribeiro y Walter (2008).
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Puesto que la proporcién de vegetacion arbérea es un importante criterio para
distinguir las formaciones vegetales en esta zona, la carfografia de porcentaje de
Cobertura Vegetal Arbérea (CVA) por pixel (Figura 2.4) contribuye a la caracterizacién
del enclave. Dentro del CASE, las dreas con bajo porcentaje de arborizacion (pixeles
con CVA inferior a 15%) son predominantes, con un total de 46,19%, asociados
principalmente a las dreas de pastizales. Las dreas con alto porcentaje de CVA (superior
a 50%) ocupan el 19,75% del enclave, mientras que las demés dreas son ocupadas
con clases infermedias de porcentaje de CVA, asociadas a zonas de predominio de
formaciones de sabana y sus transiciones hacia formaciones mds o menos arborizadas.
Es posible inferir que las dreas de formaciones vegetales de pastizales y sabana
predominan en los interfluvios de la densa red hidrogrdfica del drea, mientras que las
formaciones arbéreas se corresponden principalmente con dreas de vegetacién de
ribera. Otras formaciones arbéreas también se distribuyen en interfluvios y en los bordes
del enclave hacia éreas de predominio de bosques tropicales (ICMBio, 2016).

En relacién con los incendios forestales, el nimero de eventos aumenta
exponencialmente con la disminucién de las precipitaciones durante el periodo de
sequia (Aragdo et al., 2008) y la mayor acumulacién de biomasa seca en este periodo.
En relacién a las caracteristicas de propagacion del fuego, el comportamiento de los
incendios se asemeja al propio de ambientes de sabana, en el que es frecuente la
formacién de distintos frentes simultdneos de quema (Cheney and Sullivan, 1997). La
extincién natural se asocia a la accién de las lluvias y al contacto de las llamas con dreas
de vegetacién de mayor humedad (bosques de ribera) (Figura 2.5) u otras barreras

naturales o antrépicas que fragmentan el paisaje.

“-. Amazonia
-

Cerrado B9

o CVA% qq0
o
4CQ CASE

Base del CANP
- Acceso vial

Figura 2.4. Distribucién del porcentaje de Cobertura Vegetal Arbérea (CVA) por pixel. A la
derecha se amplia la visualizacién de una sub-drea del enclave, donde es posible apreciar
con mayor defalle los gradientes entre las dreas de bosques de ribera y los interfluvios. Fuente:
producto Landsat Vegetation Continuous Field del afio de 2015 (Sexton et al., 2013).
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Figura 2.5. Zonas afectadas por el fuego en el CASE en septiembre de 2015: (a) dreas internas
al perimetro de incendio, donde el fuego fue de mayor intensidad; (b) zonas limite del incendio,
extinguido por la accién de la lluvia, en donde los bosques de ribera aparecen menos afectados.
Fuente: acervo fotogréfico del CANP, de octubre de 2015, realizadas por Ana Rafaela D’Amico.
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La densidad demogréfica en el interior del CASE es muy baja (estimada en
0.10 hab/km?), vinculada principalmente a pequefios asentamientos indigenas
situados en el exiremo oeste y noreste del enclave. Entre finales de la década de
los 90 y los primeros afos del siglo XXI, ciertas éreas situadas en las proximidades
de la ‘Estrada do Estanho’ (acceso vial que cruza el CASE), hoy pertenecientes al
CANP, se han destinado a un uso agro-pastoral, llegando a albergar
aproximadamente a 50 familias (ICMBio, 2016). En el momento de su creacién,
en el afio 2006, los limites del CANP no incluian el radio de 10 km entorno a la
‘Estrada do Estanho’, siendo posteriormente integrado a la unidad de
conservacién en el 2012, reflejando el perimetro actual. Se puede afirmar que
las inspecciones coordinadas por el Instituto Brasilefio del Medio Ambiente y de
los Recursos Naturales Renovables (IBAMA) y por el Instituto Chico Mendes para
la Conservacién de la Biodiversidad (ICMBio), han supuesto un avance en
relaciéon a los problemas de invasién de tierras publicas en el drea. Es por ello
que actualmente la realizacién de actividades agro-pastorales es prdcticamente
inexistente en el interior del CASE, resguardado legalmente con la intencién de
conservar el patrimonio natural asociado a la biodiversidad de este importante
enclave de sabana tropical (ICMBio, 2016).

Comprender y generar informacién acerca del tdndem fuego y vegetacién
es un objetivo prioritario del Plan de Manejo del CANP, documento de referencia
para la gestiéon de esta zona protegida. En este sentido, desde 2011 el parque
natural cuenta con una brigada de incendios contratada cada afio para el
perfodo de sequia. Inicialmente sus acciones se centraban en el combate de las
llamas y la realizacién de corta-fuegos. Sin embargo, recientemente (desde
2016), las brigadas también realizan quemas prescritas en dreas estratégicas,
dirigidas por el equipo de gestién del CANP. El parque también cuenta desde
2017 con una base fija en las dreas internas de sus limites territoriales, con dos
vigilantes permanentes, lo que tiene facilitado la ampliacién de acciones

asociadas al seguimiento y al manejo del fuego.

2.2. Materiales: obtencién y pre-procesamiento

El conjunto de aportaciones de esta tesis se basa principalmente en el uso
de series temporales de productos de teledeteccién para el andlisis de éreas
afectadas por el fuego en ambientes de sabana tropical de la Amazonia. Entre

los productos disponibles, destacan los derivados de las series Landsat y MODIS,
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que tienen series coincidentes desde el afio 2000. Ademds, también se han
utilizado datos de otros productos de teledeteccién, mdés especificamente los datos
de precipitacién diaria del producto 7TRMM 3B42 Research Derived v/ y la
estimacién de cobertura vegetal arbérea del producto Landsat Vegetation
Continuvous Field. Por otfro lado, se han tomado medidas /n sifu en una campana
de campo realizada en septiembre de 2016. En las siguientes subsecciones se

presentan con mayor detalle las caracteristicas de los datos utilizados.

2.2.1. La serie multitemporal de Landsat

La serie de satélites Landsat dispone de la mayor coleccién continua de
imdgenes de media/alta resolucién espacial del mundo, recogiendo informacién
sobre la superficie terrestre desde hace més de cuatro décadas. Denominado
inicialmente £arth Resources Technology Satellite (ERTS-1), el primer satélite de esta
serie inaugurd el conjunto de instrumentos lanzados al espacio por la National
Aeronautics and Space Administration (NASA), del gobierno de Estados Unidos
(EE.UU.). Especial relevancia tfienen los satélites/sensores Landsat 4-5/Thematic
Mapper (TM), Landsat 7/Enhanced Thematic Mapper Plus (ETM+), y Landsat
8/ Operational Land Imager (OLl), que ofrecen informacién desde 1982. Con una
resolucién espacial de 30 metros y un ciclo de revisita de 16 dias (que se reduce a 8
dias en los perfodos de superposicién de la operacién de mds de un sensor), los tres
sensores registran datos en las regiones del visible, infrarrojo cercano (NIR), e
infrarrojo medio de onda corta (SWIR) (Tabla 2.1), que son bandas espectrales muy
Utiles para el seguimiento de la dinédmica de la vegetacién y, en consecuencia, para
el andlisis de las dreas afectadas por el fuego (Chuvieco et al., 2002; Pereira, 2003;
Trigg and Flasse, 2000).

Esta serie temporal estd disponible de manera gratuita registrdéndose en
el portal Farth Explorer (<http://earthexplorer.usgs.gov/>). Ademds de los
datos originales de cada sensor (en niveles digitales de acuerdo con su
respectiva resolucion radiométrica), actualmente se puede disponer de la
Coleccion | de productos de reflectividad a nivel superficial, con datos
calibrados radiométricamente y geométricamente entre las imégenes de la
serie (Level-1), o incluso con la implementacién de correcciones atmosféricas
(Level-2), realizadas por el Center Science Processing Architecture (ESPA) del
United States Geological Survey (USGS).
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Tabla 2.1. Especificaciéon de las bandas espectrales utilizadas de cada sensor Landsat.

Satélite/sensor Banda Longitud de onda (um) Disponibilidad Referencia
3 (Red) 0.63-0.69
4 (NIR) 0.76 - 0.90 Julio 1982 - (USGS,
ek aR/LY 5 (SWIR)) 1.55-1.75 Mayo 2012 2017a)
7 (SWIR)) 2.08-2.35
3 (Red) 0.63 - 0.69
4 (NIR) 0.77 - 0.90 Abril 1999 — (USGS,
Landsat 7/ETMF 5 swir,) 1.55-1.75 presente 2017q)
7 (SWIRy) 2.09 - 2.35
4 (Red) 0.64 - 0.67
5 (NIR) 0.85-0.88 Febrero 2013 - (USGS
L t LI .
andsat 8/0 6 (SWIR,) 1.57 - 1.65 presente 2017b)
7 (SWIRy) 2.11-2.29

En el desarrollo de la tesis, se han utilizado datos derivados de la serie
Landsat para: (i) generar una serie multitemporal de cicatrices de dreas
quemadas; (ii) validar y aplicar el fusionado de imagenes Landsat-MODIS; (iii)
generar composiciones multitemporales de indices espectrales para el andlisis del

proceso de regeneracién post-fuego.

Para el primero de los usos, se han descargado un total de 334 imdgenes de la
serie Landsat TM, ETM+ y OU (path/row - 231/66), no considerando las imdgenes
cubiertas por nubes entre los afios de 2000 y 2016. Cabe comentar que, cuando se
inicié la investigacién, todavia no estaba disponible la Coleccion | (Level-1 o 2) de los
productos de reflectividad a nivel superficial. Por tanto, antes de comenzar con la
identificacién de las cicatrices de dreas quemadas se realizé6 una fase de pre-
procesamiento que consistio en el chequeo del error cuadrdtico medio (RMSE)
asociado al modelo geométrico de las imdagenes, seguido del co-registro de 28 de
estas imdgenes, feniendo como referencia las imagenes del Global Land Survey (GLY)
(USGS and NASA, 2010). Con este procedimiento, se garantizé6 un RMSE geométrico
inferior a 0.2 pixel para toda la serie multitemporal. En lo que se refiere a las
correcciones atmosféricas, las imagenes de los sensores TM e ETM+ estdn procesados
con el algoritmo Landsat Ecosystem Disturbance Adaptive Processing System (LEDAPS)
(Masek et al., 2006; Vermote et al., 1997). Mientras tanto, las imdgenes del sensor OLI
estén corregidas con el Landsat 8 Surface Reflectance Code (LaSRC) (USGS, 2017b).

Para la validacién y aplicacion del fusionado de imdgenes Landsat y MODIS se
conté con la Coleccién | (Level-1). En este caso se han procesado imégenes
especificas de la serie, mds precisamente tres escenas dentro del CASE de un gran

incendio que ocurrié en 2015 (pre-fuego, post-fuego inmediato y post-fuego). Para
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no restringir el testeo a un Unico enclave de sabana tropical, también se ha
seleccionado un segundo incendio del afio de 2001 sobre dreas del Serra da Cutia
Savanna Enclave (SCSE), también situado en el sur de la Amazonia brasilefa, con
caracteristicas similares a las observadas en el CASE. En este sentido, han sido
descargadas y procesadas tres escenas de esta drea (pre-fuego; post-fuego
inmediato; y post-fuego), situadas en el path/row—232/68.

El Ultimo de los usos mencionados, relacionado con la generacién de
composiciones multitemporales de indices espectrales para el andlisis del proceso de
regeneracion post-fuego, se ha centrado nuevamente en dreas del CASE, mds
concretamente en un recorte espacial de este enclave. En ese momento ya se disponia
de los productos Landsat de la Coleccién | (Level-2), obteniéndose las imagenes del
perfodo 2009-2016. Las fases de pre-procesamiento incluyeron la identificacién y
aplicacién de mdscaras de nubes, sombras de nubes o altos niveles de efectos

aerosoles.

2.2.2. La serie multitemporal de MODIS

Moderate Resolution Imaging Spectroradiometer (MODIS) es el nombre del
sensor que va abordo de los satélites Terra y Aqua, también vinculados a un programa
de observacion de la Tierra de la NASA. Este sensor dispone de 32 bandas especirales,
que adquieren informacién en tres diferentes resoluciones espaciales: 250 m, 500 m y
1 km. Aunque la resolucién espacial es inferior a la de la serie Landsat, MODIS permite
obtener datos espectrales con un ciclo de revisita diario. Esto constituye una gran
ventaja en regiones como las dreas de transicion entre la Amazonia y las sabanas
tropicales de Brasil, al incrementarse ostensiblemente la posibilidad de encontrar
imdgenes exentas de los efectos de las perturbaciones atmosféricas.

Asf como ocurre con las imdgenes de Landsat, la serie multitemporal MODIS
estd disponible gratuitamente, en este caso mediante registro en el portal Land
Processes Distributed Active Archive Center (LP DAAC)
<https://e4fl01.cr.usgs.gov>. En el marco de esta tesis, se ha trabajado con la
Coleccién VI de los productos de reflectividad a nivel superficial de los satélites Terra
(MOD09GQ e MODO9GA) y Aqua (MYD09GQ), y las Gltimas tres versiones de
productos de drea quemada de MODIS, derivados de la combinacién de
informaciones de Terra y Aqua (MCD45A1 v051, MCD64A1 vO51 y MCD64A1
v006). Las principales caracteristicas de estos productos se recogen en la Tabla 2.2.
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Tabla 2.2. Especificaciéon de los productos derivados de la serie MODIS utilizados.

Producto MODIS Resolu(?ién Resolucién Disponibilidad Bapdas Referencia
espacial temporal seleccionadas
MODO09GQ - Surface o Feb. 2000 - (Vermote and
Reflectance v006 220 DI Presente ee) 7 NI Wolfe, 2015aq)
MYDO9GQ - Surface o Jul. 2002 - (Vermote and
Reflectance vO06 250 m Diario Presente Red y NIR Wolfe, 2015b)
MODOQ9GA - Surface 500 Diari Feb. 2000 - Rg\;iv'lé\”R' (Vermote and
Reflectance vO06 m 1ane Presente 1y Wolfe, 2015aq)
SWIR,
(Boschetti et
MCD45A1 - Burned 500 m Mensual Abr. 2000 - Burn date al., 2013; Roy
areas v051 Ene. 2017
et al., 2002)
(Giglio, 2015;
MCDé4AI - Burned 500 m Mensual Agg. 2000 - Burn date Giglio et al.,
areas v051 Dic. 2016
2009)
MCDé4A1 - Burned Nov. 2000 - (Giglio et al.,
areas v006 500 m Mensual Presente Burn date 2016a, 2009)

Los productos de reflectividad a nivel superficial de MODIS se utilizan en dos
momentos principales de la tesis: (i) para obtener fechas optimizadas de las
cicatrices de fuego extraidas con la serie Landsat, utilizando los productos de mayor
resolucion (MODO9GQ y MYDO9GQ); (ii) para validar y aplicar el fusionado de
imagenes Landsat-MODIS, mediante el uso de los productos MOD0O9GQ y
MODO9GA. Todos los productos de reflectividad superficial utilizados estén
integrados en la Coleccién VI de productos MODIS.

La serie multitemporal de las tres versiones de productos de drea quemada
(MCD45A1 v051, MCD64A1 v051 y MCD64AT v006) ha sido utilizada para
verificar la capacidad de deteccién de los incendios en cada producto en
comparacién con la base multitemporal anual/estacional desarrollada para el
CASE. En este sentido, se han obtenido todos los productos disponibles en el
perfodo de 2001-2016 (afos completos en los que operan simultdéneamente),
trabajéndose siempre con el /ayer que indica la fecha juliana del fuego o el valor

“0” cuando no se han detectado dreas quemadas en determinado pixel.

Para todos los productos de la serie MODIS utilizados, la fase de pre-
procesamiento (reproyeccién y recorte espacial) se ha realizado mediante
operaciones en bucle realizadas con el package de R ‘Raster Time Series Analysis',
que permite implementar funciones del software MODIS Reprojetion Tools. En el caso
de los productos de reflectividad a nivel superficial, también se han aplicado procesos
extras asociados a la verificacién de la informacién de calidad de los pixeles (guality
assurance), y la aplicaciéon de mdscaras sobre pixeles de calidad considerada
inadecuada para el procesamiento (afectados por nubes, sombras de nubes, altos

niveles de efectos aerosoles u ofros pardmetros que afectasen su calidad).
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2.2.3. Informaciones derivadas de otros productos de teledeteccién y de la
realizacién de trabajo de campo

2.2 .3a. TRMM 3B42 Research Derived v/

Se han utilizado datos de precipitacién derivados del satélite radar 7ropical
Rainfall Measuring Mission (TRMM) para identificar y subdividir perfodos de sequia
anuales para en el drea de estudio. En concreto, se ha trabajado con el producto
TRMM 3B42 Research Derived v/ (disponible en <https://pmm.nasa.gov/data-
access/downloads/trmm>), que proporciona datos diarios de precipitacién para
las latitudes entre 50°N y 50°S, desde 1998 hasta la actualidad, con una resolucién
espacial de 0.25°. Actualmente corresponde a la versién 7 del algoritmo 7TRAIM
Multisatellite Precipitation Analysis (TMPA) (Huffman et al., 2007).

El producto ha sido descargado seleccionando directamente el recorte
espacial del drea estudiada, obteniendo todos los archivos disponibles entre los

1%

afios 2000 y 2016. Los archivos estdn disponibles en formato “*.nc’, y han sido

preparados para andlisis mediante operaciones en bucle con Python 2.7.15.

2.2.3b. Vegetation Continuous Field tree cover layers

Las estimaciones de cobertura vegetal arbérea (CVA) por pixel del producto
Landsat Vegetation Continuous Field (Sexton et al., 2013) se han utilizado para
agrupar dreas con mayor o menor predominio de vegetacién lefiosa, con el fin
de analizar los efectos del fuego sobre distintas formaciones vegetales. Con una
resolucién espacial de 30 metros, este producto se obtiene gratuitamente desde
el Department of Geographical Sciences de Ila University of Maryland
(<http://glct.umd.edu/data/landsatTreecover/>), actualmente  con 8
estimaciones anuales para el periodo de 2000-2015.

En el desarrollo de la tesis se han considerado distintas categorias de CVA:
baja (<15%); media/baja (15-30%); media/alta (30-50%): alta (>50%). En su
uso en la exploracién del fusionado de imagenes Landsat-MODIS se ha reducido
a tres categorias (combinando las clases media/alta y alta en una Unica clase),
mientras que en el caso del estudio del proceso de regeneracién post-fuego en
dreas seleccionadas del CASE se ha simplificado la categorizacién a dos grupos

(baja y media/baja vs. media/alta y alta).
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2.2.3c. Datos obtenidos en frabajo de campo

La informacién obtenida /n sifu se corresponde con una incursion en campo
realizada entre los dias 15 y 24 de septiembre de 2016, con el equipo de gestion del
CANP y su brigada de incendios. Se definieron un total de 20 parcelas de 15x15 metros
(12 sobre dreas de predominancia de Cobertura Vegetal Herbdcea — CVH; y 8 en
dreas de predominancia de Cobertura Vegetal Arbérea — CVA), aplicando para cada
tipo de parcela una ficha de campo especifica (ver Adjuntos 6B y 6C del Capitulo 6).

En las parcelas de predominio de CVH, se ha estimado la altura de la
vegetacién, la proporcién de cobertura vegetal en relacién a dreas de suelo
desnudo, la presencia/ausencia de ceniza negra o blanca. También se han
realizado descripciones genéricas respecto a la presencia/ausencia de
determinadas especies vegetales y la estimacién de material combustible fino,
mediante la recoleccién de la biomasa final (igual o inferior a 6 mm) en plots de
25x25 cm representativos de la cada parcela. Este material ha sido separado en
dos bolsas distintas, una incluyendo la biomasa verde y otra la biomasa seca. El
material recolectado se ha secado en una estufa a 70°C durante 72 horas. Después
se ha vuelto a pesar para obtener las siguientes variables: total de biomasa fina
verde; total de biomasa fina seca; total de biomasa fina (sumatorio de los dos
anteriores). Esta metodologia se utiliza habitualmente en la estimacién de material
combustible fino de dreas con predominio de vegetacién herbdcea, siendo aplicada
de manera similar en éreas core del Cerrado brasilefio (Schmidt et al., 2018).

Para las parcelas de CVA (situadas en dreas de vegetacion de ribera) se ha
medido la altura de los distintos estratos de vegetacién existentes, la identificacién
de marcas de la altura de las llamas y se ha estimado la presencia de hojarasca
en la parcela (ficha de campo disponible en el Apéndice 6C). También se
cuantificé la Fracciéon de Radiacién Fotosintéticamente Activa (FPAR) a nivel
superficial, bajo las copas del arbolado, utilizando un ceptémetro, modelo
Apogee MQ-306. Este equipo dispone de sensores capaces de medir la energia
electromagnética entre 400 y 700 nm, regiones sensibles a la actividad
fotosintética de las plantas. Esta estimacién consistié en medir, fuera de la masa
arbérea y a la altura de la cintura del operador, la energia incidente sobre el
sensor (PARubwove) para, posteriormente, realizar una nueva medicién bajo las copas
(PARbeiov). El cociente entre el PARbeiow Y PARGbove permite estimar la el FPAR, es decir

la cantidad de radiacién interceptada por la masa vegetal.
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En ambos tipos de parcela, también se recogieron muestras de suelo a
nivel superficial (~10 cm). Estas muestras se analizaron (materia orgdnica y
macronutrientes) en el Laboratorio de Suelos de la Empresa Brasilefia de

Investigaciones Agropecuarias (Embrapa Suelos — Porto Velho).

2.3. Procedimientos metodolégicos

Como repuesta a los objetivos planteados, los procedimientos
metodolégicos desarrollados en la tesis se articulan en cinco etapas principales:
i) generacién de una base anual/estacional de dreas quemadas; ii) evaluacién de
los relaciones entre estacionalidad, extension y frecuencia de los incendios; iii)
validacién de las Oltimas generaciones de los productos de drea quemada de
MODIS; iv) exploracién del uso del fusionado de Landsat y MODIS en el andlisis
de drea quemada; v) andlisis de la regeneracién vegetal post-fuego utilizando
Landsat y el fusionado Landsat-MODIS. La relacién entre los materiales descritos

en la seccién anterior con cada una de las etapas se recoge en la Figura 2.6.
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Figura 2.6. Materiales utilizados en cada una de las principales etapas de la investigacién.
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Cabe comentar que, al tratarse de una tesis en la modalidad ‘compendio
de publicaciones’, en los capitulos en el que se reproducen los articulos
publicados (Capitulos 3, 4, 5 y 6), también se dispone de una seccién
especifica en la que se describen los procedimientos metodoldgicos
desarrollados. De manera resumida, las siguientes subsecciones recogen los
métodos y procedimientos aplicados mds relevantes.

2.3.1. Generacién de una base anual/estacional de dreas quemadas
2.3 1a. Extraccion de las cicatrices de dreas quemadas (2000-2016)

La extraccién de las cicatrices de dreas quemadas se realizé mediante
un proceso de interpretacién visual, considerando la cronologia de las
imé&genes disponibles (Figura 2.7). Aunque costosa en términos de tiempo,
la deteccién de las dreas afectadas por el fuego mediante interpretacién
visual es tradicionalmente utilizada en la generaciéon de informacién sobre
incendios, siendo considerado un proceso relativamente sencillo que genera
resultados fiables (Bastarrika et al., 2011). Cabe resaltar que, generalmente,
los resultados se utilizan como fuente de validacion para el andlisis de
algoritmos de deteccién de drea quemada (Bastarrika et al., 2014; Fraser et
al., 2000; Melchiori et al., 2014).

En la literatura cientifica, encontramos una gran variedad de métodos
automdticos y semi-automdticos para la extraccion de dreas quemadas
(Bastarrika et al., 2014; Melchiori et al., 2014; Shimabukuro et al., 2015),
gue demandan procesos de interpretacién visual para la superacién de errores
de omisién y comision (Daldegan et al., 2014), debido a la compleja
heterogeneidad espectral de las cicatrices de incendios (Pereira, 2003). En un
andlisis  comparativo entre distintos métodos (interpretacién visual,
automatizados y semi-automatizados) para la extraccién de dreas quemadas
en ambientes de sabana tropical utilizando imagenes Landsat, se obtuvieron
mejores resultados con los primeros (Bowman et al., 2003). El MTBS Fire
Occurrence Dataset (USGS and USDA, 2018), es un ejemplo de base datos
nacional de dreas quemadas donde el proceso de interpretacién visual juega
un papel muy importante (Eidenshink et al., 2007). Otra relevante base
nacional que utiliza técnicas de inferpretacion visual para la cartografia de
areas quemadas es la de Portugal (ICNF, 2018).
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Figura 2.7. Ejemplo de la extracciéon de dreas quemadas mediante interpretacion de la serie
Landsat en un fragmento del CASE: (a) imagen en condiciones pre-fuego de 04 de agosto
de 2007; (b) imagen en condiciones de post-fuego inmediato de 05 de septiembre de 2007;
(c) identificacién de las dreas quemadas (poligonos de contornos amarillos) sobre la imagen
de post-fuego inmediato. Ambas imagenes (Landsat TM) se muestran en composicién falso
color (SWIR2-NIR-RED/R-G-B).

Para auxiliar el proceso de interpretacién visual, se ha utilizado el indice
espectral differenced Normalized Burn Ratio (dNBR). Este indice relaciona las
bandas del NIR y SWIR del pre y post-fuego, siendo habitualmente utilizados para
discriminar dreas quemadas y no quemadas asi como estimar clases de severidad
de los incendios (Key and Benson, 2006). Como resultado de esta etapa
metodolégica, se obtuvieron las cicatrices de dreas quemadas de toda la serie
analizada, acompafadas de su informacién temporal a partir de las imagenes
Landsat (fechas pre y post-fuego del incendio).

2.3.1b. Identificacidn del periodo de sequia y demarcacion de sub-periodos

Una vez obtenidos, los datos 7TRMM 3842 Research Derived v/ fueron
separados anualmente (2000-2016), para identificar inicialmente el periodo de
sequia de cada afio de la serie. Esta etapa se ha procesado aplicando un
algoritmo de segmentacién binaria (Binseg), que evalta la media y la varianza
del conjunto de datos para subdividirlo en segmentos. Este método estd
disponible en el package ‘changepoint’ (Killick and Eckley, 2013),
implementado en el software CRAN R (RCT, 2016). La aplicacion estd
fundamentada en el hecho de que las transiciones entre el perfodo de lluvias y
el perfodo de sequia estdn marcadas por rdpidos incrementos/decrementos de
los valores pluviométricos (~4-5 mm/dia) (Fu et al., 2013). Considerando las
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condiciones climdticas de la regién estudiada, el principio del periodo de sequia
de cada afio se ha identificado de acuerdo a la variobilidad de datos
pluviométricos entre los meses de marzo, abril (generalmente identificado como
el mes de transicién) y mayo, forzando la identificacién de dos segmentos que
indiquen el momento de la transicién. El mismo proceso se ha llevado a cabo
con los datos de septiembre, octubre y noviembre, para identificar el final del

periodo de sequia y el paso a la estacién lluviosa.

Dentro de cada periodo de sequia anual, se han distinguidos 3 sub-periodos:
inicio del periodo de sequia (early dry season), mitad del periodo de sequia
(middle dry season) y final del periodo de sequia (/lafe dry season) (Figura 2.8). A
estas tres categorias se suma el sub-periodo our-of-dry season, que incluye los
incendios que suceden fuera del perfodo de sequia anual. Esta subdivision intenta
superar los problemas asociados a una division dual (early x late) en el estudio de
las dreas afectadas por el fuego en ambientes de sabana tropical (Laris et al.,
2016). La demarcacién anual de estos sub-periodos ha sido controlada por la
identificacion del sub-periodo central. Areas quemadas en el early dry season son
las que se sitban entre el inicio del periodo de sequia y el inicio del middlle dry season,
mientras que los incendios durante el /afe dry season son las que ocurren entre la

fecha final del middle dry season'y la fecha final del periodo de sequia anual.

El middle dry season (localmente denominado sub-periodo ‘modal’) se
define por ser el sub-periodo con mayor continuidad de niveles minimos de lluvias
durante el perfodo de sequia, generalmente situado desde la mitad del mes de
julio hasta la mitad del mes de septiembre. En el drea de estudio, el principio de
este sub-periodo estd asociado a un pequefo pico de lluvias en el mes de julio
(no presente en todos los afos), que define la entrada de una sequia mds intensa

de aproximadamente 50 dias.

Para la delimitacién del middle dry season, se ha identificado el periodo
ininterrumpido de lluvias diarias inferiores a 5 mm dentro de la estacién de sequia
de cada afo. En los afios en los que se ha reconocido un pequefo pico de lluvias
en julio (10 de los 17 afios analizados), se ha utilizado este primer criterio para
su demarcacién. Para los demds afos, este criterio permitié identificar la fecha
final del middle dry season, mientras que la fecha inicial se ha obtenido
considerando la media de tiempo transcurrido entre inicio del perfodo de sequia

y el inicio del middlle dry season en los afos con pico de lluvias en julio.
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Figura 2.8. Ejemplo de la identificacién del periodo de sequia con la demarcacion de los
sub-periodos en un afio de la serie (2000). Se puede observar que este es un afo de la
serie que presenta el pequefo pico de lluvias en el mes de julio que da lugar al inicio del
middle dry season.

2.3.1c. Optimizacién de las fechas de cada incendio utilizando MODIS y
asignacion del sub-periodo de sequia

Generada la cartografia de cicatrices de dreas quemadas y obtenidos los
umbrales de los sub-periodos de cada afo de la serie, se asigna el sub-
periodo a cada cicatriz de la serie. Sin embargo, las fechas pre y post-fuego
obtenidas con la serie Landsat no lo permiten la asignacién en todos los
incendios debido a la menor resolucién temporal. En este contexto, se ha
utilizado la serie multitemporal de reflectividad superficial de MODIS
(MOD09GQ y MYDO9GQ) para optimizar las fechas pre y post-fuego y
permitir su categorizacién estacional. Diferentes estudios han demostrado el
potencial de esta serie para identificar la fecha de los incendios (Boschetti et
al., 2015; Panisset et al., 2014; Veraverbeke et al., 2014).

Ambos productos MODIS disponen de imdgenes diarias y bandas
espectrales en las regiones del rojo e infrarrojo cercano, donde los efectos
del fuego sobre la vegetacién generan importantes variaciones en los valores
de reflectividad (Trigg and Flasse, 2000). En las cicatrices en las que no es
posible utilizar la serie Landsat para asignar su sub-periodo (un total de 496
cicatrices), se utilizan las imdgenes diarias de los productos MODIS para
optimizar la fecha del fuego. Cuando la duracién de un determinado
incendio sobrepasa el periodo de transiciéon entre dos sub-periodos de
sequia, fue el caso de 23 cicatrices, se ha considerado la mayor proporcién
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de édrea quemada en un determinado sub-periodo como criterio de
distincién. En 38 cicatrices de fuego (incendios inferiores a 8 ha —
aproximadamente 1 pixel de MODIS) se han detectado limitaciones
asociadas a la baja resolucién espacial de MODIS. En estos casos, la
categorizaciéon se ha definido mediante la interpretacién visual de la primera
imagen post-fuego disponible, en donde se detecta una sefial mds acentuada
de la cicatriz cuando el incendio es reciente. En todo caso, es importante
considerar que estos casos especificos representan apenas un 4.26% del
numero de cicatrices de la base de datos generada.

Como resultado de esta etapa y de las dos descritas anteriormente se ha
podido generar una base multitemporal anual/estacional de dreas quemadas
para el CASE, de media/alta resolucién espacial, para el periodo 2000-2016.

2.3.2. Evaluacién de los relaciones entre estacionalidad, extensién y
frecuencia de los incendios

La estratificaciéon y andlisis de la incidencia del fuego en el CASE ha sido
realizada utilizando la base multitemporal de cicatrices de dreas quemadas
desarrollada en las etapas previas. La informacién ha sido sistematizada por
afio y por sub-periodos de sequia, para recopilar el nimero total de
incendios y el drea afectada en cada grupo. Cada incendio ha sido también
categorizado de acuerdo con su tamafo: muy pequefos (<15 ha); pequefos
(15-100 ha); medios (100-1000 ha); grandes (1000-5000 ha); y muy
grandes (>5000 ha).

El package 'yarrr’ del software R (Phillips, 2017) se utiliza para explorar
patrones estacionales de las cicatrices de dreas quemadas de acuerdo con
su tamano. Este package permite generar informaciéon gréfica de la
distribucién de los datos en atencién a tres aspectos: (i) permite la
representacion del conjunto total de los datos; (ii) explicita la tendencia
central y la densidad de distribuciéon de los datos con el recurso bean
smoothed density (Kampstra, 2008); (iii) posibilita la inferencia estadistica de
diferencias entre grupos de datos, empleando un Bayesian Estimation
Supersedes T-Test (BEST) para generar 95% Highest Density Infervals (HDI)
de la media de cada grupo.

51



Capitulo 2

Ademds, se ha utilizado las estimaciones de CVA por pixel del producto de
Landsat VCF t#ree cover para analizar los patrones de las cicatrices de dreas
quemadas en relacién al tipo de superficie afectada. Considerando la resolucién
temporal del producto en el momento de su utilizacién (2000, 2005, 2010 y
2015), se ha seleccionado siempre el producto pre-fuego mds cercano en el
tiempo para contabilizar el porcentaje de CVA. Es decir, para el periodo de 2000-
2004 se utiliza el producto de 2000; para el periodo de 2005-2009 se ha
utilizado el producto de 2005; para el periodo de 2010-2014, el producto de
2010; y el producto de 2015 para los afios de 2015 y 2016.

Desde el punto de vista estadistico, se ha aplicado el test one-way de
andlisis de la varianza (ANOVA), para verificar la existencia/ausencia de
diferencias significativas (p < 0.05) en dos casos: (i) al comparar los
subtotales quemados sobre superficies de vegetacién lefiosa (CVA>30%)
en distintos sub-periodos de sequia; (ii) al verificar la relacién de los
subtotales de pérdidas de dreas de vegetacién lefosa entre 2000 y 2015
en grupos de pixeles sometidos a distintas clases de recurrencia de fuego.
En los dos casos, los datos han pasado por una transformacién logaritmica
para garantizar los requerimientos de heterocedasticidad y normalidad de
los andlisis ANOVA. La homogeneridad de la varianza se comprueba con
el Levene’s test (p > 0.05) y la normalidad con el Kolgomorov-Smirnov test
(p >0.05). El test post-hoc Tukey (p < 0.05) se ha aplicado para verificar
las diferencias entre los distintos grupos analizados. También se realiza un
andlisis de regresién para analizar las relaciones entre los totales de éreas

quemadas y sus respectivos subtotales computados en cada clase de CVA.

Finalmente, la distribucion espacial de la recurrencia de éreas quemadas se
analiza mediante algebra de mapas. Las dreas con alta recurrencia se han
resaltado sobre el mapa de recurrencia final, para identificar visualmente las

dreas mds/menos frecuentemente afectadas por el fuego.

2.3.3. Validacién de los productos de drea quemada de MODIS

La base multitemporal anual/estacional de dreas quemadas se utiliza como
referencia para analizar la fiabilidad de las Gltimas versiones de productos MODIS
de drea quemada (MCD45A1 v051, MCD64AT vO51 y MCD64A1 v006).
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A los procesos de descarga y pre-procesamiento de los productos de drea
quemada de MODIS, se incluyen dos nuevas fases de trabajo: (i)
individualizacién y asignacién del sub-perfodo de sequia a las dreas
quemadas identificadas en cada producto MODIS; (ii) evaluacién espacial y
estadistica de cada producto de drea quemada. Las siguientes subsecciones
describen los pasos desarrollados en cada etapa.

2.3.3a. Individvalizacidn y asignacidn del sub-periodo de sequia de las dreas
guemadas identificadas en cada producto MODIS

Para adecuar las informaciones de dreas quemadas de cada producto MODIS
a las caracteristicas de la base multitemporal de referencia, se ha procesado la
individualizacién las dreas quemadas, seguido de la identificaciéon del sub-periodo

de sequia de cada incendio.

En primer lugar, se ha generado el acumulado anual de cada producto,
asigndndose para cada pixel la fecha juliana en la que se ha quemado o el valor “0”
(éreas no afectadas por el fuego). En los pixeles con mdés de un incendio en el mismo
afo, se mantiene en el acumulado anual el valor més parecido a los pixeles vecinos.
El resto de los valores se recogen en un /ayeradicional, para su integracién en etapas

posteriormente descritas.

En un segundo momento, se individualizan los incendios en cada
acumulado anual mediante una funcién de clump, disponible en el package
‘raster’ del software R. Esta funcién disuelve los pixeles quemados por su
continuidad espacial (utilizando como criterio las 8 posibles direcciones de
pixeles vecinos). A continuacién, los mismos acumulados anuales se procesan
con una funcién de segmentacién espacial por crecimiento de regiones
(‘segmentation cc' disponible en la aplicacién Orfeo Tool Box 6.0), utilizando
como criterios la distancia tfemporal de 8 dias julianos y el tamafio minimo de
pixel de uno. Como paso final se combinan los resultados derivados de los
clumps y del proceso de segmentaciéon y se disuelven todos los poligonos
inferiores a 3 pixeles pertenecientes al mismo c/ump. Procedimientos similares
han sido aplicados por Frantz et al. (2016) en la andlisis de los patrones

espaciales de los incendios en Sudéfrica utilizando productos MODIS.

En tercer lugar, una vez individualizados los incendios, se les asigna el

sub-periodo de sequia (early dry season, middle dry season, late dry seasony
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out-of-dry season) a partir de su fecha juliana, aplicando una funcién de

valores mayoritarios dentro de cada poligono de incendio.

Como resultado, se obtienen 4 /ayers (uno para cada sub-periodo de
sequia) en cada afo de la serie por producto de drea quemada de MODIS.
Ademds, los /ayers adicionales generados en las etapas previas (que incluyen
los valores asociados a quemas multiples en un mismo pixel) han sido
procesados para integrarse a la base final. Para ello, se aplican las mismas
etapas de procesamiento de los acumulados anuales (generacién de c/lumps,
segmentacién y asignacién del sub-periodo de sequia), siendo finalmente

integrados en los 4 /ayers anuales de cada producto.

2.3.3b. Evaluacién espacial y estadlistica de los productos de drea quemada

Ajustados los productos MODIS de drea quemada a las caracteristicas de la
base de referencia, los estadisticos de validacién se aplican mediante la
generacién de matrices de error (Congalton, 1991) que infegran los valores
presentados por cada producto de drea quemada y la base de referencia,
calculdndose los errores de omisién (Oe), comision (Ce) y el coeficiente de Dice.
Esos estadisticos son habitualmente utilizados en estudios de validacién de

productos de dreas quemada de moderada/baja resolucién espacial (Libonati et
al., 2015; Padilla et al., 2015, 2014; Ruiz et al., 2014; Tsela et al., 2014).

Adicionalmente, se han generado diagramas de Pareto (Pareto
boundaries) (Figura 2.9) para caracterizar el grupo general de celdas
afectadas por el fuego y comparar los subgrupos de deteccién por sub-
periodos de sequia. El uso de los diagramas de Pareto en el andlisis de
productos de drea quemada de moderada/baja resolucién espacial ha sido
propuesto por Boschetti et al. (2004) para auxiliar el andlisis mediante
comparacién con productos de mds alta resolucién espacial. La delimitacién
del diagrama de Pareto en un enfoque bidimensional que permite visualizar,
dato un patrén espacial de distribucién de los incendios y la resolucién
espacial de los productos de drea quemada, la regién de valores minimos de
Oe y Ce que puede ser alcanzada (Boschetti et al., 2004).
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Figura 2.9. Proceso de generacién del Pareto boundary: (a) celdas del producto de baija
resolucién espacial superponiéndose sobre las dreas quemadas de més alta resolucién; (b)
identificacién de los porcentajes quemados en cada celda; (c) generacién de clasificaciones
binarias (quemado/no quemado) con distinfos umbrales ‘' de porcentaje de drea quemada;
(d) Pareto boundary, definido a partir de los valores de omisién y comisién verificados en los
distintos umbrales de clasificacién. Fuente: adaptado de Boschetti et al., 2004.

2.3.4. Exploracién del fusionado entre Landsat y MODIS en el andlisis de
dreas quemadas

Uno de los grandes retos en la generaciéon de series multitemporales en las
zonas de transicién entre las sabanas tropicales y la Amazonia brasilefia reside en
la baja disponibilidad de imdgenes de media/alta resolucién espacial, debido a
la fuerte influencia de las perturbaciones atmosféricas (Asner, 2001; Sano et al.,
2007). Para superar problemas como este, existe una gran cantidad de estudios
que intentan ampliar el universo de datos a través de la aplicaciéon de métodos
de fusionado de imagenes Landsat y MODIS (Alparone et al., 2015).
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Uno de los algoritmos de fusién mds conocidos es el Spatial and
Temporal Adaptive Reflectance Fusion Model (STARFM) (Gao et al., 2006),
que ha sido aplicado a temdticas tan variadas como el estudio de los cambios
fenolégicos de la vegetacion (Walker et al., 2012), la estimacién de gross
primary  production (Singh, 2011), el andlisis multitemporal de la
evapotranspiracién (Cammalleri et al., 2014), o la cartografia de usos del
suelo (Senf et al., 2015). Este algoritmo opera mediante un andlisis de
vecindad (ventana mavil) en el que se establece una ponderacién entre pixeles
espectralmente similares en la imagen de baja resolucion MODIS y la imagen
Landsat. De este modo, dado un par de imagenes Landsat-MODIS adquiridos
en 1o (par predictor) y una imagen MODIS adquirida en t (fecha simulada),
STARFM simula los valores de la imagen en f con la resolucién espacial de
Landsat (Gao et al.,, 2006), asumiendo la correspondencia de bandas

espectrales entre los dos sensores.

Mdés recientemente, otro método de fusién es el conocido como Flexible
Spatiotemporal DAta Fusion (FSDAF) (Zhu et al., 2016). Asi como STARFM,
este algoritmo opera desde un Unico par predictor, que estd relacionado con
una imagen de menor resolucién espacial en la fecha de prediccién deseada.
En comparacién a sus antecesores, FSDAF estd disefiado para situaciones en
las que se presentan cambios abruptos y progresivos de uso y cubierta del
suelo entre las imdgenes relacionadas, incorporando ideas de STARFM,
interpolacién espacial y métodos de fusién con base en desmezclado espacial.
Zhu et al. (2016) realizaron un andlisis comparativo entre los resultados
obtenidos con STARFM y FSDAF en dos casos de estudio que pasaron por
cambios abruptos (4rea de actividades agricolas heterogéneas y drea afectada
por una inundacién), concluyendo que los resultados del segundo método
presentan mayor efectividad.

En el contexto de esta tesis doctoral, el objetivo ha sido analizar el
potencial de las técnicas de fusionado Landsat-MODIS utilizando FSDAF en el
marco del andlisis de incendios en dreas de sabana tropical de la Amazonia.
Para este fin, se ha seleccionado dos grandes incendios: el primero (con un
total de 11,860 ha) en septiembre de 2015, en dreas del enclave de sabana
de los Campos Amazénicos; el segundo incendio (con un total de 13,185 ha),
afecté a zonas del enclave de sabana Serra da Cutia, también situado en el

sur de la Amazonia brasilefa.
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2.3.4a. Aolicacién del fusionado utilizando el método FSDAF

En cada uno de los incendios seleccionados se han utilizado tres pares de
imagenes: pre-fuego, post-fuego inmediato y post-fuego, trabajados con las
bandas espectrales del rojo, NIR, SWIR; y SWIR, del sensor Landsat ETM+
(bandas 3, 4, 5y 7) y Terra-MODIS (bandas 1, 2, 6 y 7). Adicionalmente al
fusionado aplicado banda a banda, también se han utilizado indices espectrales
derivados de estas bandas, en concreto con los indices Normalized difference
vegetation index (NDVI), Normalized difference moisture index (NDMI), Global
environment monitoring index (GEMI), Soil-adjusted vegetation index (SAVI),
Normalized burn ratio (NBR) y el Differenced normalized burn ratio (dNBR).

En cumplimiento de los requisitos de aplicacién del algoritmo, los pares de
imagenes han sido tratados pre-procesados (reproyeccién, co-registro,
remuestreo y recorte). Los procesos de fusién se han aplicado siempre para
obtener informacién multispectral para la fecha de post-fuego inmediato
utilizando el par predictor de la siguiente imagen post-fuego (distante 48 dias de

la imagen post-fuego inmediato en los dos casos de estudio).

2.3.4b. Evalvacion estadlistica y espacial del proceso de fusionado

El primer aspecto a destacar del proceso de validacién es que para todas las
imdagenes simuladas se dispone de una correspondiente imagen Landsat real. De
este modo, los resultados se analizaron contrastando el comportamiento espectral
de las bandas e indices de las imégenes simuladas frente a las reales. Para ello,
se calculan cuatro estadisticos de validacién, habitualmente utilizados en la
evaluacién de procesos de fusién de imégenes (Emelyanova et al., 2013; Gevaert
and Garcia-Haro, 2015; Zhu et al., 20168): Pearson’s correlation coefficient (r);
Root Mean Square Error (RMSE); average difference or Mean bias (Bias); y el
Structure Similarity Index Measure (SSIM).

El comportamiento de los valores de los indices NDVI, NDMI, GEMI, SAVI' Y
NBR derivados del proceso de fusionado se ha contrastado graficamente con los
valores obtenidos con imdgenes reales de Landsat. Para esto, los indices han sido
agrupados de acuerdo a tres categorias de CVA (<15%, 15-30% y >30%).

Ademds, los valores de dNBR obtenidos con las imdgenes fusionadas

también han sido valorados. Para esto, se han derivado cuatro categorias de
severidad de fuego: unburned (<0.149), Jow (0.150-0.269), moderate low
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(0.270-0.439), moderate high (0.440-0.659) vy high (0.660-1.300),
adaptadas de los rangos definidos por Key and Benson (2006). Los valores
obtenidos por imdgenes reales y derivadas de procesos de fusién han sido
comparados visual y estadisticamente mediante el estadistico de Cohen’s

kappa y la generacién de la matriz de confusién.

2.3.5. Andlisis de la regeneracién vegetal utilizando Landsat y el fusionado
Landsat-MODIS

En esta etapa final de la tesis, se analiza el proceso de regeneracién vegetal
post-fuego en el CASE, mediante la generaciéon de una serie multitemporal de
imégenes Landsat, completada con imdgenes derivadas del fusionado entre Landsat
y MODIS. Se selecciona el periodo de 2009-2016 (8 afos) dentro de la serie
disponible, para realizar el seguimiento en tres incendios sucedidos en 2010,
2014 y 2016. Cada afio de la serie cuenta con 8 registros multitemporales: una
composicién para cada mes del periodo de sequia anual (mayo a octubre); y
ofras dos composiciones (una anterior y otra posterior al periodo de sequia), para

integrar el final y el principio del periodo de lluvias.

Una vez generada la serie multitemporal, se han derivado dos indices
espectrales (NDVI y NBR) para analizar el proceso de regeneracién vegetal post-
fuego. Ambos indices varian entre -1 y 1, siendo el NDVI un referente para
estimar el vigor vegetal de la vegetacién (Pettorelli et al., 2005) al relacionar las
bandas del NIR y rojo (Rouse et al., 1974; Tucker, 1979). Mientras, el NBR es un
indice habitualmente utilizado para la estimacién de los efectos del fuego,
utilizando en su computo las bandas del SWIR y NIR (Key and Benson, 2006). El
andlisis se realiza mediante muestreos de pixeles divididos en tres grupos: (i) éreas
quemadas en 2010; (i) dreas quemadas en 2010 y 2014; (iii) dreas quemadas
en 2010y 2016. Adicionalmente, se han considerado subgrupos de acuerdo con
distinto porcentaje de CVA (baja/media baja vs. media alta/alta).

De acuerdo con estos grupos y subgrupos, se obtienen los valores
medios de cada registro de la serie temporal, permitiendo el contraste grafico
de las trayectorias resultantes. Esta comparacién cuali-cuantitava ha
posibilitado el andlisis del proceso de regeneraciéon vegetal post-fuego,
verificando el tiempo transcurrido para que se obtengan los indices de vigor
vegetal previos al fuego.
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Finalmente, los datos derivados de la campafia de campo de septiembre
de 2016 se sistematizan y analizan en relacién a los resultados obtenidos en
el andlisis multitemporal de indices espectrales. Los grupos de parcelas
analizadas (4reas de predominio de cobertura vegetal herbdcea y dreas de
predominio de cobertura vegetal arbérea) se subdividen en funcién de las
categorias: quemado recientemente; sin fuego desde 2014 y sin fuego desde
2010, permitiendo la comparacién gréfica de las variables adquiridas en
campo. También se han incluido aspectos relativos a la sucesion de
comunidades vegetales y a las caracteristicas de los suelos del drea para

describir los efectos del fuego a escala de campo.
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Multiple remote sensing data sources to assess spatio-temporal patterns of
fire incidence over Campos Amazbénicos Savanna Vegetation Enclave
(Brazilian Amazon)

Abstract

Fire activity plays an important role in the past, present and future of Earth system behavior.
Monitoring and assessing spatial and temporal fire dynamics have a fundamental
relevance in the understanding of ecological processes and the human impacts on different
landscapes and multiple spatial scales. This work analyzes the spatio-temporal distribution
of burned areas in one of the biggest savanna vegetation enclaves in the southern Brazilian
Amazon, from 2000 to 2016, deriving information from multiple remote sensing data
sources (Landsat and MODIS surface reflectance, TRMM pluviometry and Vegetation
Continuous Field tree cover layers). A fire scars database with 30 m spatial resolution was
generated using a Landsat time series. MODIS daily surface reflectance was used for
accurate dating of the fire scars. TRMM pluviometry data were analyzed to dynamically
establish time limits of the yearly dry season and burning periods. Burned area extent,
frequency and recurrence were quantified comparing the results annually/seasonally.
Additionally, Vegetation Continuous Field tree cover layers were used to analyze fire
incidence over different types of tree cover domains. In the last seventeen years, 1.03
million hectares were burned within the study area, distributed across 1432 fire
occurrences, highlighting 2005, 2010 and 2014 as the most affected years. Middle dry
season fires represent 86.21% of the total burned areas and 32.05% of fire occurrences,
affecting larger amount of higher density tree surfaces than other burning periods. The
results provide new insights into the analysis of burned areas of the neotropical savannas,
spatially and statistically reinforcing important aspects linked to the seasonality patterns of
fire incidence in this landscape.

Keywords: fire history, remote sensing, seasonality, conservation units, savanna enclave,
Brazilian Amazon.
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Patrones espacio-temporales de la incidencia del fuego

3.1. Introduction

Fire is one of the major factors in the dynamic of ecosystem processes playing
a key role in Earth system behaviour (Bond et al., 2005). Human-induced fires have
profoundly influenced fire regime alterations worldwide, largely by increasing fire
frequency and destructiveness to ecosystems (Pausas and Keeley, 2009). On a
global scale, tropical savannas is the most fire-prone biome and the largest source
of atmospheric emissions from biomass burning (Pereira, 2003). The Brazilian
neotropical savanna (Cerrado), considered as a global biodiversity hotspot,
occupies over 2 million km? and is the second largest biome in the country after the
Amazon (Cavalcanti and Joly, 2002). The transition areas between Cerrado and
Amazon, also known as the ‘Arc of Deforestation and Fire of the Legal Amazon’, is
the region most frequently affected by fire in the last decades within Brazilian territory
(Schroeder et al., 2009; Silva Cardozo et al., 2011).

According to paleoclimatic and paleo-vegetational studies, fire has been
burning tropical savannas of South America more than 32,000 years ago (Ledru,
2002; Salgado-Labouriau and Ferraz-Vicentini, 1994), before the presence of man,
which demonstrates that natural fire regimes influences in the Cerrado formation,
categorized as fire-dependent/influenced landscape (Hardesty et al., 2005). In this
type of landscape, natural fire regimes are mainly associated to the occurrence of
lightning during the wet season (Ramos-Neto and Pivello, 2000), generally resulting
in low intensity burns that plays an important role for nutrient cycling, diversity
mainfenance and habitat structure (Pivello, 2011). However, the anthropic activities
had a significant impact on the increase of fire recurrence in the last decades, directly
influencing the alteration of these environments (Goldammer, 1993). High fire
frequency or even seasonality alteration of burns are associated with severe impacts
on biosphere, pedosphere and atmosphere components (Pausas and Keeley,
2009). Regarding vegetation, frequent fires impact on reduction of nutrient stock
and total biomass, especially in relation to tree and shrub formations, which may
result in the exclusion of vegetal species more sensitive to fire (Hoffmann and
Moreira, 2002; Moreira, 2000), as well as fauna species (Silveira et al., 1999). The
incidence of frequent and high temperatures can lead to altered physical and
chemical soil characteristics, favoring high rates of erosion and soil losses (Certini,
2005). The total greenhouse gas emissions to the atmosphere from the combustion
of fuel loads have also a relevant impact (Bowman et al., 2009; Levine et al., 1995).
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Human influences on fire regimes occur directly and indirectly. On the one
hand, a direct increase in the number of ignitions is mainly associated with clearing
of areas for pasture, land preparation for agriculture and animal attraction for
hunting, where fire often gets out of control and generates large forest fires. On the
other hand, the changes promoted in the landscape, such as construction of roads
and introduction of new vegetation species may be related to the increase of
susceptibility to fire on certain areas (Hardesty et al., 2005). In the perspective of
anthropogenic influences on climate change, possible extensions of drought seasons
may increase the exposure of these areas to the fire risk. In the Cerrado-Amazon
transition areas, increase in burned areas is closely related to the last-decades
changes in land use and land cover (Eva and Lambin, 2000; Ometto et al., 2016),
mainly associated with the expansion of crop and pasture areas, road and

communication network construction and population density growth.

In this context, fire activity monitoring is an essential procedure in order to answer
purely scientific questions associated with understanding of ecological processes and
the human impacts in multiple spatial scales of analysis. Furthermore, it generates
valuable information from the point of view of land management, supporting strategic
alternatives for biodiversity and soil conservation and reduction of carbon emissions.
In Brazil, there is an urgent need in national fire policy (Durigan and Ratter, 2016)
defining guidelines and implementing strategies for fire management plans, since this
issue is still little considered in the scope of Brazilian conservation policies.

Remote sensing is an essential source allowing generation of systematic
information at different spatial and temporal scales necessary for monitoring and
better understanding of fire affected areas (Giglio et al., 2010; Pereira, 2003). It
provides global coverage and multitemporal assessment, supporting pre- and
post-fire studies ranging from the generation of risk models (Chuvieco et al., 2010;
Maeda et al., 2009) to the analysis of regeneration processes (Réder et al., 2008;
Van Leeuwen et al., 2010). There is a growing body of literature that use long time
series of fine spatial resolution images for the analysis of fire histories in annual
approaches to different global landscapes, such as for savanna areas of South
Africa and Botswana (Hudak and Brockett, 2004), arid grasslands of Australia
(Greenville et al., 2009), Mediterranean grasslands of Spain (Réder et al., 2008),
rainforest of Amazon (Alencar et al., 2011; Morton et al., 2011) and in the core
areas of the Cerrado (Daldegan et al., 2014; Lemes et al., 2014).
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It is worth noting that unlike countries such as Canada, with the Canadian
Wildland Fire Information System (CWFIS) (CFS, 2018), United States, with the
Monitoring Trends in Burn Severity (MTBS) Fire Occurrence Dataset (USGS and
USDA, 2018), and Spain, with the Spanish Department of Defense Against Forest
Fires Stats database (MAPAMA, 2018), which contain systematic record of decades
of valuable information, Brazil does not have database of fire occurrences with
similar characteristics. Fire Incident Report (RO, Portuguese acronym) is the official
database, available from the National Forest Fires Prevention and Combat System
(PREVFOGOQ), linked to the Brazilian Institute of the Environment and Renewable
Natural Resources (IBAMA). Most of ROI data lack temporal and spatial continuity
and are related to fire occurrences in protected areas where actions for their
extinction were employed. Although efforts have been made to develop burned area
detection algorithms adapted to fire behavior in Brazilian biomes (Libonati et al.,
2015; Melchiori et al., 2014; Shimabukuro et al., 2015), an official spatial
database that accounts for fire-affected areas is not yet available. The most relevant
current achievement is presented by the Burning Monitoring Program of the National
Institute for Space Research (INPE), through the ‘Queimadas project’ (INPE, 2018),
which is introducing initial results of an automatic algorithm of burned areas
detection at 30 m spatial resolution (known as AQ30m), restricted to the core area
of the Brazilian Cerrado biome for the period of 2011 to 2015.

Pending availability of improved outcome results, the estimation of burned areas
on local and regional scales, especially in the protected areas of the Brazilian
National System of Conservation Units (SNUC), nowadays is based on accumulated
active fire data derived from sensors of moderate/low spatial resolution. Although
this information has been very relevant in the development of fire alert systems in
areas of difficult accessibility, they present many limitations due to their direct
interpretation as burned areas (Schroeder et al., 2010). Furthermore, validation of
the major currently available global burned area products present high omission
errors (Libonati et al., 2014; Padilla et al., 2015), which is not compatible with the
generation of fire recurrence databases at local/regional scales.

Among different sensors applied in the burned areas assessment and
monitoring, it is possible to highlight those that are aboard the series of Landsat
satellites (Thematic Mapper - TM, Enhanced Thematic Mapper — ETM+,
Operational Land Imager - OLI), Terra and Aqua (Moderate Resolution Imaging
Spectroradiometer - MODIS). More precise and quite acceptable information for

land management at local/regional scale is derived from the Landsat series (Lentile
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et al., 2006), which currently has more than four decades of global coverage. On
the other hand, the MODIS series offers daily information, in a lower spatial
resolution, allowing a more exhaustive temporal monitoring from 2000 to the
present day (Giglio et al., 2013).

High temporal resolution information on burned area is needed to improve
analysis of the fire affected areas in tropical savannas. Fires occurring before or at
the beginning of dry season are generally cooler and less intense, while those
occurring in the months of accumulated and dry fuel loads (usually the central and
late months of the dry season) burn intensely (Andersen et al., 2005; Williams et
al., 1998). Higher damage to woody vegetation is related to this period of intense
fires, more susceptible to the spread beyond tree vegetation formations (Laris et
al., 2016; Nepstad et al., 2004). Furthermore, in some years the influence of
climatic anomalies in the Amazon, such as regional climate phenomena El Nifio
Southern Oscillation (ENSO) and the Atlantic Multidecadal Oscillation (AMO), are
present (Lewis et al., 2011; Marengo et al., 2011, 2008). They are usually
associated with severe droughts, variations in precipitation regimes, temperatures
and evapotranspiration levels.

Unlike the large literature regarding fire histories in annual approaches, few
studies have investigated the seasonality of fire incidence using fine spatial resolution
time series. To date, researches with these characteristics are restricted to selected
areas of the Australian (Russel-Smith et al., 1997) and African savannas (Laris, 2002,
2005). Yearly/seasonally studies based on coarse resolution time series are more
recurrent, such as those of the Mediterranean vegetation in lIsrael (Levin and
Heimowitz, 2012) and the savanna-forest contact areas in Madagascar (Jacquin and
Goulard, 2013). For the Cerrado and the Amazon areas, available seasonal studies
are based mainly on the analysis of satellite active fire information (Alencar et al.,
2015; Chen et al., 2013; Schroeder et al., 2009). Although accumulated active fire
points enable key moments related to the annual/seasonal incidence of fire to be
estimated and provide relevant information in studies on a coarse scale, they restrict
the direct interpretation to a total of burned areas and number of fires (Schroeder et
al., 2008). The coarse spatial resolution of these products and the high omission rates,
especially in relation to smalll fires (Laris, 2005; Schroeder et al., 2010), limit their use

to a regional/local analysis of this phenomenon.

This lack of seasonal studies of fine spatial resolution is mainly related to the

constraints imposed by the influence of atmospheric perturbations combined with
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a reduced temporal resolution of the Landsat series, which limit the interpretation
of its date of burning and consequently its seasonal assignment (Laris, 2005). In
this view, different researches have explored the potential of combining fine and
coarse spatial resolution temporal series (i.e. Landsat and MODIS) to address
problems of availability of fine resolution multitemporal records, such as in the
study of spatio-temporal patterns of forest changes in Guatemala (Hayes and
Cohen, 2007), in the estimation of spatial and temporal patterns of aboveground
biomass of sandy grasslands in China (Yan et al., 2015) or in the multi seasonal
mapping of land cover over complex Mediterranean environments in Portugal
(Senf et al., 2015). Regarding topics more specifically associated with fire
dynamics, recent studies have demonstrated the potential of the MODIS series for

accurate time information on burned areas (Boschetti et al., 2015; Panisset et al.,
2014; Veraverbeke et al., 2014).

In this context, this work aims to explore the combination of multiple
remote sensing data sources - Landsat and MODIS surface reflectance,
Tropical Rainfall Measuring Mission (TRMM) pluviometry and Vegetation
Continuous Field (VCF) tree cover layers - to analyze spatial and temporal
patterns of fire incidence in one of the biggest enclaves of savanna vegetation
in the southern Brazilian Amazon, the Campos Amazénicos Savanna Enclave
(CASE). The analysis is based on all the coincident time series of Landsat and
MODIS available until now (2000-2016), seeking to: (i) generate an
annually/seasonally fire database of fine spatial resolution (30 m) for the last
17 years; (ii) assess the relationships between seasonality and the extent and
frequency of fires; (i) analyze the connections between fire

seasonality/recurrence and the woody cover areas affected by fire.

This is the first study that generates and analyzes an annual/seasonal
database of fine spatial resolution on the incidence of fire on South American
savanna environments. At the same time, it presents an original methodology that
combines remote sensing data sources to monitor and assess spatial and temporal
incidence of fire, providing an important opportunity to advance over the restricted
literature that deals with the seasonal study of fire in fine spatial resolution. Thus,
this study contributes to the understanding of fire dynamics and its repercussions
on total environment, generating valuable data in the field of fire management on

a local/regional scale.
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3.2. Materials and methods
3.2.1. Study area

The CASE (Figure 3.1) has a total area of 4342 km?, located in the south-
western quadrant of the Brazilian Amazon, covered by the municipalities of
Manicoré, Humaitd, Novo Aripuand (State of Amazonas) and Machadinho
D'Oeste (State of Rondénia). Currently, the CASE is almost entirely integrated as
a protected area within SNUC, with 47% belonging to the limits of the Campos
Amazénicos National Park (CANP), 46% in the Tenharim Marmelos Indigenous
Land (Marmelos IL) and 5% in the Tenharim Igarapé Preto Indigenous Land

(Igarapé Preto IL) (Figure 3.1,).

The climatic conditions of the region are characterized by high annual
average temperatures, ranging between 24°C and 28°C, and an annual rainfall
of up to 2000 mm. The period from November to March is considered wet season,
while dry season extends from May to September; the months of April and October
usually correspond to the transition between the two seasons (Marengo et al.,
2001). Fire activity tended to increase exponentially with the decrease of rainfall
in the dry season (Aragéo et al., 2008). From a geological point of view, the area
is part of Central Brazil Shield (southern Amazonian Craton) and the main
geological formation is derived from the Neoproterozoic (pa/meiral formation), a
sedimentary lithology. In general terms, the topography is composed
predominantly by flat slopes and dystrophic soils (neosols marked by the presence
of plinthite in the B horizon), with soil type variations associated mainly in areas of
riparian vegetation (ICMBio, 2016; Motta et al., 2002).

CASE is a contfinuous area of predominance of savanna phyto-
physiognomies in a region dominated by rainforest vegetation (Figure 3.1,) and is
considered one of the biggest savanna enclaves in southern Brazilian Amazon.
The group of vegetation formations of the CASE region is classified as disjunct
Amazonian savannas (Ratter et al., 2003), which corroborates the possibility that,
in addition to the modern environmental factors, the current vegetation pattern of
the area reflects the dynamics of the climatic changes of the Tertiary and
Quaternary periods (Carneiro Filho, 1993). It is possible that in this area of relict
vegetation isolated from the core of the Cerrado biome, speciation processes are

in progress, making its protection extremely important for conservation of genetic

biodiversity (ICMBio, 2016).
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grassland with scattered shrubs and small trees (campo sujo). The savanna
formations are divided in: campo cerrado - scattered trees and shrubs and a
large proportion of grassland; and cerrado (sensu stricto) - dominated by trees
and shrubs (often 3-8 m tall), but with still a considerable amount of herbaceous
vegetation. The next stage is a forest formation named cerradéo, an almost
closed woodland with crown cover of 50% to 90%, often of 8-12 m or even
taller. Forest formations also include riverine forest (riparian vegetation)
(Oliveira-Filho and Ratter, 2002). Geomorphological processes related to soil
fertility, water dynamics and fire recurrence are elements that play an important
role in the dynamics of these vegetation formations (Dantas et al., 2013;

Miranda et al., 2009).

The proportion of tree cover is an important criterion for distinguishing these
phyto-physiognomies (Figure 3.1y). Within the CASE, areas with a low
percentage of tree cover (tree cover less than 15% of the pixel) predominate,
with a total area of 46.19%, closely linked to the predominant areas of grassland
formations. The areas with predominance of high tree cover (iree cover pixel
superior to 50%) total 19.75% of the enclave, while the rest of the area is
occupied by the transitional classes, in which areas of savanna formations are
linked to grassland or tree formations. Grassland and savanna formations
predominate in the interfluvial areas of the existent high drainage density
network, while forest formations are mainly located in the proximity of the fluvial
courses. Forest formations also appear in the form of more extensive fragments
either in the border areas of the enclave (typical rainforest transitional vegetation)
or in savanna forested areas (cerradéo) (ICMBio, 2016).

The demographic density within the CASE is estimated at 0.10 inhab/km?,
the population is mainly concentrated in small indigenous settlements (Figure
3.1.). During 1990s and at the beginning of the 2000s, areas located near the
Estanho Unpaved Road, now belonging to the CANP, were used for agro-
pastoral activities by approximately 50 families (ICMBio, 2016). At the time of
creation, in 2006, the limits of the CANP did not include the areas within the
distance of 10 km from the Estanho Road. These areas have been officially
infegrated into this conservation unit in 2012. The monitoring operations
coordinated by IBAMA and the Chico Mendes Institute for Biodiversity
Conservation (ICMBio), after the creation of the CANP, resulted in notable
advances in the control of the illegal occupation of public lands in the region.
As a result, agro-pastoral activities are currently very restricted within the CASE,
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legally established with the purpose of conserving the natural heritage associated
with the biodiversity of this important enclave of Cerrado (ICMBio, 2016).

3.2.2. Materials and methodological procedures

The methodological procedures (Figure 3.2) follow four main steps: i) fire
scars assessment; ii) dry season idenfification and subdivision; iii) retrieval of
enhanced fire occurrence date; iv) assessment of temporal and spatial patterns of
fire incidence. In the following subsections each step is described in more detail.
Detailed information about the multiple remote sensing data sources used
available in Table 1.
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Figure 3.2. Methodology workflow. Remote sensing data sources are shown with dotted
boxes. Hexagons present layers resulting from analysis of the generated database.
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Table 3.1. Characteristics of the multiple remote sensing data sources used.
Selected

Remote sensing data Spatial Temporal

- . Availability Reference
source resolution resolution layers
Landsat TM Surface 30 16 d July 1982 - RED, NIR (USGS,
Reflectance m as May 2012 and SWIR 2017a)
Landsat ETM+ Surface April 1999 - RED, NIR (USGS,
30m 16 days and SWIR
Reflectance present 2017aq)
bands
Lerrlet O Surfiaes Feb.2013-  RED,NR (USGS,
30m 16 days and SWIR
Reflectance present 2017b)
bands
MODO09GQ - Surface . Feb.2000- REDand NIR (Vermote
250 m Daily and Wolfe,
Reflectance - V6 Present bands
2015q)
(Vermote
MYDO9GQ - Surface 250 m Daily July 2002 - RED and NIR and Wolfe,
Reflectance - V6 Present bands
2015b)
TRMM 3B42 Research 0.05° .- Jan. 1998 - T_OTf'i. (Huffman ef
Derived - V7 ' ary present prec||p| aron al., 2007)
ayer
Vegetation Continuous 30 m 5 vears 2000, 2005, Terfceei?;/e; (Sexton et
Field tree cover layer Y 2010, 2015 P layer 9 al.,, 2013)

3.2.2a. Fire scars assessment

The Landsat TM, ETM+ and OLI time series available for the period analyzed
(2000-2016) are the main source for the identification of burned areas. These
sensors capture information from spectral regions relevant for analysis of
vegetation dynamics, i.e. the Near Infra-Red (NIR), Short Wave Infra-Red (SWIR)
and Red, with a spatial resolution of 30 m. Although the temporal resolution for
each sensor is 16 days, there is a time overlap in operation of at least two sensors
for almost the whole analyzed period, resulting in availability of Landsat records
every 8 days. Exceptions correspond to the period between March 2002 and June
2003, when no TM images were acquired, and from November 2011 to February
2013, time period when the TM sensor stopped functioning and the images from

OLIl sensor has not been yet available.

A total of 334 images (dismissing those totally clouded) were downloaded
from <http://earthexplorer.usgs.gov> (path/row - 231/66). It is worth
mentioning that the greatest extensions in the study area are burned during the dry
season, the period of greater availability of cloud-free Landsat acquisitions
registered in the South of Brazilian Amazon (Asner, 2001) and in the core areas
of the Cerrado (Sano et al., 2007). The rest of the year is characterized by high
levels of precipitation, lower frequency of fire occurrences, and fewer high quality

satellite images (Aragéo et al., 2008).
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The pre-processing started with the check of the root mean square error (RMSE)
values related to the geometric model of the images. The images with RMSE greater
than 0.2 pixel (28 images) were co-registered using Global Land Survey (GLS) data
as reference (USGS and NASA, 2010) to ensure geometric quality of the data.
Landsat Ecosystem Disturbance Adaptive Processing System (LEDAPS) was applied
for atmospheric correction of Landsat TM and ETM+ images (reflective bands)
(USGS, 2017a). This algorithm employs a MODIS/6S radiative transfer approach
(Masek et al., 2006; Vermote et al., 1997) taking into account ancillary water vapor
data from NCEP (National Centers for Environmental Prediction) and TOMS (Total
Ozone Mapping Spectrometer) data, with aerosols obtained from the image itself
using the dark dense vegetation methodology (Kaufman et al., 1997). For OLI
images, Landsat 8 Surface Reflectance Code (LaSRC) algorithm uses the scene
center for the sun angle calculation and then hardcodes the view zenith angle to 0.
The solar zenith and view zenith angles were used for calculations as part of the
atmospheric correction (USGS, 2017b). LEDAPS and LaSRC codes are freely
available from Center Science Processing Architecture (ESPA) of the United States
Geological Survey (USGS) Earth Resources Observation and Science (EROS)
members. ‘Nodata’ masks were applied to areas identified as clouds, high aerosol

effects, shadows and areas affected by failure of Scan Line Corrector (SLC) on

Landsat ETM+ after March 2003.

The extraction of the burned areas was based on an exhaustive process of
visual interpretation, considering the chronological sequence of available images.
Visual interpretation of fire incidence is a technique traditionally used in detection
of burned areas. Although quite time-consuming, the process is considered
relatively simple and allows obtaining reliable results (Bastarrika et al., 2011). It is
generally used to generate validation data to assess accuracy of burned area
algorithms (Bastarrika et al., 2014; Fraser et al., 2000; Melchiori et al., 2014).

Automatic and semi-automatic methods for extraction of burned areas
proposed in the literature (Bastarrika et al., 2014; Melchiori et al., 2014;
Shimabukuro et al.,, 2015) generally require complementation with visual
interpretation to overcome commission and omission errors (Daldegan et al.,
2014), which can occur due to the complex spectral and spatial heterogeneity of
fire scars (Pereira, 2003). In an evaluation of different methods for extraction of
burned areas in a tropical savanna region using Landsat images, visual
interpretation allowed obtaining results similar and better to those obtained with

the use of automatic and semi-automatic methods (Bowman et al., 2003). An
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example of a burned areas database essentially based on visual interpretation of
Landsat images is the National MTBS Fire Occurrence Dataset (Eidenshink et al.,
2007; USGS and USDA, 2018). Another relevant database based on visual
interpretation is the cartography of forest fires of Portugal (ICNF, 2018).

Differenced Normalized Burn Ratio (ANBR) (Eq. 3.1) was used to assist the visual
interpretation process. This index relating NIR and SWIR bands from the pre- and post-
fire images is widely used to discriminate burned from unburned areas and estimate
vegetation burn severity classes (Key and Benson, 2006). As a result of this step, fire
scars were obtained for the entire time series analyzed, always accompanied by their

temporal information available from Landsat (dates before and after fire).

dNBR = (NIR—SWIRZ) _ (NIR—SWIRZ) (Eq 3])

NIR+SWIR NIR+SWIR
2 NBRprefire 2 NBRpostfire

3.2.2b. Dry season identification and burning periods subdivision

For an adequate comparison of burned areas by periods, the transition
between the different seasons that affect the study area needs to be correctly
defined. In the CASE region, double error can occur stating that in each analyzed
year the dry season begins at the end of April and ends at the beginning of
October. The beginning and end dates of the dry season vary from one year to
another. When the intra-monthly variations of rainfall values are disregarded, it is
possible to assign a fire occurrence to a wet season instead of dry season, giving

way to one omission and other commission error, simultaneously.

To overcome these errors, the radar-derived rainfall data of TRMM were used
to define and subdivide dry season in each analyzed year. More specifically, the
data derived from the 3B42 Research Derived Daily Product (available at
<https://pmm.nasa.gov/data-access/downloads/trmm>)  were used. The
product provides daily precipitation information for latitudes between 50 ° N-S,
from 1998 to present, with a spatial resolution of 0.25° x 0.25°. This product is
currently produced based on version 7 of the TRMM Multisatellite Precipitation
Analysis (TMPA) (Huffman et al., 2007), that provides a calibration-based

sequential scheme for combining precipitation estimates from multiple satellites.

The rainfall data were separated annually, initially identifying the dry season
of each year. To achieve this goal, binary segmentation method (Binseg) was

applied. The method assessing the mean and variance values of the data is
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available with the 'changepoint' package (Killick and Eckley, 2013) implemented
in CRAN R software (RCT, 2016). The application is based on the fact that the
transitions from wet to dry seasons are marked by a relatively rapid
increase/decrease of the rainfall values (~4-5 mm/d) (Fu et al., 2013).
Considering local climatic characteristics, the beginning of dry season was
identified for each year from the rainfall data for the months of March, April
(usually identified as a transition month) and May, forcing the identification of two
segments that indicate the transition date. The same process was carried out with
data from September, October and November to identify the transition that marks

the return of the out-of-dry season.

Within each dry season, three burning periods were identified: early dry
season, middle dry season and late dry season. This division seeks to
overcome the problems associated with a dual division (early and late) in fire
studies of savanna environments (Laris et al., 2016). The annual demarcation
of these three periods was controlled by the definition of the middle dry
period. Areas burned in the early dry season are those corresponding to the
fires occurred between the beginning of the dry season and the beginning of
the middle dry period, while the late burned areas are defined by end of the
middle period and the end of the dry season. The middle period (locally
named as ‘modal’ period) is defined as being the one that registers the
longest uninterrupted period with minimum level of rain during the dry
season, usually occurring between the second half of July and the first half of
September. In the studied region, its beginning is associated with a small
rainfall peak in July (not present in all years), which defines the entry of a

more intense drought of approximately 50 days.

For the delimitation of the middle dry season, the longest continuous
period with daily rainfall less than 5 mm recorded was identified in each dry
season. In years with small rainfall peak in July (10 of the 17 analyzed years),
the establishment of this initial criterion allowed automatic definition of the
period. For the remaining years, the initial criterion allowed the correct
extraction of the final date of each middle dry period. The initial date was then
recalculated considering the average time elapsed between the initial dry
season and the beginning of the middle period of the other ten years, added
to the initial date of the dry season of those years.
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3.2.2c¢. Retrieval of enhanced fire occurrence date using daily MODIS database

In order to obtain a more precise date for the fire scars, surface reflectance
images of version 6 of the products MOD0O9GQ and MYDO9GQ (Vermote and
Wolfe, 2015a, 2015b) derived from the MODIS sensor on board Terra and Aqua
satellites, respectively, available at <https://e4ftl01.cr.usgs.gov/> were used. The
pre-processing of these products began with the download and creating mosaic
(horizontal/vertical - 11,12/09) for the entire time series analyzed, ending with the
association of ‘no data’ for pixels that did not present values considered acceptable
in the quality flag bands (excluding pixels with cloud, cloud shadow or high aerosol
effects identified). Although these products have a lower spatial resolution than
Landsat (250 m x 30 m), higher temporal resolution of MODIS, with a global daily
revisit of each of its satellites, increases the accuracy of the estimated date of the fire

scars. Fire affected areas are visible thanks to the daily variations of the reflectance
values in the Red and NIR bands (Trigg and Flasse, 2000).

For correct season/subseason assignment of each burn this check was
performed for 496 fire scars that could not be classified based on the temporal
information obtained with Landsat. When the fire occurred on the transition days
between the seasons (23 fire scars), the evolution of the scar between the dates
was considered. In this case the highest amount of burned area over a given
season was used as discretization criterion. Limitations related with the lower
spatial resolution of MODIS were visible in a total of 38 fire scars (burned areas
less than 8ha - approximately 1 pixel MODIS). In these cases, the decision was
based on visual interpretation of the post-fire Landsat image, since it was possible
to infer that burns which appear closer to the post-date image usually present a
stronger scar signal than the burned areas which occurred more distant from the
date. It should be noted that these specific cases represent only 4.26% of the

number of fire occurrences.

3.2.2d. Assessment of temporal and spatial patterns of fire incidence

Stratification and analysis of the fire incidence statistics was carried out using
database obtained in the previous steps. It is based on the yearly and seasonal
data, which include the total number of occurrences, the total area, the average
area, the median and the standard deviation. Each fire scar was also categorized
according fo its size in very small (> 15 ha), small (15-100 ha), medium (100-
1000 ha), large (1000-5000 ha) and very large (> 5000 ha). These metrics,
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traditionally applied in landscape ecology studies of vegetation fragmentation, are
quite useful in interpreting fire incidence. They allow characterization and detection
of spatial patterns, being commonly used for analysis of the fire-affected areas
(Alencar et al., 2015; Daldegan et al., 2014; Moreno et al., 2014).

The ‘yarrr” R package (Phillips, 2017) was used to explore the seasonal
patterns of the burned areas distribution by size. This package makes it possible
to generate graphical sample distribution information that (i) allows representation
of the whole data set; (ii) explains central tendency and density of data distribution,
i.e. bean smoothed density (Kampstra, 2008); and (iii) allows the statistical
inference from the data, employing Bayesian Estimation Supersedes the T-Test
(BEST) (Kruschke, 2012) to generate 95% Highest Density Intervals (HDI) for the
mean of each group .

In addition, the Landsat VCF tree cover layers provided by the Department of
Geographical Sciences of the University of Maryland and NASA, were used to
identify the areas of the highest fire frequency. This product results from rescaling
250-m MODIS VCF Tree Cover dataset using Landsat images and ancillary data;
Laser Imaging Detection and Ranging (LIDAR) data being used as a reference for
assessment of product accuracy (Sexton et al., 2013). Data available for each 30
m pixel were classified in four tree cover domain categories: low (0-15%);
medium-low (15-30%); medium-high (30-50%); and high (> 50%). Considering
the time resolution of the product, currently available for the years 2000, 2005,
2010 and 2015, the closest available year was used to account for the affected
areas annually. In other words, for the 2000-2004 period the product of tree cover
2000 was used, followed by the use of the base of 2005 for the years 2005-2009,
tree cover 2010 for the interval from 2010 to 2014 and tree cover 2015 for the

final two years of the series.

One-way analysis of variance (ANOVA) was applied to test for significant
differences (p < 0.05) in two cases: (i) to compare the amount of fire affected
areas of woody cover in different classes of burning periods; (i) to check woody
cover losses between 2015 and 2000 in different classes of fire recurrences areas.
In both cases, the data were log-transformed to correct for heteroscedasticity and
non-normality. Homoscedasticity was checked with the Levene's test (p > 0.05)
and normality was assessed with the Kolmogorov-Smirnov test (p > 0.05). Post-
hoc Tukey test (p < 0.05) was carried out to verify the significant difference levels

in each independent class. Regression analysis was also performed to analyze the
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relationships between the total of burned areas and their respective subtotals in

each tree cover domain classes.

Finally, the spatial distribution of the fire recurrence was analyzed based on
the algebra of annual maps. High recurrence areas were highlighted over the final
recurrence map to assist the interpretation of the areas more and less frequently
burned, based on visual interpretation. Additionally, the tree cover products of

2000 and 2015 were used to contextualize this analysis.

3.3. Results

3.3.1. Yearly fire frequency and extent by size categories

In the last 17 years, a total of 1.03 million hectares were burned within
the CASE, distributed across 1432 fire occurrences (Table 3.2),
corresponding to almost 2.5 times its total area, although about 30% did not
record any fire in the series analyzed. The subtotals of the annual burned
areas data highlight 2003, 2005, 2010 and 2014 as the years in which the
totals were more than 100 thousand ha, reaching the annual maximum in
2005, where 36.71% of the enclave was affected by the fire. In contrast,
2000, 2009 and 2013, with a maximum of less than 10 thousand hectares
burned, are the least fire-affected years in the series, with the minimum being
recorded in the year 2013 (2,517.84 ha).

In relation to the size of the burns, it is notable that small and very small
events predominate in relation to the other size categories. The number of
fires in these categories, burning less than 100 ha, represents 76.12% of the
total recorded for the whole period analyzed. However, these 1090
occurrences cover only 2.11% of the total areas burned for the period,
contrasting with the 79.14% razed by 33 very large fires. The total area
burned by very small, small and medium fires in the last 17 years (94,404
ha) is less than the 104,080 ha burned in the largest fire in the time series,
recorded in 2014. This data indicates how significant a very large fire can be
in the CASE, an important aspect in relation to fire incidence in the area.
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Table 3.2. Burned areas and number of fires by size categories (VS — very small; S — small;
M — medium; L — large; VL — very large). Years in which more than 20% of the CASE were
burned are in bold.

Number of fires (N) by size categories

Year <15ha 15-100 100- 1000- ~5000 N fotal Total area S (%)*
V) b ) 1000ha 5000 ha ha V) (ha)
(M) U

2000 57 37 19 1 0 114 9720.00 2.24
2001 51 58 29 2 0 140 14048.46 3.24
2002 62 36 31 8 1 138 30378.69 7.00
2003 41 71 30 7 4 153 109272.69 25.17
2004 74 77 33 5 1 190 31996.62 7.37
2005 34 32 24 8 5 103 159401.70 36.71
2006 34 26 17 4 3 84 66709.26 15.36
2007 37 39 9 1 3 89 62934.48 14.49
2008 1 11 5 1 1 29 79072.92 18.21
2009 26 17 12 1 0 56 5761.53 1.33
2010 21 14 7 1 3 46 137481.93 31.66
2011 18 1 0 1 5 25 95479.47 21.99
2012 9 14 5 3 1 32 15804.45 3.64
2013 26 11 5 0 0 42 2517.84 0.58
2014 4 23 10 4 2 80 145089.00 33.41
2015 26 14 1 4 1 56 24237.00 5.58
2016 25 16 8 3 3 55 38548.98 8.88
Total 593 497 255 54 33 1432 1028455.02  236.86
N, 34.88  29.24 15.00 3.18 1.94  84.24 60497.35 13.93

sd 17.94  21.79 10.68 2.58 1.71  48.85 52119.87 12.00

*S (%) - relation between the total burned area and the total area of the CASE.

Also regarding the annual distribution of number of occurrences, it is
noticeable that the initial years of the series were marked by a greater number
of records in relation to the others, with 2004 as the year with the highest
number of fires (190). This transition is marked by the years following 2004,
where an abrupt decline is observed followed by relative stabilization of the
number of events. The spatial representation of this process can be seen in
more detail in the annual mapping of burned areas (Figure 3.3). It is apparent
that the vicinity of the Estanho Road was more heavily affected by fire in the
early years of the series, such as 2001 and 2002, compared to years like 2012
and 2013, for example.

In addition to distinguishing burned or unburned areas, the annual mapping
brings to the debate the seasonality of fire, an issue addressed in more detail in

the following subsection.
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Figure 3.3. Annual mapping of burned areas in the CASE from 2000 to 2016, divided by burmning
periods. White areas inside CASE delimitation represent unburned areas in the respective year.
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3.3.2. Exploring fire seasonality patterns

The average annual dry season lasts for 163 days, with start and end dates
between May 4 and October 14 on average (standard deviation of 6.70 and 6.76
days, respectively). In relation to the burning periods, the early dry season had the
longest average duration (78 days), predominantly occupying the months of May,
June and most of July each year. The end of the early period gives way to the
middle dry season, which holds for approximately 54 days from July 20 to
September 14. Between the second two weeks of September and the 14th of
October, the late dry season was observed, the shortest of the three burning
periods (29 days on average). More detailed information on the annual burning
periods can be seen in the Appendix 3A.

Visualization of the annual maps reveals the relevance of the seasonal
subdivision when interpreting the incidence of fire in the CASE. The maps highlight
the dominance of burned areas occurring during the dry season, especially the
middle period. Statistically, 97.64% of the total burned area is linked to the dry
season, with a notable predominance of the middle dry season (86.21%), followed
by the total burned area during the late dry season (7.98%). The number of fires
is a more proportional datum, with totals of 491, 459 and 263 events for the
middle, early and late dry seasons, respectively. Another 219 fire scars occurred
in the out-of-dry season. These relationships are best explored by the graphical
approach of the ratio of number of occurrences and total of burned area by

burning seasons (Figure 3.4).

The years with the highest totals of burned area coincide with slight
decreases in the duration of the out-of-dry season, as observed in the records of
2005, 2010 and 2014. However, the contrast between the out-of-dry season
duration and total burned areas registered in other years suggest that this
relationship has not been established directly. Years such as 2000 or 2004,
where there is a decrease in the out-of-dry season and relatively low total burned
areas, and 2003, one of the years with a short dry season, while also recording
one of the largest burned areas, are examples that relativize these statements. It
suggests that the prolongation of the dry season, due mainly to prolongation of
the middle dry season, can affect the record of high total annual figures of

burned areas, although it is not a required condition.
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Figure 3.4. Total of burned areas (a) and number of annual fire occurrences (b) in the
CASE between 2000 and 2016, divided by burning periods. The out-of-dry season period
is divided into two blocks, showing the proportion corresponding to before and after the
annual dry season in the lower and upper parts of each bar, respectively. Dots mark the
duration of the seasons.

A more detailed exploration of the relationship between size and season can
be seen in the total of number of fires for each size category (Table 3.3) and in the
aggregate of burned areas up to 5000 ha (Figure 3.5).

The concentration of small and very small fires is a salient point in the bean
smoothed density of all the burning periods. It is worth noting the less flattened
bean densities in the distribution of late and middle dry season fires, especially in
the latter. These differences mainly relate to the proportionally greater number of
large and very large fires during these periods. More precisely, the middle period
is where 81.82% of the very large fires are concentrated. During this period, the

16 largest occurrences of the temporal series were recorded, totaling 672,952 ha.

Table 3.3. Number of fires aggregated by season and size categories.

Number of fires by size categories

Burning periods <15ha  15-100 ha 100-1000 1000-5000 >5000 ha  Total
vS) (5) ha (M) ha (1 (VL)

Out-of-dry season 76 95 43 5 0 219

Early dry season 239 158 57 4 1 459

Middle dry season 168 161 100 35 27 491

Late dry season 110 83 55 10 5 263
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Figure 3.5. Data distribution of all fires of up to 5000 ha (2000-2016) aggregated per
burning seasons. Dots shows all row data (jitered horizontally) and indicate the size of
each burn. Beans are linked with the smoothed densities of each burning season. The box
represents the highest density intervals (95% HDI) and bar indicates central tendency (mean
size) of each season.

The highest density intervals (5% HDI) highlight the similar behavior of mean
values of early and out-of-dry season fires (45.49 to 108.21 ha; and 62.96 to
155.64 ha, respectively). At the same time, the intervals of the middle dry season
fires (between 1018.05 and 2583.58 ha) and late dry season fires (between
167.77 and 462.45 ha) do not overlaps with any other burning season 95% HDI.
It makes possible to infer that fires in the middle dry season are bigger on average
than those on other burning seasons. The same relation is verified between the

late dry season fires compared to out-of-dry season and early dry season fires.

3.3.3. Fire patterns over different tree percentage cover domains

Areas of low and moderate/low tree cover domains were the most affected by
fire categories in the whole time series, covering totals of 68.36% and 18.76%,
respectively. On the other hand, a fotal of 132,439 ha of burned areas consisted of
moderate/high and high tree cover domains, with totals of 9.34% and 3.54%. This
hierarchy of proportions, associated with landscape configuration and the usual fire
propagation behavior in the CASE, is observed in each year of the time series (Figure
3.6). The year 2010 registered 8,286.57 ha burned from areas of high percentage
of tree cover, the highest annual amount of areas burned in this type of domain,
followed by 2014 and 2005. Although they do not follow the same order of ranking,

these three years coincide with those most affected by fire in the time series.
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Figure 3.6. Areas of different tree cover domain categories affected by fire annually.

The subtotals by burning periods and size categories (Table 3.4) show the areas
with a high proportion of tree cover linking to the middle dry season (32,549.31 ha)
and very large (30,466.62 ha) fire occurrences. Regarding seasonality, the
proportional data show that, during the middle and late dry seasons, greater
percentages of high tree cover domains are affected by fire (3.67% and 3.75%)
compared to the early and late dry season burned areas (0.92% and 1.69%).
Furthermore, very large and less than 100 ha events occurred in relatively greater

proportions of high tree cover domains affected by fire.

Results derived from regression analysis (Figure 3.7) explore in more detail the
relationships between total burned areas and their respective subtotals burned in each
tree cover domain category, taking the database as a whole. Although the coefficients
of determination are more adjusted in the relation between the total of burned areas
with their subtotals in the categories low and medium-low tree cover domains (0.992
and 0.968, respectively), this relation continues strongly established in the categories of
higher tree density (0.937 and 0.825 for medium high and high tree cover domains).

Table 3.4. Subtotals of burned areas in different tree cover domains divided by season and size.

Tree cover % domains

Season/size categories Low Medium-Low Medium-High High
ha % ha % ha % ha %

x ODS 17146.1 70.6 4940.0 203 1799.9 74 409.5 17
§ EDS 245485 69.2 7604.8 214 2994.7 8.4 3277 09
3 MDS 607711.3 685 1638298 185 825165 93 325493 37

< LDS 53650.8 654 16580.4 202 87602 10.7 3081.0 38

<100 ha 14139.5 653 43448 20.1 22937 10.6 881.0 4.1
] 100-1000 ha 473792 65.1 157225 216 7605.8 105 2032.7 28
% 1000-5000 ha 792198 659 262888 219 116735 9.7 29872 25

>5000 ha 562318.2 69.1 1465989 18.0 744982 92 30466.6 37
*QODS- out-of-dry season; EDS- early dry season; MDS- middle dry season; LDS- late dry season.
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Figure 3.7. Relation between total burned area (BA) and their respective subtotals by tree
cover domain classes of all fires (2000-2016).

ANOVA test (Table 3.5) revealed significant differences (F = 7,512;
p<0.05) between the proportion of medium/high and high tree cover
domains areas affected by fire (related to their respective total area)
compared by burning seasons categories, grouping all medium, large and
very large fire occurrences. Results derived from Tukey's post-hoc test
(Table 3.6) showed that during the middle dry season higher proportions
of woody vegetation were affected by fire compared to early and out-of-
dry season occurrences. However, these significant differences were not
verified when comparing occurrences in the late dry season in relation to

the other burning periods.

Table 3.5. Results derived from one-way ANOVA test - relations between burning

seasons and proportion of woody cover fire affected areas (n = 342; all fires bigger
than 100 ha).

Degrees of Sum of Mean square F value Pr (>F)
freedom squares
Between groups 3 19.197 6.399 7.512 0.0000891
Residuals 338 287.900 0.852

Table 3.6. Tukey multiple comparisons of means - 95% family-wise confidence level.

Diff f lovel Difference of 95% I
ifference of levels . . p - value
means confidence interval
Early dry season Out-of-dry season -0.130 (-0.588, 0.328) 0.883
Middle dry season Out-of-dry season 0.460 (0.069 , 0.852) 0.014
Late dry season Out-of-dry season 0.206 (-0.241, 0.652) 0.634
Middle dry season Early dry season 0.590 (0.235, 0.94¢) 0.000
Late dry season Early dry season 0.336 (-0.080, 0.752) 0.159
Late dry season Middle dry season -0.254 (-0.595, 0.0864) 0.219

3.3.4. Spatial distribution of fire recurrence

The recurrence map of burned areas (Figure 3.8) allows us to identify

the constant presence of fire in the spatial dynamics of the enclave, with at
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least one burning recorded in 70.14% of the CASE within the series analyzed.
Areas that have burned up to 4 times occupied 75.15% in relation to the
areas that were burned at least once (Figure 3.9.).

The overlapping of burned areas highlights the fragmented pattern of
burning. The areas of riverine forests are usually associated with lower (or even
non-existent) fire recurrence values. In contrast, interfluvial areas are usually the
most frequently affected, as there is a predominance of vegetation formations with
a low and medium low percentage of trees. Certain zones are more important in

the spatial distribution of the areas of greatest recurrence.

LR U

8°30°

850'S

Figure 3.8. Map of recurrence of burned areas in the CASE from 2000-2016. The
background shows a Landsat-OLl image from July 27, 2016, composition in transparency
(Green-Blue-NIR/R-G-B), which corresponds to unburned areas inside the CASE.
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Figure 3.9. Subtotals of the CASE fire recurrence map (a) and his respective percentages
of tree cover domains in 2000 and 2015 (b).

The first is located in the south-western sector of the CASE (Zone A), an area
predominantly belonging to Marmelos IL, where recurrence prevails over a large
area, returning values more than 5 times higher (up to a maximum of 9 times). Zone
B is also integrated with Marmelos IL, in the vicinity of the Estanho Road axis, where
patches of high recurrence are generally more continuous and extensive, a pattern
similar to that observed in Zone A. In contrast to these characteristics, Zones C and
D present a spatial configuration of smaller patches, in areas largely belonging to
the current limits of the CANP. These areas are adjacent to the Estanho Road and
other small unpaved roads that were opened in the early years of the time series,
now abandoned. Other small clusters can be seen around the Estanho Road with
same characteristics as these two zones. The last area to be highlighted is Zone E,
which is integrated into Igarapé Preto IL. In this area, small patches with high values
of recurrence (reaching the maximum values of the series - 14 times) are observed.

An observation of the tree cover domain data from 2000 and 2015 (Figure
3.9y), in association with each class of recurrence, repeats the hierarchical pattern
already observed in the annual, seasonal and by-size subtotals. As the number of
recurrences increases, there is a progressive decrease in the proportions of high
tree cover areas compared to low cover, reaching insignificant numbers in the
class of 5 times burned. The comparison between values presented in tree cover
in 2000 and 2015 suggests that more frequently fire affected areas are related to
the loss of areas of medium/high and high tree cover domains. This can be clearly
seen in the comparison of percentages of medium-high and high tree cover areas
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in the higher categories of recurrence (more than 3 times burned), which show
losses contrasted with the relative stability verified in unburned areas. However, no
significant differences were verified in the ANOVA tests (Table 3.7) between the
highest proportion of affected woody vegetation and higher fire frequencies. The
most abrupt differences observed in areas burned more than 8 times need to be
weighted by the very low totals of burned areas of these category.

Table 3.7. Results derived from one-way ANOVA test - relations between fire
recurrence categories and losses of woody cover between 2000 and 2015.

Degrees of Sum of Mean square F value Pr (>F)
freedom squares
Between groups 7 2.390 0.341 0.734 0.643
Residuals 192 89.510 0.466

The unburned areas (29.85% of the enclave) include a large amount of riverine
forests, mainly those that are more vigorous and extensive along the whole enclave. On
the other hand, there are some patches of predominantly grass/savanna vegetation
formations, the largest of them located in the central-eastern zone of the enclave, about
8 km north of the Estanho Road. Also in relation fo tree predominance, areas of
cerraddo can be highlighted, such as the large area in the eastern zone of CASE (inferior
of Igarapé Preto IL), approximately 5 km north of the Estanho Road. In this areq, the

only fire of the series recorded nearby occurred as a late burn in 2010.

The subtotals of the unburned areas reveal that 60.14% occurred in high tree
cover domain in 2015, followed by an also important percentage (20.62%) in
medium-high tree cover. Medium-low and low tree cover domains represent 12.30%
and 6.70%, respectively, and the remaining percentage (0.24%) belongs to river
channels. The comparison of data for 2000 and 2015 shows that the predominance
of these different categories remained relatively stable, with a slight increase in the
medium/high tree cover areas in detriment to the low areas. It is worth noting this
inversely proportional hierarchy of tree cover domain values between unburned areas
and those that burned at least once.

3.4. Discussion

3.4.1. Yearly/seasonally fire occurrences and extent patterns

In the CASE, records of exceptionally large fires are found in common each
year with high numbers of total burned areas, always linked to the middle dry

season of their respective year. Yearly and seasonally analysis also reveals that the
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highest number of fires is not necessarily concentrated in the middle dry season,
as they are often exceeded by the totals recorded in the late and/or early dry
seasons annually. However, potentially larger fires are clearly concentrated during
this period, resulting in annual burned areas that are predominantly higher than
the other burning seasons throughout the time series. As in the other tropical
savannas, fires depend on two main factors: (i) the type, condition and spatial
(dis)continuity of the fuel loads in its zone of ignition and propagation; (ii) the
atmospheric conditions during propagation, especially the direction and speed of
the wind and amount of rainfall. An ignition during the middle dry season,
anthropogenic or natural, combined with adverse conditions associated with these
factors (mainly with high spatial continuity of the fuel loads and the absence of
rainfall) set the scenario for exceptionally large fires. Action by fire brigades
(increased since creation of the CANP) are very limited due to the great difficulties

of access and lack of personnel, so natural extinction is the most common process.

In the conservation policies currently conducted by ICMBio in the CANP
region, one of the main concerns is precisely the occurrence of very large fires.
CASE is a large savanna area totally isolated from its core biome, and a fire that
eventually reaches the whole area of the enclave could be catastrophic for its
biodiversity (D’Amico, 2014). In a study of the impacts of fire on the megafauna
of the Emas National Park, located in the core area of the Cerrado, the harmful
effect of large fires for certain species is highlighted, especially damaging to
individual giant anteaters (Silveira et al., 1999). Despite the documented fragility
of some species, strategies linked only to fire suppression in Cerrado
environments are inadequate, and may even instigate very large fires from
excessive accumulation of fuel loads (Ramos-Neto and Pivello, 2000). In this
perspective, preventive actions to limit the spatial continuity of fuel loads have
been initiated by the CANP management team and its fire brigade in recent
years, by constructing firebreaks and applying prescribed fires over strategic
areas. The expansion of these preventive activities will depend on concrete
advances with the fire management plan of the area, in which the database
generated here and their respective analyses will be useful.

In the annual/seasonal dynamics of the number of fires in the CASE, the
creation and consolidation of the current limits of the CANP coincides with the
period of abrupt reduction in these values, followed by stabilization, linked to the
notable advances in land regularization in the area. This process is clearly related

to the abandonment of practically all of the agro-pastoral farms lying in the
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vicinity of the Estanho Road, where fire was frequently used for land preparation.
More control established over the number of ignitions is a very important aspect
for implementing a fire management plan, which is a positive influence of this
protected area for the CASE. With the current territorial context of the area,
together with increasing stabilization of the CANP and, consequently, greater
monitoring capacity of anthropogenic ignitions, the tendency is for areas near

the Estanho Road to remain stable, or even reduce the patterns of fire recurrence.

Two aspects regarding the spatial pattern of fires deserve to be highlighted,
best seen in the large ones. The first aspect refers to the fragmented pattern of
burning, inherent to tropical savannas, where the discontinuity of fire propagation is
closely associated with the riverine forests and the other denser fragments of tree
vegetation. There are many factors that can influence the extent to which the fire
advances into the riverine forests, with some of the most important being the speed
and direction of the wind and the condition of the fuel loads (humid or dry). The
second aspect is that areas burned in the previous year often control or even delimit
burning in the next year. This can be explained by the fact that the availability of fuel
loads is limited by the previous year’s burning damaging propagation.

Regarding the annual variability of total burned area, two of the three most
burned years of the series (2005 and 2010) coincide with years of severe droughts
in the Amazon (Lewis et al., 2011; Marengo et al., 2008). More specifically, they
coincide with the years of greater positive oscillation of the AMO for the whole time
series analyzed, with this climate anomaly more closely linked to fire activity in the
southern and southwestern Amazon regions (Chen et al., 2011).These climatic
anomalies were expressed in an increase in the duration of the drought periods of
the analyzed series, mainly due to a prolongation of the middle period, generating
conditions apparently more favorable to higher totals of annual burned areas.
Although no regional climate anomaly was registered in 2014, the second most
burned in the series, local rainfall data show similar conditions to the years 2005
and 2010, with a prolongation of the dry season.

However, other years in the series, such as 2000 and 2004, with relatively
prolonged dry seasons and low total burned area values, and the inverse in 2003,
suggest that the influences of the rainfall regimes dynamics are relative, whether
or not linked to regional climatic anomalies. Although systematic data are not
available to compute and analyze the fire causes, it is possible to infer that these

variations are probably associated to different rates of influence of human
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ignitions. In the annual distribution of the burned areas in other tropical savanna
areas, linked more strongly to core areas of the Cerrado biome, the year 2010
was also among the most affected in studies on the Serra do Tombador Natural
Reserve (Daldegan et al., 2014) and in the Serra da Canastra National Park
(Lemes et al., 2014). Nevertheless, the studies return a lack of convergence in
other years more seriously affected by fire, showing that climatic anomalies can
have an influence in this type of landscape, but they do not meet the conditions

required for the fire to reach large peaks of total burned areas.

3.4.2. Fire over different tree cover domains and recurrence distribution analysis

A hierarchical pattern characteristic of the incidence of fire in the enclave was
verified, where the subtotals of burned areas covered a larger annual percentage
of surfaces with low tree cover, followed by those with medium and high tree cover,
which related to the landscape configuration and the usual fire propagation
behavior of the CASE. These results are in agreement with those obtained in
modeling fire frequency on different Cerrado formations in Jalapéo State Park, in
which the longest fire intervals were found in dense woodlands, rather than shrub

and savanna areas (Pereira Junior et al., 2014).

Higher density tree surfaces during the middle dry season fires were more
significantly affected, compared to the early and out-of-dry season periods. These
results further support the general hypothesis that fires in the period of greatest
accumulated drought can be more aggressive against tree vegetation in savanna
environments (Laris, 2002; Smit et al., 2010). The results of the regression analysis
allow to infer that an increase in fire size strongly determine the increase of total
woody areas affected by fire.

The analysis of tree cover domains in 2000 and 2015 by different areas
of recurrence suggests that the fire affected areas may also lead to losses of
medium-high and high tree cover areas in the CASE. There were no
significant differences between the losses of vegetation cover in affected areas
at higher or lower frequencies, but these results need to be weighted by the
time scale analyzed (17 years) and by the lack of fire recurrence information
from the period prior to the study. Higher fire frequencies are usually related
to reduced woody vegetation cover in savanna vegetation (Smit et al., 2010)
and rainforest in the south-east of Amazonia (Balch et al., 2015). On the
other hand, resilient behavior in the trees of savanna-forest boundaries of the
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Brazilian Cerrado is reported, where tree topkill, not mortality, governs the
dynamics of frequent fires (Hoffmann et al., 2009). Future studies in the
CASE, in a high detailed scale, are needed to describe the relation between
tree mortality rates, recurrence and severity of fire affected areas in different
burning periods.

Four of the five zones of high fire recurrence identified are located near
the axis of the Estanho Road, which implies a strong anthropic influence on
the time series records for these areas. Information in the studies on
implementing the CANP (ICMBio, 2016) specifies the anthropic pressures
acting on certain areas of the CASE, leading to speculation on the causes of
the registered fires. In areas of high recurrence C and D, it can be inferred
that the sources of ignition are mainly linked to fire use for land preparation
for agro-pastoral activities at the beginning of the series, or even criminal
and/or accidental burns initiated from the road axis. In zone E, in the Igarapé
Preto IL, garimpo (informal mining) activities are identified, and the fires
identified are probably connected with these activities, in addition to the
frequent use of fire for ‘clearing areas’ by the indigenous population. Both
zones A and B are located within the Marmelos IL. Zone B is located near the
Estanho Road, while access to zone A is more closely linked to water courses,
about 35 km away from the nearest indigenous human settlement. It is
speculated that at least part of the ignitions of these areas are caused by

hunters, not exclusively indigenous, to attract animals.

On the other hand, natural fires (from lightning) are also considered a
cause of fires in these areas. Studies of other natural parks, located in the
core area of the Cerrado, reveal that natural burning should be considered
as an important causal factor. At Emas National Park, 41 of the 44 records
identified between 1995 and 1999 were from natural ignitions, mainly small
burns during the rainy season (Ramos-Neto and Pivello, 2000). As for the
Chapada dos Veadeiros National Park, 12% of the fires occurring between
1992 and 2003 were caused by lightning (Fiedler et al., 2006). Increased
monitoring capacity in cooperative processes with local indigenous
communities will be required to obtain more accurate information on the
causes of the CASE fires. Although intentional fires without the authorization
of environmental agencies are a crime under national law, no results of any

CASE investigation that recognizes the cause of fires are known.
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3.4.3. Methodological progresses, limitations and perspectives

This article explored the combination of information derived from opfical
sensors (Landsat and MODIS surface reflectance data and VCF tree cover data)
and radar (TRMM precipitation data) to analyze the spatial and temporal patterns
of fire incidence in one of the biggest savanna enclaves in the southern Brazilian
Amazon. This methodology is an original approach compared to previous studies
of fire incidence available in the literature, which enabled to: (i) monitor the
annual/seasonal fire extent and frequency on fine spatial resolution for the last 17
years by mining all available Landsat (TM, ETM + and OLI) and complementing
temporal gaps with information derived from daily MODIS surface reflectance
series; (ii) identify four burning periods per year in the time series based on the
daily TRMM rainfall dataset; and (i) test hypotheses related to fire
seasonality/recurrence and amount of burned woody vegetation using VCF tree
cover layers. All remote sensing data sources used in this study are available for
free and can be employed for seasonal studies of the incidence of fire in the most

distinct global landscapes.

The analysis of an extensive time series of Landsat images enabled 1432 fire
scars to be extracted from the CASE over the last 17 years, of which 32% were
reviewed in a daily MODIS time series for correct seasonal assignment. The results
obtained corroborate with other studies that have already demonstrated the
potential of the MODIS series for accurate time information on burned areas
(Boschetti et al., 2015; Panisset et al., 2014; Veraverbeke et al., 2014). Probable
omissions of very small burned areas should also be taken into consideration,
especially those less than 0.09 ha (one Landsat pixel), or those linked to wider
gaps in the availability of images free from atmospheric disturbances during the
rainy season, which are difficult to identify in the existing pre-post images
comparison. Nevertheless, it is believed that the database presents a reliable

picture of fire incidence in the enclave.

The seasonal subdivision, contextualized from the daily TRMM data,
allowed a dynamic framing of annual burning seasons, avoiding the double
incidence of error based on a static definition of these periods. With the
subdivision of the four annual burning periods (out-of-dry season, early dry
season, middle dry season, late dry season), it was sought to overcome the
early-late dichotomy existing in many fire incidence studies in savannas (Laris
et al., 2016). It is believed that the adopted subdivision feasibly captures the
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main generic stages of the condition of fuel loads from the predominant
vegetation formations in the CASE, and are compatible with the interpretation
of burning patterns. Nevertheless, future research may help to further refine
these periods, based on a more exhaustive study of regional climatic
characteristics that includes temperature data, evapotranspiration, wind
direction patterns and even more consistent pluviometry data based on
meteorological station data. With the recent inauguration of a fixed CANP base
in the CASE, a local meteorological station may be available in the near future
to replace the current frame in which the nearest station is about 150 km
northwest (Humaitd Meteorological Station). For future CASE experimentation
involving the monitoring of prescribed burns in different periods, the use of
dates closer to the intersections (of the 17 years analyzed) of each period will

be characterized as a good alternative for correct framing.

The use of VCF products was successful in comparing the incidence of
fire on different tree cover domains, enabling the annual/seasonal quantity
of areas of high predominance of tree cover affected by fire to be categorized
and estimated. Using updated information every five years, it was possible to
capture the dynamics of tree cover percentages in four moments of the time
series. This provided an advantage over the use of a static vegetation map in
the interpretation of the annual results, which is the approach used to study
the annual burned areas of the Serra do Tombador Natural Reserve
(Daldegan et al., 2014) and fire frequency modelling in Jalapao State Park
(Pereira Junior et al., 2014), although it is inferior in terms of detail of the

existing vegetation formations.

From this study, current research lines are focused on understanding the
responses of vegetation to fire in the CASE, seeking to recognize how the
process of post-fire regeneration occurs in its different vegetation formations.
Progress is also being made on the fusion of fine and low/moderate spatial
resolution surface reflectance products in the estimation of fire severity data.
These lines aims to advance methodologically with the analysis and
monitoring of the fire impacts on the Cerrado-Amazon transition areas, at the
same time as adding new information to the database presented here, which
will help in drafting the fire management plan and consequently with land
management of the CASE.
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3.5. Conclusion

This study explored the combination of information derived from remote
sensing data sources in the generation and analysis of a fire incidence
database in one of the biggest savanna enclaves in the southern Brazilian
Amazon, the CASE. The applied methodology allowed the quantification and
spatial categorization of the fire occurrences over the last 17 years (the entire
Landsat-MODIS  coincident series available), generating information on
annual/seasonal variation. The discussion of the results, based on a fine spatial
resolution, provides new insights into the analysis of burned areas of the
neotropical savannas, and especially over the Cerrado-Amazon enclaves,
spatially and statistically reinforcing important aspects linked to the seasonality

patterns of fire incidence in this landscape.

In the CASE, very large fires, found mainly in the middle dry period, result in
large peaks of total burned areas within the time series, especially for the years
2005, 2010 and 2014. A higher number of annual fire occurrences was not
directly related to the total areas recorded, which are mostly caused by small and
very small burned areas within the time series. The seasonal comparison shows
that during the dry period 97.64% of the total burned areas were recorded
throughout the time series. It also revealed the high magnitude of fires during the
middle period, responsible for 86.21% of the total burned in 32.05% of fire
occurrences. Significant differences were identified between the proportion of
higher density tree cover surfaces affected by fire during the middle dry season,

and contrasted with the early and out-of-dry season fires.
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Appendix 3A

Table 3.A. Season start/end dates and duration of the periods.

Season start/end dates

Duration (days)

Year Dry Dry MLd:yﬂe Miid:yile Dry Early Middle Late

season season dry dry dry
start end S(:?;gn seea:gn season season season season
2000 27/04 12/10 10/07 05/09 168 74 54 37
2001 11/05 10/10 27/07 10/09 152 77 42 30
2002 09/05 14/10 27/07 17/09 158 79 53 27
2003 11/05 11/10 28/07 15/09 153 78 45 26
2004 26/04 18/10 15/07 14/09 175 80 58 34
2005 25/04 21/10 12/07 25/09 179 78 73 26
2006 04/05 13/10 21/07 15/09 162 78 60 28
2007 09/05 11/10 25/07 16/09 155 77 53 25
2008 02/05 13/10 19/07 05/09 164 78 44 38
2009 10/05 08/10 24/07 10/09 151 75 42 28
2010 08/05 22/10 19/07 14/09 167 72 62 38
2011 28/04 15/10 15/07 19/09 170 78 65 26
2012 30/04 10/10 23/07 14/09 163 84 55 26
2013 14/05  21/10 23/07 17/09 160 70 53 34
2014 02/05 22/10 29/07 26/09 173 88 60 26
2015 18/05 19/10 04/08 22/09 154 78 48 27
2016 28/04 14/10 15/07 20/09 169 78 56 24
Average 04/05 14/10 20/07 14/09 163.12 77.76 5429  29.41
Min 25/04 08/10 10/07 05/09 151 70 42 24
Max 18/05 22/10 04/08 26/09 179 88 73 38
Sd 6.68 4.56 6.51 5.77 8.56 4.09 8.46 4.81
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Figure 3.A. Daily TRMM pluviometry data by year (2000-2016). Outside lines demark dry
season limits and dotted lines the middle dry season.
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Accuracy assessment of the latest generations of MODIS burned area
products for mapping fire scars on a regional scale over Campos
Amazénicos Savanna Enclave (Brazilian Amazon)

Abstract

This article aims to analyse the accuracy of the latest versions of burned area products
derived from MODIS series (MCD45A1 v051, MCD64A1 vO51 and MCD64A]1
v006), quantifying their progression in the annual/seasonal mapping of fire scars on
a regional scale over tropical savanna environments. To this end, a validation was
processed comparing each product with a burned area reference covering the period
of 2001-2016, available for one of the largest savanna vegetation enclaves located
in the southern Brazilian Amazon, the Campos Amazénicos Savanna Enclave (CASE).
Three indices derived from cross-tabulated error matrices were used in the comparison
(Commission Error, Omission Error and Dice Coefficient). Pareto boundaries were
also computed to explore the influence of the spatial resolution of the MODIS products
on detecting burned areas. The overall assessment found a clear decrease in omission
errors, varying from 0.797 and 0.499 in the MCD45A1 vO51 and MCD64A1 v051,
to a value of 0.280 in the MCD64A1 vO06. Improvements obtained with MCD64A]1
v006 in the middle and late dry season periods were significant. The results validate
the higher performance of MCD64A1 v006 and confirm it as a useful instrument for
the regional mapping of burned areas over tropical savanna areas.

Keywords: burned areas, MCD45A1, MCD64AT1, fire seasonality, tropical savanna,
Brazilian Amazon.



Validacién de las ltimas generaciones de productos de dreas quemadas de MODIS

4.1. Introduction

Mapping the spatial extent and the temporal incidence of fires is a very
important process in the understanding ecological processes and human impact
on the behaviour of the Earth’s system (Bowman et al., 2009; Pausas and Keeley,
2009). Fire plays a key role in the dynamics of ecosystem structure (Bond et al.,
2005), and burned areas mapping is used as an essential information to assess
the impact of fire (Fanin and Werf, 2015; Morton et al., 2011), in analysing fire
recurrence patterns and long-term trends (Aradjo et al., 2012; Giglio et al., 2010;
Levin and Heimowitz, 2012), to monitor post-fire regeneration (Leeuwen, 2008;
Leon et al., 2012) and account for the emissions of greenhouse gases (Hao and
Larkin, 2013; Oliveras et al., 2014).

Globally, tropical savanna is the most fire-prone biome and the largest
source of atmospheric emissions from biomass burning (Pereira, 2003). In Brazil,
the transitional areas between the tropical savanna (locally known as ‘Cerrado’)
and Amazon biomes has been the region most frequently affected by fire over the
last few decades (Schroeder et al., 2009; Silva Cardozo et al., 2011). In these
areas, high fire frequency or even seasonality regime alteration of burns are linked
to severe impacts on reduction of nutrient stock and total biomass of vegetation
(Hoffmann and Moreira, 2002), high rates of erosion and soil loss (Certini, 2005)
and heavy repercussions on the total greenhouse gases emissions to the
atmosphere (Bowman et al., 2009; Levine et al., 1995).

Unlike countries such as Canada, with the Canadian Wildland Fire Information
System (CWEFIS) (CFS, 2018), United States, with the Monitoring Trends in Burn
Severity (MTBS) Fire Occurrence Dataset (USGS and USDA, 2018), Spain, with the
Spanish Department of Defence Against Forest Fires Stats database (MAPAMA, 2018)
and Portugal, with the Burned Area Dataset of the Institute for Nature Conservation
and Forest of Portugal (ICNF, 2018), which developed fire databases with decades of
valuable information, Brazil does not have systematic records of fires with similar
characteristics. Fire Incident Report (ROI) is the official database, available from the
National Forest Fires Prevention and Combat System (PREVFOGO), but most of ROI
data lack temporal and spatial continuity and mainly relate to fires in protected areas
where fire-fighting took place. Although efforts have been made to develop burned
area detection algorithms adapted to fire behaviour in Brazilian biomes (Libonati et
al., 2015; Melchiori et al., 2014; Shimabukuro et al., 2015), an official spatial
database that accounts for fire-affected areas is not yet available.
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An alternative to this lack of information is the use of satellite-derived global
burned area (BA) products of moderate spatial resolution as a source of
multitemporal systematization and mapping of fire-affected areas. These products
have received special aftention by the remote sensing community in the last few
decades (Mouillot et al., 2014) and are being developed based on increasingly
broad and consistent information, associated mainly to the scientific advances in
accounting for the bidirectional reflectance distribution function (BRDF) and
detection of clouds, aerosols effects or other atmospheric disturbances (Lyapustin
etal., 2014; Toller et al., 2013).

Among the existing global BA products, it is possible to highlight those based on
data derived from the Moderate Resolution Imaging Spectroradiometer (MODIS)
sensors aboard Terra and Aqua satellites. The MODIS Collection V includes a product
identified as MCD45A1 v005, which applies a rapid change detection algorithm in
the daily surface reflectance information of both satellites, taking into account the
effects of BRDF, to provide a monthly basis of 500 m spatial resolution (D. P. Roy et
al., 2008; Roy et al., 2005). Modifications in the internal thresholds to reduce
omission errors in forests and agricultural areas and other improvements have given
a name to a new version of the product, the MCD45A1 vO51, which preserves the
temporal and spatial resolution of the original product. At same time, the application
of a new algorithm gave rise to the Direct Broadcast Monthly Burned Area Product
(MCD64AT1), which differs from previous ones in the use of active fire data to generate
regional probability density functions suitable for detfecting persistent changes
observed in the daily surface reflectance temporal composites (Giglio et al., 2009).
The newest version currently available is the MCD64A1 v006, using the MODIS
Collection VI surface reflectance and active fire data as input. This product is
integrated as the only BA product in the current MODIS Collection VI. Other global
BA products of moderate spatial resolution can also be mentioned, such as the ESA
Fire cci (derived from MERIS surface reflectance data) (Chuvieco et al., 2016; Pettinari
et al., 2016), available between 2005 and 2011 at approximately 300 m spatial
resolution, and the PROBA V Burned Area product (Smets et al., 2014; Tansey et al.,
2008), with 333 m of spatial resolution from 2014 to the present, the latter still in a

pre-operational stage.

Comparison studies between the MCD45A1 v051, MCD64A1 v051 and
other global BA products recorded the prominent role of the MODIS series (Padilla
etal.,, 2015; Tsela et al., 2014). When comparing these two product versions, the
results obtained by the MCD64A1 vO51 were generally better, although in both
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cases, high levels of underestimation were found, mainly concering small burns
(Libonati et al., 2014; Padilla et al., 2015; Ruiz et al., 2014; Tsela et al., 2014).
MCD64A1 v006 is considered better able to detect burned areas compared to its
previous versions, especially for small burns (Giglio et al., 2016q). It is important
to note that the MODIS series of BA products is used as significant input data for
the generation of the latest versions of the Global Fire Emissions Database
(Randerson et al., 2015, 2013).

As it belongs to global coverage products, the performance of the burned
areas detfection in different types of environments has also been the subject of
validation studies. Padilla et al. (2014) reports the highest accuracy in burned area
detection in the Boreal Forest biome, by analysing the data from MCD45A1 vO05
during the year of 2008. Even higher values of omissions (greater than 90%) were
identified in validation studies of the products MCD45A1 vO51 and MCD64A1
vO51 over Russian croplands, associated mainly with the non-detection of small
burns in areas of short fire duration and subsequent ploughing of the field (Hall et
al., 2016). A specific study on selected areas in the Brazilian Cerrado also reported
high omission rates (~63% on average) in the MCD45A1 v005 (Aradjo and
Ferreira, 2015). A recent study explored the extraction of patch metrics using
MCD45A1 vO51 product over Brazilian savanna environments, reporting a high
underestimation of burned areas at patch level as a result of uncertain patch
boundaries (Nogueira et al., 2017).

The record of the fire-affected areas in savanna environments is hampered
by the characteristics of the burnings. These are environments with heterogeneous
patterns of availability of fuel loads, resulting in different levels of fire intensity, very
dependent on fire timing and seasonality (Laris, 2005). In addition, this type of
landscape presents a rapid response of the vegetation to the fire, especially
regarding the regeneration of the herbaceous stratum (Alvarado et al., 2017),

making the automatic multitemporal detection of burning very complex.

In this confext, this arficle aims to analyse the accuracy of the latest versions of
burned area products derived from the MODIS series, verifying their evolution in the
annual/seasonal mapping of fire scars on a regional scale over tropical savanna
environments. To this end, a fire database of fine spatial resolution (30 m) covering the
period of 2001-2016 is available for one of the largest savanna vegetation enclaves
located in the southern Brazilian Amazon, the Campos Amazénicos Savanna Enclave
(CASE), which was used for two purposes: (i) to compare the accuracy of the MCD45A1
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v051, MCD64A1 v051 and MCD64A1 vO06 in the detection of burned areas per year
and fire season; (i) to evaluate the patterns of the omission and commission errors

related to the performance of the burned area detection in the three BA products.

This study improved on those available when evaluating the BA products from
an annual/seasonal perspective for a long time series in areas of tropical savanna
enclave. At the same time, it is the first study assessing MCD64A1 v006 in
comparison to its predecessor versions of MODIS BA products, providing new
insights into the analysis of the evolution of these products for mapping fire scars

on a regional scale for tropical savanna environments.

4.2. Materials and methods
4.2.1. Study area

The CASE (Figure 4.1) is located in the south-western quadrant of the
Brazilian Amazon, covering 4342 km? which are almost entirely legally established
as protected area, with 47% belonging fo the limits of the Campos Amazénicos
National Park (CANP), 46% in the Tenharim Marmelos Indigenous Land and 5%
in the Tenharim Igarapé Preto Indigenous Land (ICMBio, 2016). It corresponds to
a continuous area of Cerrado biome phyto-physiognomies in a region dominated
by rainforest vegetation of the Amazon biome, a landscape unit known as savanna
enclave (Ratter et al., 1997).

Vegetation is not restricted to savanna formations, varying from grasslands to
forests (Oliveira-Filho and Ratter, 2002). Grasslands, shrubby grasslands and shrubby
savanna predominate in the interfluvial areas, while forested areas are mainly located
in the proximity of the streams (riparian vegetation). The topography consists of
predominantly by flat slopes and dystrophic soils ICMBio, 2016; Motta et al., 2002).

The regional climate is characterized by annual rainfall of up to 2000 mm, and
average annual temperatures in the range of 24-28°C. There are two main seasons,
wet  (November-March) and dry (May-September); April and October usually
correspond to the transition between the two seasons (Marengo et al., 2001). Fire
activity tended to increase exponentially with the decrease of rainfall in the dry season
(Aragdo et al., 2008). Due to the importance of seasonality on fire impacts, burned
areas can be categorized in four periods: early dry season, middle dry season, late
dry season and out-of-dry season (Alves and Pérez-Cabello, 2017).
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4.2.2. Description of the MODIS global burned area products and the BA
reference dataset

The last three versions of the MODIS BA products (MCD45A1 v051,
MCD64A1 v051 and MCD64A1 v006) (Table 4.1) were used, with the period from
2001 to 2016 selected for analysis. The products have in common the use of
information from the TERRA and AQUA satellites to obtain a monthly gridded
dataset of 500 m spatial resolution. All these products also provide the approximate
date of the burning and other quality assurance indicators for each grid cell.

As a BA reference for validation of the MODIS BA products, a fire scar
database with fine spatial resolution (30 m) was available for the studied area.
This database was developed from a combination of multiple remote sensing data
sources (Landsat, MODIS and TRMM pluviometry) and provided the spatial extent
of burned areas covering the period of 2000-2016. A fire season classification
(early dry season, middle dry season, late dry season or out-of-dry season) of each
burn was also provided (Alves and Pérez-Cabello, 2017).

Table 4.1. Characteristics of the MODIS burned area products used.

Spatial/temporal

MODIS product Availability resolufion Reference
s e R g o B e
MCD64AT v006 I:;;:TOOO - iﬂi(c)m dn;{:onthly and (QGOI(%I)O et al., 2016aq,
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The validation dataset was built from the chronological sequence of
Landsat images used to generate a dataset of fire-affected areas with fine
spatial resolution. The use of Landsat-derived data is considered suitable for
validating moderate spatial resolution BA products such as MODIS. This
procedure is recommended by the Southern Africa Fire Network (SAFNet)
protocol (Boschetti et al., 2009; Roy et al., 2005), and has been applied in
the generation of other multitemporal fire scar databases at national scale
(e.g. the MTBS Fire Occurrence Dataset, from United States; the CWFIS, from
Canada; and the Burned Area Dataset of the Institute for Nature Conservation
and Forest of Portugal). MODIS daily surface reflectance data (MOD09GQ
and MYD0O9GQ products) was only used for the accurate dating of the
reference fire scars, making possible its annual/seasonal evaluation (Alves
and Pérez-Cabello, 2017).

The extraction of the fire scars in the reference dataset was based on an
exhaustive process of visual analysis, considering all available images in the
study area (315 Landsat - TM, ETM+ or OLI - images for period of 2001-
2016). Although quite time-consuming, the extraction of burned perimeters
from visual interpretation is relatively simple and allows obtaining reliable
results (Bastarrika et al., 2011; Boschetti et al., 2009). Automatic and semi-
automatic methods proposed in the literature (Bastarrika et al., 2014;
Melchiori et al., 2014; Shimabukuro et al., 2015) usually require being
complemented or coupled to visual interpretation to overcome potential
commission and omission errors (Daldegan et al., 2014), due to complex
spectral and spatial heterogeneity of fire scars (Pereira, 2003). In an
evaluation of different methods for extraction of burned areas in a tropical
savanna region using Landsat images, visual interpretation allowed obtaining
results similar or better to those from automatic and semi-automatic methods
(Bowman et al., 2003).

4.2.3. Methodological procedures

The methodological procedures (Figure 4.2) were divided into three main
stages: (i) images pre-processing, (i) burned area individualization and seasonal

assignment and (i) spatial and statistical assessment and comparison.
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Figure 4.2. Methodology workflow. Data sources are shown with dotted boxes; gray
shaded boxes indicate image processing and data preparation; hexagonal boxes represent
comparison and validation outputs.

4.2.3a. Images pre-processing

After completing the download of all available images of the three BA
products from 2001 to 2016, the Raster Time Series Analysis (‘rts’) package, from
software R (RCT, 2016), was performed to mosaic, reproject and clip each image
band. This package uses MODIS Reprojection Tools (MRT) and allows multiple
image processing. The mosaicking was necessary because the area is located in
two MODIS tiles (horizontal/vertical - 11 and 12/09). The same parameters used
by the BA reference (WGS84 - UTM 20) were used as the coordinate and

projection system for the reprojection process.

4.2.3b. Burned area individualization and seasonal assignment

The process of individualization and season assignation of each fire (Figure
4.3) was based on three main steps: (i) generation of an annual synthetic map of
burned areas; (i) segmentation of each map using a regional growth algorithm;

(iii) season assignation of each individual burn.

At first, an annual map of burned areas was generated and for each pixel,
indicated the approximate Julian date of the burning or zero value to unburned
areas. Special attention was given to pixels in which more than one annual
burn value was identified. For this group of pixels, the duplicate observations
were excluded, with duplications taken to be when the same Julian date was

identified twice in a single year. For the observations finally considered as pixels
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in which multiple burns were detected during the same year, the most similar
value to the neighbouring pixels was selected for the annual synthetic map. The
remaining values were stored in additional layers per image, for integration in

the later stages of processing.

The next step was the individualization of the fires on each of the synthetic
maps. Initially, a clump function was applied to generate a layer that dissolves the
burned pixels according to their spatial contiguity (using Queens’s case criteria).
In addition, a regional growth segmentation algorithm was applied to each of the
input raster, using a temporal distance equal to or less than eight Julian days and
a minimum pixel size of one. As a final step, the clump layers were joined with
those generated during segmentation, by dissolving the individual polygons
smaller than three pixels that belonged to the same clump. Similar segmentation
procedures using a MODIS BA series were developed and applied by Frantz et al.
(2016) in the study of temporal patterns of Southern Africa fires.

With the individualized burns, the stage of seasonal assignment of each fire
began. To this end, each pixel of the annual synthetic map was reclassified into
early dry season, middle dry season, late dry season or out-of-dry season periods,
according to the Julian day of burning. This reclassification was performed using
the same parameters applied to define the fire seasons in the BA reference, where
the transition dates between the periods were adapted to the conditions of the
studied area (Alves and Pérez-Cabello, 2017). Although the transition dates
between seasons vary inter-annually, they can be summarized as: the early dry
season mainly covers the months of May, June and almost all July; the middle dry
season extends from the end of July to mid-September; the late dry season runs
from mid-September to mid-October; all the remaining months are the out-of-dry
season. Based on the reclassified Julian day, the fire polygons individualized in the

previous stage had their season assigned with majority function.

As a result, four raster layers (one for each season) were generated for each
year and each BA product, and previously stored additional layers, relating to
multiple burns in the same pixel, were included. These layers were subjected to the
same process as the annual synthetic maps (clump generation, segmentation and
seasonal assignation). In cases where the second burn occurred in the same fire
season as the previously identified fire, this was not considered as a new fire
(matching with the criteria used by BA reference).
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Figure 4.3. Burned area individualization and season assignation using MCD64A1 v006
in a CASE fragment: a) synthetic raster of 2003, showing the Julian day of burn for each
pixel (blank areas are unburned pixels); b) results from clump generation (spatial contiguity)
and segmentation by growing region; c) fire season assignation of every single burn.

4.2.3c. Spatial and statistical assessment of the BA products

The evaluation of the burned area mapping was carried out over the whole
time series with each grid cell of the MODIS BA products inside CASE areas
included as observations. The validation indicators were derived from the
computation of the error matrix (Congalton, 1991) between the values presented
by each BA product and the values observed by the BA reference (Table 4.2). More
specifically, three measures were computed: Commission Error (Ce) (Eq. 4.1);
Omission Error (Oe) (Eq. 4.2); and Dice coefficient (DC) (Eq. 4.3), which can be
expressed as:

E
Ce=-2 (Eqg. 4.7)
Eyq
E
Oe = -2 (Eq. 4.2)
Eiq
2E
DC=—"T"— (Eq. 4.3)
2E11+ E1p+ Ezq
Table 4.2. Contingency table used to derive the accuracy assessment measures.
BA reference
MODIS BA product Burned Unbornad Row fofal
Burned £ £z Erv
Unburned Eg; Egg Eg+
Col. total [Eep F.o ]
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Omission error (Oe) is defined as the proportion of burned areas in the
BA reference that were not observed as burned in the BA product, while
Commission error (Ce) is the proportion of burned pixels in the BA product that
were not included as such in the BA reference. The Dice coefficient (DC)
estimated the similarity between the true burned fraction in the reference
dataset and the pixels categorized as burned in the BA products. DC
summarizes, in a single indicator (ranging from O to 1), the commission and
omission errors, and is a useful accuracy measure in comparing datasets. Ce,
Oe and, DC have been widely used in validation studies of medium/low spatial
resolution burned area products (Libonati et al., 2015; Padilla et al., 2015,
2014; Ruiz et al., 2014; Tsela et al., 2014).

As in the methodology used by Padilla et al. (2014), the error matrix cell
entries for a given pixel are defined by the proportion of agreement/disagreement
in that pixel. In addition to the general evaluation of all observations, grid cells
were grouped by year, by fire season and by proportion of fire-affected area
observed in BA reference. In the assessment of each group, the error matrix
parameters (£) are the summation of all grid cell values divided by their total

number of observations.

Additionally, Pareto boundaries were generated taking into account the
general and seasonal grouping of the grid cells. The use of Pareto boundaries
was proposed by Boschetti et al. (2004) in order to address issues concerning
the use of samples of high resolution maps as reference data for the accuracy
assessment of low resolution products. The delimitation of the Pareto boundary
in a two-dimensional approach of Ce/Oe allows to visualize, given the spatial
characteristics of fire incidence in a specific landscape and a certain spatial
resolution of the target BA product, enables visualization of the region of

minimum values of omission and commission errors (Boschetti et al., 2004).

The Pareto boundary calculation is based only on data from the BA
reference and on the grid cells of the BA product (not including BA product
values). First, the proportion of burned area of the BA reference present in each
grid cell analysed (from 0 to 100%) is estimated. The result of this process is
an ‘ideal product’ with the spatial resolution of MODIS BA products, which,
unlike the burned/unburned dichotomy, indicates the amount burned in each
pixel. Second, it is necessary to generate a dichotomy map (burned/unburned)
by testing different classification thresholds ‘# on the ‘ideal product’. In other

110



Validacién de las ¢ltimas generaciones de productos de dreas quemadas de MODIS

words, given the threshold # = 20%, all ‘ideal product’ values higher than 20%
burned are classified as completely burned, otherwise unburned. Lastly, the
Ce/QOe values of this classification are computed in a cross tabulation with
the BA reference. The Ce/Oe values obtained for all the applied thresholds
(0 < #< 100), here considered as all integers of the range, generate the
vector that delimits the Pareto boundary.

4.3. Results

4.3.1. Yearly/seasonally burned area mapping

The major temporal (Figure 4.4) and spatial (Figure 4.5 and Figure 4.6)
comparison of the fire incidence recorded in the BA reference and in each BA

product enable an initial assessment of the detection of burned areas in the CASE.
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Figure 4.4. Total of fire-affected areas observed in the BA reference (a) and in each MODIS
BA product (b, c and d), yearly categorized in four fire season (2001-2016).

111



Capftulo 4

BA reference MCD45A1 v051 MCD64A1 v051 MCD64A1 v006
: < :
¢

>

2001

2002

2003

2004

2005

2006

2007

2008

U \U
¥ EN =
J X d . J
& 22 - . F4 bt =
J = r/ - r/
Y, \ g \ g \
AN ~ ¢ Nl 4 AN / 0 #20km

T > N o ~ 2 e TR
Early dry season BA 0% Late dry season BA i " CASE delimitation "~ Unpaved road
@@ Middle dry season BA @8 Out-of-dry season BA = Main rivers

Figure 4.5. Yearly/seasonally BA mapping in each MODIS BA product compared with the
reference (2001-2008). White areas inside CASE delimitation represent unburned areas
in the respective year.
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The BA reference shows approximately 1.02 million ha burned in the period
2001-2016, with emphasis on 2003, 2005, 2010 and 2014. In these years the
BA exceeded 25% of the total area of CASE. Without accounting for commission
errors, it is possible to estimate that the MCD45A1 vO51 captured no more than
22.5% of the total reported in the BA reference (2001-2016), while the two
versions of the MCD64A1 (vO51 and v006) presented better results by capturing
about 56.9% (580 thousand ha) and 81.6% (832 thousand ha), respectively.

The best performance of the MCD64A1 products, and especially of the vO06,
is remarkable in the annual subtotals. Although the tracks of the three BA series
represent the inter-annual variations of the BA reference fairly well, it is apparent

that the overall proportions of burned areas are generally better estimated by the
two MCD64A1 products vs. MCD45A1 vO51.

In addition to enhancing the annual subtotals, the latest version of the MODIS
BA products better represents the subtotals per fire season. It is noticeable in the
years 2005, 2006, 2010 and 2011, where the subtotals of the late dry season
burned areas are little or not recorded by the MCD45A1 and MCD64A1 v051
products, and clearly better detected in MCD64A1 v006.

Mapping the above-mentioned years corroborates the better
performance of the MCD64A1 v006, which is ultimately linked to the
detection of certain fires omitted or considerably underestimated by previous
MODIS BA products. Two representative examples can be highlighted: (i) the
biggest burned area of the late dry season in 2006 (Figure 4.5 - located in
the centre-east of the CASE), with a total of 12,075 ha in the BA reference,
which  was completely omitted by the MCD45A1 v051, and had
approximately 13% and 77% of detection estimated by the vO51 and v006
versions of the MCD64A1; (ii) the biggest late dry season fire of 2010 (Figure
4.6 - at the southern end of the savanna enclave), with a total of 28,896 ha,
of which only 5% was detected in the MCD45 A1l (recorded as middle dry
season BAs), while it was totally omitted by the MCD64A1 v051, and
MCD64A1 vO06 detected 84% of the total burned.

Moreover, the latest generation of MODIS BA products better capture the
spatial contiguity of fires. The comparison of the maps of 2005, 2008 and 2010
shows that, while the MCD45A1 and MCD64A1 vO51 (mainly the former) identify
predominantly discontinuous patches of burned areas, they fail to capture adjacent
fires, whereas the product MCD64A1 v006 reproduces them in a more reliable way.
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4.3.2. Accuracy assessment of each BA product

The general data distribution (Figure 4.7) shows the influence of the
proportion of the grid cell affected by fire in the burned area detection/non-
detection of the three BA products. The distribution of all burned observations
(Figure 4.7,) shows a median of 91.11%, revealing the highest concentration of

grid cells almost entirely affected by fire in relation to BA reference.

Two aspects can be highlighted in Figure 4.7y: (i) the concentration of grid cells
detected as burned in the three BA products is negligible when less than 50% of its
total was affected by fire in the BA reference; at the same time, a more significant
concentration is detected when grid cells are affected in ratios above 90% in BA
reference (median values greater than 98.75% in the three BA products); (ii) the
comparison of the undetected ratios of the three BA products indicates a
progressively lower concentration of the undetected totals at the top of the bean
distributions, comparing the products MCD45A1 vO51, MCDé64A1 vO51 and
MCD64A1 v006, respectively. This is demonstrated by the progressive decrease in
the median value of undetected distributions (86.33%, 73.77% and 48.43%).

In more precise terms, the calculation of the Ce, Oe and DC values in four classes
of proportion of grid cell affected by fire in the BA reference (Table 4.3) identifies the
preponderance of this variable in the burned area detection performance of the three
BA products. Gradual decreases in Ce and Oe values and also progressive increases
in DC values are observed in the performance of the three BA products according to
maijor classes of grid cell proportion affected by fire in the BA reference.
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Figure 4.7. Data distribution of the proportion of MODIS grid cells affected by fire in the
BA reference (n = 64,911), considering the whole time series (2001-2016): a) general
distribution in the BA reference; b) distribution of undetected/detected BA grid cells in each
product. Beans are linked to data densities and black horizontal bars indicates the median
values of each group.
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Table 4.3. Accuracy assessment (Ce, Oe and DC) of each BA product of MODIS, grouping
by classes of proportion of grid cell affected by fire in the BA reference.

Grid cell BA Number MODIS BA product
reference /000 MCD45A1 v051 MCDG64A1 051 MCD64AT v006
p'°F(’%“°” s Ce ©Oe DC Ce Oe DC Ce Oe DC

0.01-25.00 9668 0.862 0987 0024 0866 0925 0096 0865 0900 0.115
25.01-50.00 6237 0.602 0955 0.081 0603 0826 0242 0.605 0.755 0.302
50.01-75.00 7838 0.347 0892 0.185 0354 0661 0445 0354 0.526 0.546

75.01-100 41168 0.036 0.770 0.371 0.038 0.456 0.695 0.037 0.211 0.867

At the same time, the best performance of the MCD64A1 vO06 against the
other products is quantified for each class. Except for the Ce values, which are very
similar or sometimes even slightly higher in the MCD64A1 series, a significant
reduction of Oe values is observed, especially in the two classes with the highest
grid cell burned rate (> 50%), resulting in higher DC values. A representative
comparison is the Oe values in the higher class of burned grid cell ratios (> 75%),
which presented values of 0.770 in the product MCD45A1 vO51 and 0.211 in
the version MCD64A1 v006, together with DC values of 0.371 and 0.867,
respectively. Also noteworthy were the high Ce and Oe values recorded by the
three products in classes of less than 50% grid cell burned rate (ranging from
0.602 to 0.987). In this respect, it is important to consider that, as shown in Figure
4.7, the detections of all products are concentrated mainly on grid cells in which
at least 75% was observed as burned in BA reference. The best accuracy of the
MCD64A1 v006 is also generally appreciated in the annual grouping of the
burned areas (Figure 4.8).

Comission error (Ce) Omission error (Oe) Dice coefficient (DC)

2001 2001 2001
2016 2002 2016 4 2002 2016 2002

2015 2003 2015 2003

2014 A 2004 2014 h 2004 2014 2004
o
2005

2012 2006 2012 2006 2012 2006

2011 2007 2011 y, Y 2007

2010 2008 2010 ¥ 2008 2010 2008
2009 2009 2009

3 MCD45A1 v051 .3 MCD64A1v051 £ MCD64A1 v006

Figure 4.8. Yearly assessment of Ce, Oe and DC values (ranging from 0 in the centre to
1 in the borders) for each MODIS BA products.
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The annual comparison of the MCD45A1 v051 and MCDé64A1 v006
showed that the latter always returned lower Oe values and higher DC values.
However, it should be noted that in the years with very low burned area subtotals,
such as 2001, 2009 and 2013 (see subsection 4.3.1), the performance of the
MCD64A1 v006 was also linked to relatively high Oe and low DC values.

Regarding Ce values, the general levels are relatively low, with MCD45A1
v051 exceeding 0.2 in only two years (2001 and 2012) and MCD64A1 vO51 only
once (2010). In the remaining years of the time series, the Ce values returned by
the MCD45A1 vO51 are very similar or slightly lower than those returned by the
other products. However, these lower Ce values are generally associated with

higher Oe rates in these years, resulting in lower DC coefficients.

In the comparison of the two versions of the MCD64A1 product, the Ce and
DC values of vO06 were better in 13 of the 16 analysed years, but the magnitude
of the differences is much lower than that observed in the comparison with the
MCD45A1. The years 2010 and 2011 are marked by an exceptionally low
detection performance by the MCD64A1 vO51, which returned lower Oe, Ce and
DC values than those presented by the MCD45A1.

The grouping of the grid cells according to fire seasons assists in the analysis
of intra-annual detection by each product, and can be assessed by the variations
in Ce and Oe values together with the Pareto boundaries of each fire season

(Figure 4.9,).
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Figure 4.9. Comparison of the performance of the BA products in the CASE fire detection,
integrating all grid cells affected by fire from 2001-2016: grouping in fire seasons (a) and
general (b). The points show the commission and omission values of each BA product,
while the lines show the Pareto boundaries.
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The difference between the Pareto boundaries shows that detecting the burned
areas in the EDS and ODS seasons was more complex in comparison with the MDS
and LDS periods, mainly linked to potentially higher Ce values. It is noticeable in the
shapes of the Pareto boundaries, which depart from a wide range of Ce values
(associated with the lower 7 thresholds), reaching more similar Ce levels only in the
definition of very high #thresholds. While the Pareto boundary of the MDS fire season
drops to relatively low Ce/Oe values (0.09/0.04) at its midpoint, EDS has potentially
higher Ce/Oe errors (0.17/0.10).

In this context, the Ce/Oe values obtained by each BA product in the MDS and
LDS seasons highlight the clear reduction in omissions achieved by MCD64A1 vO06
compared fo previous versions of BA products, associated with slight variations in
terms of Ce values. The MDS season data show values of Oe of 0.755 for the
MCD45A1 vO51 and 0.225 for the MCD64A1 v00é. It is also important to note the
significant decrease of Oe values of the LDS season in the comparison of the two
MCD64A1 products (0.850 in the vO51 and 0.407 in the vO06).

The detection of burned areas in the EDS and ODS fire seasons does not show
clear improvements in Ce/Oe values. In the EDS season, the three products presented
very similar Ce values (close to 0.2), while the differences in terms of Oe decrease fall
between the values observed by the two MCD64A1 products and the MCD45A1 vO51
(ranging from 0.683 to 0.715). The burned areas of the ODS period are completely
omitted by theMCD45A1 v051 for the whole time series, whereas in the MCD64A1
v051 and vO06 these values of Oe decrease slightly (0.944 and 0.899, respectively).
However, these slight decreases in Oe values are accompanied by increases in Ce
(0.284 in vO51 and 0.323 in v006), contrasting with the absence of Ce of the
MCD45A1. The detailed values of Ce, Oe and DC obtained in the groupings by

season and by year and season can be observed in Appendix 4A.

It is worth remembering, as noted in ‘subsection 4.3.17, that the annual
subtotals of burned areas are strongly linked to MDS and LDS fires, making the
detection of improvements obtained in these seasons very noticeable in general
detection performance of the last generation of BA product of MODIS. This is verified
in the Pareto boundary obtained from including all the burned grid cells of the time
series (Figure 4.9.), which resembles those observed in the MDS and LDS seasons.
The general values of Ce/Oe denote a clear decrease in Oe values, varying from
0.797 and 0.499 in the MCD45A1 vO51 and MCD64A1 vO51 products, to 0.280
in the MCD64A1 v006. Led by this decrease, Ce values remained low in all three
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products, all less than 0.104. These Ce/Oe values resulted in a clear rise in the DC
coefficient values of 0.333, 0.643 and 0.799 for the last three generations of
MODIS BA products, respectively.

4 4. Discussion

The results evidence that the new versions of the MODIS burned area
detection algorithms, and especially the MCD64A1 vO06, have better spatial and
temporal precision for capturing fire-affected areas over tropical savanna
environments. The differences with previous versions are explained by improved
detection algorithms and by optimization of the inputs used by each BA product in

the detection process.

Burned areas over savanna environments are characterized by medium and
low fire severities, and are generally accompanied by a rapid post-fire response of
the herbaceous stratum of vegetation (Smit et al., 2010), which increases the
complexity of automatic detection by only evaluating time series with surface
reflectance. One of the main differences between the two versions of the MCD64A1
have compared with the MCD45A1 is the use of active fire data (MOD14 and
MYD14 of MODIS) as auxiliary information to the multitemporal analysis of the
surface reflectance for detecting burned areas. Moreover, the MCD45A1 vO51 and
MCD64A1 vO51 versions make use of data from the MODIS Collection 5, while
the new product is generated using Collection 6 for surface reflectance and active
fire data input (Giglio et al., 2016b; Toller et al., 2013). The use of the new MODIS
collection implies to have an optimized information as input for the detection of the
fire-affected areas, which directly influences the best results obtained by MCD64A1
v006 compared to the other MODIS BA products.

Previous studies comparing the MCD45A1 vO51 and MCD64A1 vO51 have
already indicated the best results obtained by the latter in areas with similar
characteristics (Libonati et al., 2015; Tsela et al., 2014), obtaining differences in
magnitudes similar to those observed in this study. As an improvement on the
current literature, it was possible to quantify for the first time the great advances
obtained by the MCD64A1v006 over the two previous versions on a long-term BA
reference of fine spatial resolution, by quantifying the progression of the MODIS
BA series for the type of landscape studied.
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The evaluation of BA products in terms of fire-affected grid cell ratio in BA
reference shows similar calibrations from all three products. Detections of burned
areas predominantly occur when ratios greater than about half of the grid cell are
affected by fire. It should be noted that these are the thresholds considered
appropriate for medium/low spatial resolution algorithms (Eva and Lambin, 1998;
Giglio et al., 2009; Sé4 et al., 2007), since using a lower threshold would lead to an

increase in potential commission errors by the BA product.

Regarding detection by the MCD64A1 v006 in terms of fire season, the
higher performance observed in the MDS and LDS seasons in relation to the EDS
and ODS seasons was highlighted. In this respect, it is important to distinguish that
fire occurring during or at the beginning of the dry season are generally cooler
and less intense, while those in the accumulated and dry fuel loads (MDS and
LDS periods) burn more intensely and, in general, spread more widely (Andersen
et al., 2005; Laris, 2005). Due to this, the burned areas of the EDS and ODS
periods are characterized by lower spread levels and generally smaller sizes(Alves
and Pérez-Cabello, 2017), making detection difficult by the MODIS BA pixel
structure, as demonstrated by the differences in Pareto boundaries (Figure 4.9).

Complementary to the influence of burning intensity, the lower performance of
detections during the EDS period, especially during the rainy season (ODY), is
associated with the limited continuity of cloudy-free cells on MODIS surface
reflectance data during these seasons in the region. This discontinuity hinders the
automatic detection of fire scars via algorithms, thus increasing the likelihood of
omitting fires due to the remarkable influence of humid air masses and
evapotranspiration of the rain forests in the Amazon region. It is observed in the core
areas of Cerrado biome (Sano et al., 2007), and is even stronger in the south of the
Brazilian Amazon (Asner, 2001) where many savanna enclaves such as CASE are
located. This is due to the greater influence of the humid air masses and the greater
effect of the evapotranspiration of the rain forests that operate in the Amazon region.
As a result, the core areas of the Cerrado biome are likely to attain greater temporal
continuity of spectral information taking advantage in detecting burned areas over
savanna enclaves of Amazon. On the other hand, it is worth mentioning that fire
activity tended to grow exponentially as rainfall decreases during the dry season
(Aragao et al., 2008), which happens to be the period of greater availability of cloud-
free satellite data. This promotes the role of fire events occurring during the dry season

within the annual strata of burned areas in all tropical savanna environments.
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In this sense, the yearly subtotals of burned areas in the CASE are closely
associated with events in the MDS and LDS periods (predominantly in the former),
so that improvements in detection achieved in these seasons result in a clear
overall improvement in the detection performance of the MCD6é4A1 V006 in
relation previous versions of BA products. With the inclusion of all grid cells in the
burned series, the last generation of MODIS BA returned omission values of
0.280, compared to the 0.797 verified by the MCD45A1 vO51.

In general terms, the pattern of CASE fires is representative of burnings occurring
in other Amazon savanna enclaves, such as those belonging to the Mapinguari
National Park or in the vicinity of the Serra da Cutia National Park. They occur
predominantly in the dry season, essentially over native vegetation, mostly affecting
open vegetation formations which favour fire spread. Concerning ignitions, lightning
is a relevant causal factor, and is often not considered as such (Ramos-Neto and
Pivello, 2000); the influence of anthropogenic ignitions is better associated with the
existence of a road or similar access spot, as well as the use of fire by local

communities in agro-pastoral activities or in animal attraction for hunting.

Many areas of savanna enclave in the Amazon are integrated as conservation
areas by the National System of Conservation Units (SNUC) of the Brazilian
government, restricting the advance of agro-pastoral activities, and consequently
preventing human-related ignitions (Alves and Pérez-Cabello, 2017). On the other
hand, the core areas of the Brazilian Cerrado have been intensely transformed over
the last three decades. Roughly, it is estimated that the advance of agricultural
boundaries was associated with a loss of about 46% of its native coverage (88 million
ha) (Strassburg et al., 2017). This implies a severe alteration of the fire regime in the
region, significantly increasing the number of anthropogenic ignitions and altering the
composition of the vegetation by the infroduction of species, mainly those species used
as prairies. This high anthropogenic influence on fire regimes can be observed even
in conservation areas in the Cerrado core areas, such as the Serra da Canastra
National Park (Lemes et al., 2014), the Chapada dos Veadeiros National Park (Fiedler
et al., 2006) and in the Emas National Park (Franca et al., 2007). In this sense, the
large extensions of areas with predominance of native species in the savanna enclaves
of the Amazon make them very important to understand the relationships between fire,
vegetation and fauna in this type of landscape.

Due to this greater intensity of anthropogenic activities, core areas of Cerrado

are also generally more susceptible to a greater recurrence of small-size fire
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occurrences, associated with burning for agro-pastoral activities, in comparison with
the savanna enclaves of the Amazon. Thus, if on the one hand the detection of fires
by BA products in areas of savanna enclaves is hampered by the lack of continuity of
satellite data during certain fire seasons, as previously described, on the other hand
the incidence of small-size fires with higher frequency over the core areas of Cerrado
increases the probability of omission of certain fire occurrences in these areas.

In terms of methodological advances, the new insights associated with the
individualization and definition of the fire seasons are highlighted, which at the same
time, enabled an evaluation of the different BA products and validation of the spatial
and temporal evolution of detecting burned areas. It is worth considering that certain
processes can be optimized when using only one of the MCD64A1 products, since
they provide a burn date uncertainty dataset. This information can be used as a
criterion in the identification of possible duplicate fires of the time series, and also
assists in deciding whether or not to dissolve polygons located in the same clump. A
criterion that can be used for this is an intersection between the values of border pixels
with added or reduced uncertainty data.

4.5. Conclusion

This study explored the differences in performance of detection of burned
areas presented by the last three generations of BA products in the MODIS series,
by assessing the accuracy of each within the framework of regional mapping of
burned areas over neotropical savanna areas. The applied methodology was able
to evaluate the patterns of commission and omission errors related to the incidence
of fire in the type of landscape studied, generating new insights into the

annual/seasonal performance in detecting burned areas by the products analysed.

The results validate the higher performance of the MCD64A1 v006 in
comparison with its previous versions, presenting a clear improvement in terms of
reduction of omission errors, and maintaining the low levels of commission errors
already achieved by the previous BA products. In relation to detection of fire
seasons, the improvements obtained with MCD64A1 vO06 in the MDS and LDS
seasons were highlighted, which directly influenced the best overall results, since
these seasons are representative in terms of annual subtotals of burned areas.
However, the events in the EDS and ODS periods present high levels of omission

in all analysed products. Nevertheless, the improvements observed by the
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MCD64A1 v006 confirm it as a useful instrument for the regional mapping of

burned areas over tropical savanna environments.

Future lines of research will seek to explore the potential of the MCD64A1
v006 to recognize patterns of the recurrence of fire incidence in the transition areas
between the Brazilian Cerrado and Amazon biomes, coupled with the use of other
MODIS Collection 6 products, such as MOD13Q1 and MCD15A2H, in order to
monitor the post-fire regeneration process of these environments. Our recent
research lines are exploring the fusion of Landsat and MODIS surface reflectance
data to retrieve multiespectral information from fire-affected areas over tropical
savanna environments. One of the targets of the use of fused images is to be able
to complement the current BA reference with fire severity information, which will
allow future analysis of the relationships between fire severity and the detection or

non-detection of burned areas by the products of medium-low spatial resolution.
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Appendix 4A

Detailed values of Ce, Oe and DC obtained in the groupings by season and
by year and season.

Table 4A1. Accuracy assessment of each BA product of MODIS. Ce, Oe and DC are
grouped by fire season (EDS — Early dry season; MDS — Middle dry season; LDS — Late dry
season; ODS — Out-of-dry season) and for the whole time series.

MODIS BA product
Groups MCD45A1 v051 MCD64A1 v051 MCD64A1 v006
Ce Oe DC Ce Oe DC Ce Oe DC
Season EDS 0.197 0.715 0.425 0.191 0.683 0.458 0.199 0.679 0.462
MDS  0.087 0.755 0.388 0.120 0.417 0.706 0.109 0.225 0.833
LDS 0.225 1.000 0.000 0.214 0.850 0.255 0.179 0.407 0.707
ODS 0.000 1.000 0.000 0.284 0.944 0.105 0.329 0.899 0.177
General - 0.079 0.797 0.333 0.104 0.499 0.643 0.102 0.280 0.799
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Table 4A2. Accuracy assessment of each BA product of MODIS. Ce, Oe and DC are
presented for each season (EDS — Early dry season; MDS — Middle dry season; LDS — Late
dry season; ODS — Out-of-dry season) and year from 2001-2016.

BA Season General

Year rodct EDS MDS LDS QODS

Ce Ce DC Ce Qe DC Ce Ce DC Ce Ce DC Ce Qe DC
45051 000 100 000 030 098 004 000 10 000 000 10 000 030 099 02
64051 000 100 000 010 097 005 000 10 00 000 10 000 010 092 02
6406 000 100 000 008 080 0383 008 091 017 021 08 032 011 084 027
454051 019 081 031 008 094 011 000 100 000 000 10 000 016 094 012
64051 015 075 038 016 07 037 013 061 054 000 10 000 012 070 045
64006 021 07 03¢ 018 075 038 019 051 043 100 100 000 016 044 051
454051 020 042 068 008 08 02 000 10 000 000 10 000 011 08 03
64051 020 040 070 012 024 081 017 088 047 000 10 000 013 032 07
64006 019 041 062 013 019 08 028 088 047 000 10 000 012 028 079
45051 0 09 002 013 052 043 00 10 00 000 10 000 009 0488 047
64051 0183 09 008 016 035 074 028 047 083 000 10 000 016 049 064
64006 015 08 020 014 037 074 025 054 058 000 10 000 013 049 064
45051 000 100 000 009 08 030 000 100 000 000 10 000 007 08 02
640051 02 093 013 014 045 069 034 079 034 00 10 000 000 048 066
64006 028 091 015 009 024 08 027 02 081 100 100 000 009 024 083
454051 027 093 012 011 0949 010 000 100 000 000 10 000 012 09 008
64051 02 092 015 022 020 081 024 08 024 000 10 000 016 038 072
64006 024 08 021 02 021 081 013 039 073 000 100 000 015 024 081
454051 013 083 028 004 099 001 000 10 000 000 10 000 008 09 002
64051 007 099 003 006 021 08 100 100 000 000 10 000 006 028 081
64006 051 097 006 007 021 08 058 075 037 000 10 000 007 027 08
45051 000 10 000 007 077 037 000 10 000 000 10 000 007 077 037
64051 000 10 000 008 027 08 000 10 000 000 10 000 007 028 081
64006 000 10 000 008 018 08 000 10 000 00 10 00 008 020 08
45051 000 100 000 000 10 000 000 10 000 000 10 000 000 10 000
64051 000 100 000 008 09 009 023 097 005 000 10 000 013 09 007
64006 000 100 000 015 060 05 00 10 00 00 10 000 015 079 033
454051 000 100 000 011 065 05 028 10 00 000 10 000 008 074 040

2008 2007 2006 2005 2004 2003 2002 2001

2009

§ 64051 000 100 000 025 093 013 000 10 000 000 10 000 025 095 010
64006 000 100 000 012 002 09 018 021 081 000 10 000 013 013 08
45051 000 100 000 008 052 063 000 100 000 000 10 000 008 065 051
é 64051 000 100 000 011 061 05 000 10 000 000 10 000 010 071 043
64006 000 100 000 010 02 084 007 045 06 000 10 000 000 030 079
o 45051 000 100 000 02 05 054 000 10 000 000 10 000 02 094 0N
=) 64051 000 100 000 040 080 032 013 062 05 000 10 000 016 066 049
64006 000 100 000 031 063 05 013 043 06 000 10 000 015 048 065
45051 000 100 000 000 100 000 000 100 000 000 10 000 00 10 000
§ 64051 000 100 000 018 072 04 000 100 000 000 10 000 018 078 034
64006 000 100 000 019 08 019 000 10 000 000 10 000 019 092 015
45051 000 098 0B 007 065 051 000 100 000 000 10 000 006 06 050
% 64051 02 067 046 010 019 08 005 092 014 000 10 000 000 021 084
64006 025 072 041 0097 023 083 004 08 030 000 10 000 000 025 08
o 45051 000 100 000 0097 045 068 000 100 000 000 10 000 009 062 054
S 64051 000 100 000 0097 033 078 001 095 010 028 072 040 011 047 067
64006 000 100 000 010 025 082 000 070 04 029 061 051 013 037 074
° 45051 006 099 002 0097 092 001 000 100 000 000 100 000 0020 092 001
=) 64051 000 100 000 012 052 062 000 10 000 000 10 000 012 0% 05

64006 000 100 000 012 035 075 000 10 000 000 10 000 011 040 072
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Fusing Landsat and MODIS data to retrieve multispectral information
from fire-affected areas over tropical savanna environments in the
Brazilian Amazon

Abstract

In this study, the combination of surface reflectance products from Terra-MODIS and
Landsat ETM+ sensors are explored through the Flexible Spatiotemporal DAta Fusion
(FSDAF) algorithm within the framework of forest fire studies over tropical savanna
environments. Thus, 60 fusion derived images were generated from four spectral bands
(Red, Near Infrared - NIR, Shortwave Infrared - SWIR; and SWIR,) and six spectral indices
- Normalized Difference Vegetation Index (NDVI), Normalized Difference Moisture Index
(NDMI), Global Environment Monitoring Index (GEMI), Soil Adjusted Vegetation Index
(SAVI), Normalized Burn Ratio (NBR) and Differenced Normalized Burn Ratio (ANBR) - over
two selected study sites. For all fusion processes performed, the actual Landsat images for
the corresponding dates are available, which supports validation of the blended images.
Additionally, integration of blended spectral indices in the immediate post-fire evaluation
and the generation of fire severity were analysed. The blended bands presented correlation
and Structure Similarity Index Measure (SSIM) values that were consistently higher than
0.819 and Root Mean Square Error (RMSE) values of less than 0.027, which confirms
good accuracy levels obtained from the model. Similar correlation and SSIM accuracy
levels were observed in the blended indices assessment for both study sites, which enables
its values to be well-integrated for an analysis of the immediately post-fire date. However,
the fire severity mapping from fused images needs to be carefully implemented, since the
dNBR index is generally less accurate than other blended indices. FSDAF fusion proved to
be a useful alternative to retrieving multispectral information from savanna environments
affected by fires.

Keywords: burned area, FSDAF, Landsat, MODIS, tropical savanna, Brazilian Amazon.



Fusionado de imdgenes Landsat y MODIS en la generacién de informacién multispectral

5.1. Introduction

In the study of forest fires, Landsat images have proven to be a relevant source
that can be used to delimit burned areas (Bastarrika et al., 2014; Koutsias and
Karteris, 2000), to evaluate their impacts (Escuin et al., 2008; Wimberly and Reilly,
2007) and monitor and assess post-fire dynamics (Bartels et al., 2016; Réder et al.,
2008; White et al., 2017). With a fine spatial resolution (30 m), spectral bands in
the visible, Near Infrared (NIR) and Shortwave Infrared (SWIR) regions, as well as a
16-day revisit cycle (8-day overlapping periods of sensor operations), Landsat series
(Thematic Mapper — TM; Enhanced Thematic Mapper — ETM+; and Operational
Land Imager — OLI) has offered useful information in the analysis of fire-affected
areas over the last 34 years (1984-present). However, the low revisit interval
combined with possible adverse weather conditions, such as a high amount of cloud
coverage, can constrain the potential o perform sensor analyses, which restricts the
acquisition of spectral information from key moments, such as an immediate post-

fire image or making it difficult to obtain a continuous time series.

Globally, tropical savannas are the most fire-prone environments and the
largest source of biomass burning atmospheric emissions (Pereira, 2003).
Although in these areas fire is considered to be a relevant natural element in the
dynamics of ecological processes (Pivello, 2011), anthropic alterations of natural
fire regimes have resulted in significant impacts on vegetation (Hoffmann and
Moreira, 2002), soils (Certini, 2005) and the atmosphere (Bowman et al., 2009),
which is mainly related to the increase in fire recurrences, as well as the
introduction of ignitions during critical periods that favour fire propagation (Pausas
and Keeley, 2009). Thus, monitoring and assessing the impacts of fire are very
important actions in the territorial management of these landscapes.

In these environments, acquiring immediate post-fire information is a key
factor, since the post-fire regeneration process is quick and dynamic (Bowman et
al., 2003). This lack of information results in difficulty understanding the real
impacts of fires, because the use of images with a greater lag time since the fire
occurrence have severity estimations that are obscured by rapid responses during
the regeneration process (Veraverbeke et al., 2010). The analysis of post-fire
vegetation regeneration using large remote sensing series is also affected when
continuous information is not available. Unfortunately, many global savanna
areas, such as in the transition areas between the Cerrado (Brazilian Savanna) and
the Amazon biome, are subject to many problems associated with the lack of
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available fine spatial resolution information due to the great influence of
atmospheric disturbances (Asner, 2001; Sano et al., 2007).

To overcome these limitations, many studies have taken advantage of the
daily availability of Moderate Resolution Imaging Spectroradiometer (MODIS)
products, employing data fusion methods to combine these higher temporal
resolution images with fine spatial resolution Landsat images. The more exhaustive
revisit cycle of the MODIS sensors (aboard the Terra and Aqua satellites) allows
for an increase in the availability of surface reflectance images, which are free of
atmospheric disturbances and available from the year 2000 to present.

Among the existing spatiotemporal data fusion algorithms used to combine
coarse and fine spatial resolution images, the Spatial and Temporal Adaptive
Reflectance Fusion Model (STARFM) (Gao et al., 2006) is one of the best known
and commonly used methods. The algorithm employs a spatial-temporal
weighting function that relates a pair of Landsat-MODIS images acquired in # with
a MODIS image acquired in % to predict the surface reflectance bands in % with
the spatial resolution of Landsat (Gao et al., 2006). Using STARFM principles,
other fusion models have been developed. The Spatial Temporal Adaptive
Algorithm for mapping Reflectance Change (STAARCH) (Hilker et al., 2009) was
designed to better capture the changes occurring between predictive and blended
images, and incorporating the optimal pixel selection of fine spatial resolution into
the fusion process. Another detachable algorithm is the Enhanced Spatial and
Temporal Adaptive Reflectance Fusion Model (ESTARFM) (Zhu et al., 2010), and
the most significant improvement over the original model is the application of a
conversion coefficient to enhance the prediction accuracy for heterogeneous
landscapes. Although ESTARFM and STAARCH show improvements over the
STARFM algorithm, both models require at least two pairs of reference images to
perform the fusion process (in addition to the coarse spatial resolution image from
the blended date). This may still be a problem for regions with low image

availability, such as the tropical savanna environments of the Brazilian Amazon.

More recently, another detachable fusion algorithm has been presented to the
scientific community, which is known as the Flexible Spatiotemporal DAta Fusion
(FSDAF) method (Zhu et al., 2016). Like STARFM, this algorithm can operate from a
single predictor pair accompanied by a coarse image from the target date. FSDAF is
designed to address abrupt and progressive land cover change situations more

accurately than preceding models by infegrating ideas from unmixing-based fusion

128



Fusionado de imdgenes Landsat y MODIS en la generacién de informacién multispectral

methods, spatial interpolation, and STARFM. In an accuracy comparison between
STARFM and FSDAF during two study cases (heferogeneous agricultural area and a
flooded area), the latter showed more effective results (Zhu et al., 2016).

FSDAF model applications linked to the study of forest fires and spectral index
generation from bands derived from this algorithm are not yet available in the
literature. Regarding the generation of spectral indices derived from fusion processes,
studies using the STARFM and ESTARFM models revealed that better results can be
obtained from the direct fusion of vegetation indices (Index-then-Blend approach, IB)
compared fo generating each spectral band and subsequently generating indices
(Blend-then-Index approach, Bl) (Jarihani et al., 2014; Tian et al., 2013).

In this study, the combination of surface reflectance products from Terra-
MODIS and Landsat ETM+ sensors are explored through the FSDAF algorithm
within the framework of forest fire analyses in tropical savanna environments. Can
multispectral information from immediately fire-affected areas be retrieved using
the FSDAF fusion method2 Which is the best approach to retrieve multispectral
indices of savanna fire-affected areas using FSDAF: blend-then-index or index-
then-blend? Are reliable fire severity estimations derived from a blended image,
when no immediate post-fire Landsat image is available? These are the questions
that will be addressed in this study.

5.2. Materials and methods
5.2.1. Study sites

The selected study sites include two very large fire-affected areas (Figure 5.1)
over tropical savanna environments. Both cases are continuously predominant areas
of savanna phyto-physiognomies in a region dominated by rainforest vegetation in
the Amazon biome (Figure 5.1,), which are known as savanna enclave areas (Ratter
et al., 1997). In other words, these areas correspond to areas of relict vegetation
isolated from the Cerrado biome core, where the current vegetation pattern reflects
the dynamics of climatic changes that occurred during the Tertiary and Quaternary
periods, in addition to modern environmental factors (Carneiro Filho, 1993). It is
possible that speciation processes are in progress in these enclave areas, which

makes its protection extremely important for the conservation of genetic biodiversity
(ICMBio, 2016).
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Figure 5.1. Map of the study sites: (a) selected savanna enclave areas in the middle of
Brazilian Amazon biome; (b) fire-affected areas inside CASE (Landsat ETM+ from 19
September 2015, SWIR,-NIR-Red/R-G-B composition); and (c) burned areas inside SCSE
(Landsat ETM+ from 19 September 2001). Fire area perimeters are marked in black.

The first study site (Figure 5.1;) corresponds to a fire-affected area inside the
Campos Amazénicos Savanna Enclave (CASE), which has a total of 11,860 ha of
area that was burned between the end of August and beginning of September
2015. CASE is located in the state of Amazonas, and more specifically, it is located
in areas that are integrated into the National System of Conservation Units (SNUC)
of Brazil, Marmelos Indigenous Land and Campos Amazénicos National Park. The
second study site (Figure 5.1) refers to areas affected by fire during first half of
September 2001 on Serra da Cutia Savanna Enclave (SCSE), which has a total of
13,185 ha. This area is also located in areas integrated to the SNUC within the
state of Rondénia and more specifically, in the Uru-Eu-Wau-Wau Indigenous Land

and eastern delimitation and buffer zone of Serra da Cutia National Park.

The vegetation composition is not restricted to savanna formations, which
include variations ranging from grasslands to forests (Oliveira-Filho and Ratter,
2002). This heterogeneity in relation to the spatial distribution of vegetation
formations can be observed in detail with the data derived from the Landsat
Vegetation Continuous Field tree cover layer (Sexton et al., 2013) (Figure 5.2),

which covers dates prior to the occurrence of the fires in this study.
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Figure 5.2. Tree cover percentage per pixel in pre-fire conditions (tree cover % in 2015 for
CASE fire and tree cover % in 2000 for SCSE fire) derived from Landsat Vegetation
Continuous Field tree cover layer product (Sexton et al., 2013), which is divided into three
coverage classes: <15%, 15-30% and >30%. Fire area perimeters are marked in black.

Within the fire perimeter boundaries, grassland and savanna formations
predominate in the interfluvial areas of the existing high density drainage
network, whereas forest formations are mainly located in proximity of the
streams. In CASE, it is apparent that the stream surroundings have greater
densification of woody vegetation areas in comparison to SCSE. In addition
to the inherent characteristics of each area, SCSE was affected by a fire that
occurred previously (between August and September 1999) to those
described here (September 2001). SCSE has a strong influence on the greater
predominance of herbaceous vegetation in contrast to CASE, since the fire
effects favour these types of formations, which are more resilient in
comparison to the majority of woody species in these areas (Moreira, 2000).
In contrast, the last fire in the CASE area, which burned in 2015, had
occurred four years earlier (Alves and Pérez-Cabello, 2017).

5.2.2. Methodological procedures

According to the established objectives, this study is divided into four main
stages (Figure 5.3). The following sections describe the steps associated with each

of these stages.
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Figure 5.3. Methodology workflow.

5.2.2a. Image pre-processing

Pre-processing started with the selection and download of Landsat and
MODIS products. As images of fine spatial resolution were used in Collection 1
Higher-Level Landsat Surface Reflectance product (path/row - 231/66 and
232/68 for CASE and SCSE, respectively), all assigned as Tier 1 (T1) images that
contain Level-1 Precision and Terrain (L1TP) data were considered suitable for time
series analysis (USGS, 2017c¢). The coarse spatial resolution images were derived
from Collection VI of MODIS Surface Reflectance - MODO9GQ (spatial resolution
of 250 m) and MODO9GA (spatial resolution of 500 m) products
(horizontal/vertical — 11/09 and 11/10) (Vermote and Wolfe, 2015a, 2015¢).

For each of the studied sites, three pairs of images were acquired (Figure 5.4
and Figure 5.5) that were associated with the pre-fire, immediate post-fire and post-
fire dates. More specifically, the bands of Red, NIR, SWIR, and SWIR; of the sensor
Landsat ETM+ (bands 3, 4, 5 and 7) and Terra-MODIS (bands 1, 2, 6 and 7) were
used, considering their respective spectral correspondence (Table 5.1). The best
spatial resolution product of MODIS (GQ) generates spectral information only for the
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Red and NIR bands, whereas the GA product generate all spectral bands. The selected
bands are the most relevant for vegetation monitoring and are employed in the
generation of the multispectral indices most commonly used for the analysis of forest
fires (Chuvieco et al., 2002; Pereira, 2003; Trigg and Flasse, 2000).

Table 5.1. Correspondence between ETM+ sensor (Landsat satellite) and MODIS (Terra)
spectral bands.

Spectral Landsat - ETM+ Terra - MODIS

band Band number Bandwidth (um) Band number Bandwidth (um)
Red 3 0.63 - 0.69 1 0.62-0.67

NIR 4 0.77 - 0.90 2 0.84-0.88
SWIR: 5 1.55-1.75 6 1.63-1.65
SWIR2 7 2.09 -2.35 7 2.11-2.16

Campos Amazonicos Savanna Enclave (CASE) fire

Pre-fire (Pre)
02 August 2015
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Figure 5.4. Available Landsat (a, ¢ and ) and MODIS (b, d and f) images from CASE fire
(SWIR2-NIR-Red/R-G-B). All Landsat images are derived from ETM+ sensor; Red and NIR
bands of MODIS are derived from MODGQ product and SWIR, band is derived from
MODGA product. Cloudy areas in the (c) image are masked in grey.
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Serra da Cutia Savanna Enclave (SCSE) fire
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Figure 5.5. Available Landsat (a, c and ) and MODIS (b, d and f) images from SCSE fire
(SWIR.-NIR-Red/R-G-B). All Landsat images are derived from ETM+ sensor; Red and NIR
bands of MODIS are derived from MODGQ product and SWIR, band is derived from
MODGA product. Cloudy areas in the (e) image are masked in grey.

Landsat ETM + and Terra-MODIS images were used because they follow the
same orbit, and their equatorial crossing times differ by approximately 30 minutes,
which is more suitable for obtaining pairs for prediction (Feng et al., 2013).
Furthermore, the use of Landsat TM and OLI images to obtain predictive pairs in
the specific selected study sites is not possible because a corresponding image
from the same date is not obtained with MODIS sensors due to the location and

angle of the sensors.

The quality information of the images was also checked (using quality
assurance bands), which verified the influence of clouds, aerosol effects or other
disturbances. Cloud masks and cloud shadows were applied to two Landsat images,
which were an immediately post-fire image from CASE (Figure 5.4.) and a post-fire
image from SCSE (Figure 5.5.). In both areas, these clouds occupied a very small
amount of each area affected by fire (1.541% of CASE fire and 0.003% of SCSE
fire). Gaps derived from SLC-off were filled by applying an order filter that uses
neighbouring information of 3 X 3 pixels (applied twice). These gap-filled areas
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represent less than 0.667% of each CASE image used and less than 0.203% of the
areas within the fire perimeter; this is because the CASE fire is in the scene centre
and nearly the entire area is free from SLC-off influence. In compliance with the
application requirements of the FSDAF algorithm, the pairs of images went through

additional processing steps (reprojection, co-registration, resampling and clipping).

5.2.2b. Fusing Landsat/MODIS surface reflectance bands and index using FSDAF

Before starting the fusing processes, multispectral indices usually applied in
the analysis of forest fires were generated for each image, which had been
processed in the previous step (Table 5.2). Based on the indices and on each

spectral band, the blended processes were performed using the FSDAF method.

Table 5.2. Spectral indices assessed in this study. For all spectral index equations,
p represents the reflectance value of the band shown as a subscript.

Index Reference Range Formula
Normalized Difference Rouse et al. (1974); a9 NDVI = PNIR ~ PRed
Vegetation Index (NDVI) Tucker (1979) ! PNIR T PRed
Normalized Difference Wilson and Sader a9 NDMI = PNIR ~ PSWIR,
Moisture Index (NDMI) (2002) ! PNIR T Pswir,
Global Environment Pinty and Verstraete PRea—0.125
GEMI = 57(1 - 0.257) —=——

Monitoring Index (GEMI) (1992) 0y 1 U e PRed
Soil Adjusted Vegetation _ PNIR ~ PRed

- SAVI=(1+L) ——
Index (SAVI) Huete (1988) a ( ) PNIR T PRed + L
Normalized Burn Ratio Key and Benson a1 NBR = PNIR ~ PSWIR,
(NBR) (200¢) ! PNIR T PswiR,
Differenced Normalized Key and Benson .0.5,1.35  dNBR = NBRjrenre — NBRyosiire

Burn Ratio (dNBR)

(2006)

2 (pNIR? = PRed?)+1.5pNIR+0.5p0
|n GEMI, /I= ( NIR Red ) NIR Red
PNIR + PRed +0.5

In SAVI, L = 0.5

This algorithm operates based on a neighbourhood analysis, in which a
weighting is established between spectrally similar pixels in the MODIS low
resolution image and the Landsat fine resolution image. The FSDAF algorithm
relates a pair of Landsat-MODIS images in # (predictor pair) with a MODIS
image in % to predict the surface reflectance bands in # (blended image), using
the spatial resolution of Landsat. The main model parameters are the window
size (a size of 1 to 3 coarse pixels is recommended, or even larger in more

heterogeneous areas), the number of similar pixels (equal to or greater than
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20 is recommended) and the number of speciral classes for ISODATA
classifications (minimum 4 and maximum 6 in the original code) (Zhu et al.,
2016). The algorithm is available as open-source code on the author’s

webpage (http://xiaolinzhu.weebly.com/open-source-code.html).

As specified in Figure 5.3, fusion processes were applied to retrieve
multispectral information for the immediate post-fire date using information from
the other post-fire date (48 days after the immediate post-fire image on both study
sites). In total, the results are analysed based on 60 fusion derived images. This
total is divided during the fusion processes associated with the generation of 12

multispectral bands and 48 multispectral indices images:

* Multispectral bands: 8 images are derived from blended processes using
the MODGA product bands, which are the four spectral bands for each of the
selected areas, and 4 other images using the two available bands (Red and NIR)
of the MODGQ product for each study site;

* Multispectral indlices: two variations are possible, which include the
approach (Bl or IB) and the MODIS derived index (indices generated using
exclusively GA bands or using GQA bands and indices calculated using Red and
NIR bands from GQ, SWIR; and SWIR; bands from GA). For each study site, 24
fused images were generated (six blended indices using the two approaches and
two MODIS derived criteria).

The parameters established for all blended processes were defined from a
series of calibration tests performed, and thus, the model based on a window size
of 30 was configured, with a processing block size of 14 and 80 similar pixels.
The ISODATA classification of each area was processed using five spectral classes.

5.2 2c. Statistic assessment of blended surface reflectance bands and indices

For all fusion processes performed, the actual Landsat image for the

corresponding date is available, which supports the validation of the blended images.

The results were analysed by contrasting the spectral and spatial behaviour
of the actual Landsat and blended images, more specifically in the Red, NIR, SWIR;
and SWIR; bands and their respective selected multispectral indices. For each study
area, a random sampling of 10% of points (n = 13,040 and n = 15,100 for
CASE and SCSE, respectively) was used, which includes only areas inside the fire
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perimeters. The accuracy assessment was processed using the Pearson’s
correlation coefficient (4 (Eq. 5.1)’, the Root Mean Square Error (RMSE) (Eq. 5.2),
the average difference or Mean bias (Bias) (Eq. 5.3) and the Structure Similarity
Index Measure (SSIM) (Eq. 5.4):

r = 2?:1((%‘/%)(3&" .uy) (Eq 5 ])
(G 17 S (i 1y

RMSE = n (xi —n)’i)z , Eq. 5.2)

e — yn iy fo 5 3

Bias = },;—, - , (Eq. 5.3)

SSIM = (Zﬂxﬂy + C1)(20'xy +C3) (Eq 54)

(M3 + U5 +Cy)(0F + 05+ Cy) !

where x; is the actual values, y; is the predicted values and n is the sample
number; u, and p, are means values, ay,, is the covariance of the two images and
o, and o, are the standard deviation values; G and G, are constant values used
to avoid a division by zero, which correspond to 0.01 and 0.03, respectively. These
type of validation statistics are commonly used in the evaluation of fusing processes
(Emelyanova et al., 2013; Gevaert and Garcia-Haro, 2015; Zhu et al., 2016).

In addition to the direct comparison of the actual Landsat and blended
images of the immediate post-fire date, these statistics were also computed
between the actual Landsat images of the immediate post-fire and the post-fire
dates (the validation and the image used in the predictor pair). The comparison of
this computation with the others obtained between the actual and blended images

assists in the model performance interpretation during the input data modification.

5.2.2d. Applying the blended index in the context of forest fire analysis

Apart from the validation of the blended images and the indices generated,
analysis of the integration of the best results obtained in the previous steps was
sought for the assessment of both fires studied. This section was divided in two
stages: (i) integration of blended index values for immediate post-fire analysis and
(i) generation of fire severity maps.
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In the first stage, the behaviours of the blended values of the NDVI, NDMI,
GEMI, SAVI and NBR indices were compared to those obtained with the actual
Landsat images. Graphically, this comparison was contrasted with values derived
from the actual Landsat pre and post-fire images, which supports the
interpretation of integrating the blended immediate post-fire information into a
multitemporal analysis. All the values were discretized into three categories of
tree cover (<15%, 15-30% and >30%), which were derived from the Landsat
Vegetation Continuous Field tree cover layers (Sexton et al., 2013). For both
areas, the dates corresponding to the pre-fire conditions were used (tree cover
2015 for CASE and tree cover 2000 for SCSE). In addition to the average values
expressed by each tree cover category in each index, the analysis also displays
the interquartile and data density information (Kampstra, 2008) generated using
the ‘yarrr’ R package (Phillips, 2017).

In the second stage, the dNBR values obtained with the blended images for
fire severity map generation was analysed. For this, the values were discretized in
five severity categories: unburned (<0.149), low (0.150-0.269), moderate low
(0.270-0.439), moderate high (0.440-0.659) and high (0.660-1.300), which
were adapted from the ranges defined by Key and Benson (2006). The dNBR
categorized values of the actual Landsat and blended Landsat immediately post-
fire images were visually and statistically compared through severity maps
observation, as well as computation of the weighted Cohen’s kappa (x.) and
confusion matrix accuracy. In addition to the direct comparison of the fire severity
map obtained by the actual and blended index, the map and statistical data of the
post-fire date dNBR are also presented. The comparison of this information with
the other maps presented allows for visualization of changes performed by the

fusion model over the fine resolution input data.

5.3. Results
5.3.1. Validation of multispectral blended bands (Red, NIR, SWIR; and SWIR,)

The accuracy assessment of the multispectral bands for the CASE fire (Table 5.3)
and SCSE fire (Table 5.4), as well as the scatterplot comparison between the actual
Landsat and blended Landsat values using the MODIS GQA bands (Figure 5.6) showed

good levels of accuracy between the actual and blended images at both study sites.
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Table 5.3. Accuracy assessment of multispectral blended bands from CASE fire. The values
represent relations between actual Landsat with blended Landsat images for the
immediately post-fire date using GA or GQ reflectance bands, and with fine spatial
resolution image input (Landsat - 21 October 2015).

Bond  Landsat - 21 October 2015~ Landsat blended using  Landsat blended using

input fine image (post-fire) MODGA surface reflectance MODGQ surface reflectance
r RMSE  Bias SSM - RMSE  Bias SSIM - RMSE  Bias SSIM

Red 0754 0017 0014 0747 0824 0014 0012 0819 0848 0014 0012 0841

NIR 0.761 0044 0035 0750 0840 0022 0005 0843 0874 0020 0006 0875
SWIR 0678 0028 0012 0679 0846 0020 0008  0.841
SWIR, 0820 0043 0035 0801 0.871 0.021 0005  0.867

* r— Correlation coefficient; RMSE — Root Mean Square Error; Bias — Mean bias; SSIM - Structure Similarity Index Measure.

Table 5.4. Accuracy assessment of multispectral blended bands from SCSE fire. The values
represent relations between actual Landsat and blended Landsat images for the
immediately post-fire date using GA or GQ reflectance bands, and with fine spatial
resolution image input (Landsat - 06 November 2001).

Bond  Landsat - 06 November 2001 —  Landsat blended using  Landsat blended using

input fine image (post-fire) MODGA surface reflectance MODGQ surface reflectance
r RMSE  Bias SSM - r RMSE  Bias SSIM - RMSE  Bias SSIM

Red 0913 0017 0015 0889 0936 0009 0005 0929 0945 0008 0005 0.936

NIR 0857 0037 0031 0848 0912 0016 0003 0910 0926 0015 0004 0925
SWIR, 0806 0047 0034 0799 0895 0024 0007 0891
SWR, 0758  0.071 0.061 0695 0879 0027  0.001 0.865

* r— Correlation coefficient; RMSE — Root Mean Square Error; Bias — Mean bias; SSIM - Structure Similarity Index Measure.

The model generated blended data that constantly optimized the
statistics presented when compared with the fine spatial resolution image
used in the modelling process. In other words, both fusion processes show
that the MODIS spatiotemporal information transforms the data from a fine
spatial resolution input during the fusion process (actual Landsat post-fire),
and the results match the data for the blended date with good precision for
both study sites.

The analysis of the fused images presents correlation and SSIM values
that are constantly higher than 0.819 for CASE and 0.865 for SCSE, which
confirms the good levels of accuracy obtained from the model. The Bias
values vary between 0.005-0.012 for CASE and between 0.001-0.005 for
SCSE, which reveals that in all cases, the images slightly underestimate the
average values in relation to actual Landsat values. Regarding RMSE values,
all values are less than 0.027 for all blended bands.
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Figure 5.6. Scatterplot comparisons between actual Landsat and blended Landsat values
of surface reflectance (p) for each spectral band (Red, NIR, SWIR; and SWIR,) at each
study site: CASE fire (a, b, c and d) and SCSE fire (e, f, g and h). Red and NIR results are
derived from fusion processes using MODGQ images and SWIR; and SWIR, using
MODGA.

The comparison of the Red and NIR blended bands using MODGQ
always returns higher correlation values and SSIM than those obtained using
the coarse images with lower spatial resolution (MODGA) (higher than
0.819 and 0.910 for CASE and SCSE, respectively). The values of RMSE
and Bias are very similar in each band.

The results obtained in the SCSE fire bands were generally better than
those obtained in the CASE fire bands, with the exception of the SWIR, band,
in which the SSIM and RMSE statistical values were slightly lower. The best
results obtained for the SCSE fire are clearly observed parallel to the Red
and NIR blended bands using MODGQ, which reach SSIM values of 0.936
and 0.925, compared to the 0.841 and 0.875 obtained for the CASE fire.
The statistical information is complemented by a visual inspection of the
results (Figure 5.7), where the high level of agreement between the actual
Landsat and blended images can be verified. Detailed image difference
information for each blended band can be checked in the Appendix 5A.
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Figure 5.7. Actual Landsat (a and b) and blended Landsat using MODIS GQA bands (c
and d) for CASE and SCSE fires (SWIR2-NIR-Red/R-G-B). Cloudy areas in the (a) and (d)

images are masked in grey.

In the comparison between fine spatial resolution images used as input information
in the fusion process (Figure 5.4, CASE and Figure 5.5, SCSE), for both study cases,
the FSDAF generated very similar multispectral information for the actual Landsat
immediately post-fire image. The magenta shades in the band composition (SWIR,-NIR-
Red/R-G-B), which are related to areas recently affected by fire, are retrieved from the
images used as fine spatial resolution input, and this highlights the general shapes of
the burned areas and spatial and spectral similarities observed in the SSIM values.

In the CASE fire, the shapes of riverine forested areas in the fused image are
better matched and quite similar to the actual immediately post-fire image, which
contrasts with the post-fire image pair used as input for the fusion processes (Figure
5.4, and 5.44), where the greener shades are more apparent. In the immediately
post-fire blended SCSE fire image, the fire scar magenta shades have been
retrieved from the large and dark blue area, which were verified in the images
used as input for the fusion processes (Figure 5.5, and 5.5).

5.3.2. Assessment of blend-then-index and index-then-blend approaches

The generation of indices from the blended spectral bands presented in the
previous section (Bl approach) or from the directly fused indices (IB approach) enables
a comparison fo be made of the results obtained for each study site and each
multispectral index (Table 5.5).
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Table 5.5. Accuracy assessment (r, RMSE, Bias and SSIM) of the multispectral blended
index for the two study sites. The values represent the relationship between validation
images (Landsat immediately post-fire) with Landsat Blend-then-Index (LBl) and Landsat
Index-then-Blend (LIB) images using GA or GQA surface reflectance bands. The best
results obtained from each blended index are highlighted in bold.

CAGSE fire SCSE fire
Index L-21 LBl LIB/ LBI/ LIB/ L-06 LBI/ LIB/ LBI/ LIB/
Oct. GA GA GQA GQA | Nov. GA GA GQA GQA

NDVI 0.794  0.821 0.833 0.856 0.860 | 0.921 0.934 0.933 0.942 0.946
NDMI 0.841 0.864 0.872 0.893 0.895 | 0.866 0.940 0.920 0.941 0.928
GEMI 0.752 0.833 0.833 0.876 0867 | 0.856 0910 0.911 0.925 0.923
SAVI 0.809  0.844 0.850 0.879 0.874 | 0919 0935 0.936 0.944 0.945
NBR 0.844  0.874 0.872 0.899 0.888 | 0.803 0.925 0902 0929 0.911
dNBR 0.726 0.780 0.743 0.829 0.787 | 0.514 0.788 0.742 0.803 0.769

NDVI 0.181 0.092 0.092 0.080 0.083 | 0.167 0.053  0.061 0.049  0.056
NDMI 0.143  0.065 0.060 0.056 0.053 | 0.181 0.052 0.064 0.052 0.061

w GEMI 0.080 0.040 0.039 0.034 0.035| 0.068 0.029 0.028 0.026 0.026
g SAVI 0.104  0.047 0.045 0.039 0.040 | 0.093 0.030 0.031 0.028  0.028
NBR 0.234 0.096 0.096 0.085 0.089 | 0315 0.090 0.100 0.087 0.096
dNBR 0.234  0.096  0.101 0.085 0.093 | 0315 0.090 0.099 0.087 0.095
NDVI -0.167  -0.049 -0.063 -0.046 -0.059 | -0.158 -0.021 -0.087 -0.018 -0.034
NDMI -0.128  -0.001  -0.006  0.004  0.000 | -0.164 -0.003 -0.023 -0.002 -0.021
g GEMI -0.067  0.006 0.006 0.009 0.009 | -0.058 0.004 0.002 0.005 0.003
YY) -0.094 -0.017 -0.019 -0.014 -0.016 | -0.087 -0.006 -0.009 -0.004 -0.008
NBR -0.210  0.005 0.000 0.010 0.006 | -0.285 0.012 -0.022 0.014 -0.020
dNBR 0.210 -0.005 -0.004 -0.010 -0.009 | 0.285 -0.012 0.022 -0.014  0.020
NDVI 0.723  0.791 0.815 0.838 0.847 | 0.849 0932 0.923 0.941 0.939
NDMI 0.401 0.863 0.873 0.894 0.896 | 0.043 0936 0.906 0939 00916
s GEMI 0.749 0835 0836 0.878 0.870 | 0.853 0.909 0908 0.925 0.922
a SAVI 0.723 0.833 0.843 0.875 0.871 0.845 0932 0929 0.943 0.942
NBR -0.586 0.872 0873 0.889 0.885 | -0.186 0.852 0.523 0.858  0.593

dNBR 0.412 0.782 0.737 0.829 0.778 | 0.058 0.778 0.728 0.797  0.760

*r— Correlation coefficient; RMSE — Root Mean Square Error; Bias — Mean bias; SSIM - Structure Similarity Index Measure.

The multispectral indices generated from the Bl approach generally give
better validation indicators than those obtained with the IB approach. These results
are highlighted in the parallel accuracies obtained in the blended processes using
MODIS GQA at the two study sites, in which the correlation values and SSIM are
predominantly higher, and the RMSE and Bias values are predominantly lower in
the Bl vs IB comparison. In the blended processes using MODIS GA, these results
also appear clearly in the statistics of the SCSE fire, with a marked difference in
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the NBR index (SSIM of 0.852 and 0.523 for Bl and IB approaches, respectively).
In contrast, the results obtained using MODGA in the blended process of the CASE
fire shows a predominance of values slightly favourable to IB versus BI.

In terms of correlation and SSIM, the results obtained in the blended images
using MODIS GQA with the Bl approach are better than IB in at least 4 of the 6
indices used in both study areas. These differences can be synthesized by verifying
that while the index correlation values of the Bl approach on average exceed IB
by 0.017, in reversed cases, the average difference is 0.003.

Regardless of the two approaches used for fusing spectral indices, the
blended values observed using MODIS GQA present improved accuracy in
comparison to those from MODIS GA for the six simulated indices in the two study
areas. Taking all blended indices into account, the correlation values obtained
from MODIS GQA are on average 0.021 higher than those from MODIS GA.
This optimization is also verified in the SSIM values (on average 0.026 higher),
RMSE (0.006 lower) and even less in the Bias values (0.002 lower).

5.3.3. Application of multispectral indices derived from blended images

5.3.3a. Integrating retrieved spectral indices on immediately fire-affected areas analysis

The integration of multispeciral indices generated with the best results approach,
which was presented in the previous section (LBl using MODIS GQA), visualizes how
the fusion processes information is embedded in the immediately post-fire areas
analysis of tropical savannas. The presentation of pre-fire actual (Pre), immediately
post-fire actual (IPosty), immediately post-fire blended (IPosty) and post-fire actual
(Post) values divided by multispectral indices (NDVI, NDMI, GEMI, SAVI and NBR) and
by predominant categories of tree cover (<15%, 15-30% and >30%) simultaneously
allows a comparison between the actual and blended values, as well as the
visualization of their integration within the available short time series (Figure 5.8).

The values of the blended images provided a fairly accurate estimation in
relation to the actual images for the various tree cover categories. The categories
of <15% and 15-30% tree cover generally present better levels of agreement when
compared with the >30% class. It is visible in the parallel of the actual and
blended graphs of the NDVI, NDMI and NBR indices, where both the minimum

and maximum values and the shape of the distributions show apparent differences.

143



Capitulo 5

Campos Amazonicos Savanna Enclave fire Serra da Cutia Savanna Enclave fire

1.0 (a) Actual . Blended 1.0 (b) Actual i Blended
Landsat : Landsat

® . Ay &Y
SA(PR R L

E Landsat : Landsat

f=1
[=)}
i

—
—_—
S
[=)}

4

7 r
0.4 0.41
4 19 B I I
0.2 L A 1L 0.2
0 = i I ; ; . » . . = . - 0
) : 3 T@)
0.6 0.6
v 0.4 0.4
Sl AY 2
8 e 0Lt 0 et
0.2{ Il T % T % Y 0.2 J 1 ‘I‘ fh {’ Y
0.4 : -0.4
-0.6 -0.6
107 (e) LT
0.8 08
= N & —
o6 » ‘} TT 0.6 TT‘} + TT‘}
U(M i I{» I{» oy 0.4 T I_} I‘}{_ 'V
024 - - . 02
"l : 0)

SAVI
351
—
H
o
K
=
e
s
=
,_I_,
=
——
+
-
,_l_.
et

1.0 : 1.0 /- :
i :
0.8 ® : 0.8 " ;
0.6 ¢ 0.6 % :
o 04 | {- : % 1 —} 0.41 I g ! [ {‘
802 I ' 02{ | . L]
z T i | : Il
0 i 04 T i oo
0.2 i P 0.2 1 | €
0.4 H 0.44
];f;e)s <15 1530 =30 <15 15:30 230 <15 15-30 230 <15 15-30 >30 <15 1530 =30 <15 15:30 230 <15 15-30 >30 <15 15-30 >30
o
Pre IPosta IPostv Post Pre IPosta IPosto Post
02 August 03 September 03 September 21 October 02 August 19 September 19 September 06 November
2015 2015 2015 2015 2001 2001 2001 2001

Figure 5.8. Comparison of immediately post-fire actual (IPosts) and blended (IPost) values of
multispectral indices (highlighted in the middle of each graph) for each study site and divided by
tree cover categories (<15%, 15-30% and >30%). Displayed in each graph are interquartile
average values (horizontal bar in colour) and data distribution (bean density in colour).

Taking the most sensitive of the indices as an explanatory reference, the
comparison between actual and blended NBR values of the immediate post-fire
images separated into tree cover categories returns very similar results. In the CASE

fire, the areas with <15%, 15-30% and >30% tree cover have slight overestimations
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of 0.018, 0.017 and an underestimation of 0.056; for the SCSE fire, these values
correspond to overestimations of 0.016, 0.017 and an underestimation of 0.072.

With the exception of the slightly better results obtained in the NBR index, the
strongest agreement between the actual and blended indices is generally obtained
from the fusion processes from the SCSE fire, rather than the CASE fire, which is in
line with the results presented in the previous section.

5.3.3b. Generating fire severity maps

Fire severity maps derived from the dNBR index were calculated by relating the
actual Landsat pre-fire images with the actual Landsat immediately post-fire images
(Figure 5.9,.), the blended Landsat immediately post-fire using MODIS GQA and
Bl approach (Figure 5.9.4) and the actual Landsat post-fire (Figure 5.94).

Campos Amazonicos Savanna Enclave fire Serra da Cutia Savanna Enclave fire
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Figure 5.9. Fire severity maps (dNBR levels) derived from the Landsat immediate post-fire actual
(a and b), Landsat immediately post-fire blended (c and d) and Landsat post-fire (e and f) images.
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The distribution of severity categories in the post-fire maps (Figure 5.9.4)
corroborate the clear information loss caused by the lack of an immediately post-
fire image in this type of environment. Both study areas show the predominance
of the ‘unburned’ category, with some patches associated primarily with ‘low” or

‘moderate-low’ fire severity values in specific areas.

The comparison of the immediately post-fire severity levels on actual Landsat
(Figure 5.9,.4) and blended (Figure 5.9..4) fire severity maps reproduces very similar
dNBR patterns. It returns the predominantly ‘moderate-low” and ‘low” severities on
both fires, which vary to ‘moderate-high” or even ‘high” in certain burned riverine

forest areas and some burned tree cover patches.

This similarity between the actual and blended image severity categories coincides
with the good global agreement values of x, for both study areas, which are 0.73 for
CASE and 0.70 for SCSE; this significantly improves the respective values of 0.30 and
0.12 in the comparison between the actual dNBR level values of immediately post-fire
and post-fire dates. However, the confusion matrix values (Table 5.6) reveal that the

overall accuracy is moderate (65%) when considering both study areas.

Table 5.6. Confusion matrix assessment between classified dNBR levels of actual Landsat
and blended Landsat (using Bl approach and MODIS GQA) images and when considering
both study areas. Units are hectares for totals and percentage for all other measures.

Acfuql/blended Unbumed Low Mod. Mgd. High Total User’s
severity level low high (ha)  accuracy
Unburned 42.79 38.44 18.14 0.64 0.00 2675.88 42.79
Low 11.04 56.05 31.95 0.95 0.01 6439.23 56.05
Moderate-low 0.86 13.69 75.77 9.61 0.07 11441.34 75.77
Moderate-high 0.04 0.90 34.37 61.56 3.12 4122.00 61.56
High 0.00 0.00 1.86 46.23 51.91 242.37 51.91
Total (ha) 1956.69 6241.23  12632.85 3826.53 263.52  24920.82

Producer’s accuracy 58.52 57.83 68.62 66.31 47.75 - 64.55

At both study sites, the confusion matrix of the ‘unburned’ and ‘low’ severity
classes included errors that were mainly related to overestimations and confusions
with the next severity level, whereas the ‘moderate-low’, ‘moderate-high’ and
‘high” categories mostly contained underestimations and changes to the previous
category of severity. The spatially segmented computation of each matrix

reproduces this general pattern, with a slightly higher overall accuracy value for
SCSE fire (67%) compared to CASE fire (62%).

146



Fusionado de imdgenes Landsat y MODIS en la generacién de informacién multispectral

5.4. Discussion

5.4.1. Retrieving multispectral bands and index information for immediately
fire-affected areas

The results obtained by fusing bands and multispectral indices using the
FSDAF method returned a good level of accuracy for both fires in the studied
savannas. In general, the validation statistics obtained for the SCSE fire were
slightly higher than those for the CASE fire, which coincided with the characteristics
associated with each fire-affected area.

Although both areas concern savannas, the vegetation formation spatial
heterogeneity distribution of the CASE fire is greater than that observed in the SCSE
fire. This factor is strongly related to the most recent fire (two years earlier) affecting
the second area, which reduced the amount of fuel loads in the interfluvial areas.
This lower spatial heterogeneity of pre-fire woody vegetation distribution for the
SCSE fire (Figure 5.2) influences fire activity and provides less abrupt general
differences in the comparison of fine resolution images used in modelling
(immediately post-fire and post-fire images). On the other hand, in the post-fire
image, the SCSE fire presents a significant bluish colour patch in its eastern sector
related to areas with poorly drained soils (see Figure 5.5.). This characteristic
involves a different complexity from that of the CASE fire, which provides a specific
zone of abrupt change. In other words, while the CASE fire brings more serious
general difficulties to the model due to its greater spatial heterogeneity, the SCSE
fire concentrates spatial complexity into a specific area of the image. This creates
a different difficulty for the model when fusing certain spectral bands and indices

that are more vulnerable to the influence of the water spectral signal.

The accuracy levels obtained for the spectral bands of both areas are very
similar to those presented by Zhu et al. (2016) in case studies on heterogeneous
agricultural and flooded areas. In addition, in this study, the use of coarse images
derived from the MODGA and MODGQ products were chosen, while the results
obtained over heterogeneous agricultural and flooded areas came from MODIS-
like images (Landsat resampled for the resolution of MODIS), which configures the
present work as a model validation process with actual images.

In relation to the fine spatial resolution images used as input data, the focus
in this study was on the use of surface reflectance products from the Landsat ETM+
satellite, which is also the most MODIS-compatible satellite regarding image
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acquisition angle, and the only one among the Landsat sensors that can obtain
predictive Landsat-MODIS pairs in the two study sites. Although this non-
availability was apparent at both sites, it was restricted to specific zones located
near the boundaries of the MODIS tiles. Due to the different imaging angles
between Landsat TM or OLI and MODIS, it is recommended to use MODIS images
with bidirectional reflectance distribution function (BRDF) corrections (Roy et al.,
2008; Walker et al., 2012). In areas where there is a greater influence of SLC-off
gaps on the ETM+ sensor, the application of gap-filling methods that incorporate
TM or OLI images from nearby dates, such as the geostatistical neighbourhood
similar pixel interpolator (GNSPI) (Zhu et al., 2012) or a multitemporal regression
model (Zeng et al., 2013), should be considered as a pre-processing step before
applying the fusion model.

The incorporation of information with a higher spatial resolution into fusion
processes, as processed in the study with the use of MODO9GQ spectral bands,
has recently been addressed by Wang et al. (2017), which also gives an improved
level of accuracy by using 250 m products, further advancing the process from the
application of an area-to-point regression kriging approach to blending images
with STARFM. Providing greater spatial detail for tropical savannas improved the
spatial heterogeneity capture in these areas, and therefore, this adds optimized

information to carry out blending.

A comparison of the results obtained from fusing bands and multispectral
indices reveals that although correlation and SSIM values are generally similar, the
RMSE errors that occur when blending the indices are predominantly higher. This
occurs because the spectral indices highlight the differences in the areas affected
by fire, which involves greater spatial complexity in processing the fusion model
and decreasing its predictive capacity. This higher index spatial complexity is visible
in the comparison of SSIM values between the immediately post-fire and post-fire
images, which are used as fine resolution input data in the model (ranging between
0.679-0.889 in spectral bands and between 0.043-0.853 in the indices).

In general, the good results obtained using FDSF corroborate the utility of
fusing MODIS and Landsat for the monitoring of burned areas with multispectral
indices. Previous studies have obtained validation statistics with magnitudes similar
to that which was obtained here (correlation values higher than 0.80 for validation
datasets) in burned area analyses in the Australian savanna (Schmidt et al., 2012)
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and Mediterranean vegetation environments (Alves et al., 2016), which used the
STARFM fusion model.

In the comparison between the two approaches used for blending
multispectral indices, the results generally highlight the superior behaviour of the
Bl vs IB approach. These results differ from those presented by Jarihani et al.
(2014), which always found better results from the IB vs Bl approach in three case
studies processed with the STARFM and ESTARFM methods. In this regard, unlike
the aforementioned study, the present work generates validation statistics that are
strictly linked to areas where changes occur (internal areas for each fire perimeter)
in environments with high spatial heterogeneity, and with a different blending
method. It is important to note that if, on the one hand, the index generated using
the IB approach seeks to avoid combining the errors of individually blended bands,
on the other hand, the model is provided with a unique opportunity to transform
the fine resolution input data to reproduce the change on the date to be predicted.
This argument explains why there are fewer better results in the IB vs Bl approach

in the case studies presented.

With the NBR index of the SCSE fire, because a particular zone presents more
abrupt changes in relation to other burned areas, this results in the IB approach
capturing SSIM far less accurately than the Bl approach. These results indicate that
for heterogeneous areas affected by fire where abrupt changes are processed, it
is better to consider the combined errors of the individual blended bands by using
the Bl approach to obtain improved predictions for existing changes.

5.4.2. Applying blended data for analysing the case studies

Integration of the blended data into the multitemporal analysis of areas affected
by fire, which are divided info tree cover categories, verifies its applicability to
savanna areas. The results show that the FSDAF application generates simulated
spectral indices that accurately describe the impact of fire on areas with different tree

cover patterns.

The data distribution in areas where >30% tree cover predominates are less
similar than those observed in classes <15%, and classes 15-30% are linked to the
landscape configuration and the use of coarse resolution products in blending.
Although the method shows a good predictive capacity for spatial heterogeneity, at
the study sites, the areas with a higher tree concentration are those with greater
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spatial detail (riverine forests and fragments of tree cover vegetation); the coarse
resolution pixel presents higher spectral moistures, which occurs mainly in the 500
m MODIS product, and thus, this increases the spatial complexity of the modelling

and generates less satisfactory results.

This same argument explains the moderate results observed in the fire severity
mapping of both analysed fires. In comparing the generated maps, the estimated
severity of fused images is considered a good estimate of the immediate post-fire
reality compared to the post-fire image, which is greatly altered by vegetation
regeneration. However, the direct dNBR value categorizations of the blended images
observed in terms of the confusion matrix with actual values reveal moderate
agreement levels. The high sensitivity of this index linked to the spatial heterogeneity
of its values brings a high level of complexity to the model, making it difficult to
increase levels of accuracy when categorizing the immediate post-fire severity levels,
which were derived from the blending process.

In future work, the aim will be to advance large time series generation from the
use of blended and actual fine resolution images, which will help in characterizing
post-fire regeneration in areas of tropical savanna, mainly when analysing
vegetation responses to fires occurring at different times (early, middle and late dry
seasons fires) and over different fire recurrence zones. The generation of supervised
classifications and the implementation of radiometric normalization on coarse
resolution inputs can be considered as possible alternatives to obtain more
optimized results using the fusion model. The use of images from other, more
recently available sensors, such as the fine spatial resolution images from Sentinel 2
and CBERS 4 satellites and the coarse spatial resolution images from the Proba V
sensor will be contemplated for use in future experiments using FSDAF.

5.5. Conclusions

FSDAF fusion proved to be a good alternative for retrieving multispectral
information from tropical savanna fire-affected areas. At both study sites, good levels
of accuracy were obtained, verifying the blending capacity for estimating
multispectral values to generate fine spatial resolution data for immediate post-fire
dates, which is based on a fine resolution post-fire image and a pair of coarse spatial

resolution images from both dates.
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The use of the spectral bands of the MODO9GQ product as coarse resolution
input for the fusion revealed better results than the use of the MODO9GA bands. In
the comparison of approaches for the generation of multispectral indices, better

results were obtained with those blended from the Bl approach.

The infegration of the fused indices for the multitemporal analysis of both study
areas also showed good results, where it was clear how the fused information was
well able to portray the immediate post-fire conditions in a multitemporal series.
However, the fire severity mapping provided by blended images needs to be
implemented carefully, since the dNBR index is generally less accurate than other
blended indices, and consequently, this presents moderate results in categorizing

severity levels in terms of spatial distribution.
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Appendix 5A

Detailed image differences between Landsat actual and blended bands

(Figure 5A in the next page).
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Figure 5.A. Image differences (Landsat actual — Landsat blended) of each analysed surface
reflectance band (Red, NIR, SWIR; and SWIR,). Red and NIR results are derived from fusion
processes using MODGQ images and SWIR; and SWIR; using MODGA.
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Multitemporal analysis of fire-affected areas in the savanna enclave of
Campos Amazénicos National Park using data derived from remote
sensing and fieldwork

Abstract

Monitoring and understanding the relationships between fire and vegetation in the
transition environments of the tropical savanna and Amazon region remains a very relevant
scientific challenge to improve land management strategies of these areas. In this context,
the present article analyzes the responses of vegetation to fire in the largest tropical
savanna enclave of the Southern Amazon (Campos Amazdnicos Savanna Enclave) through
the use of multitemporal remote sensing series and information derived from fieldwork.
Based on the Landsat series image availability and the fusion Landsat and MODIS images,
a multitemporal spectral index (NDVI and NBR) series was generated from 2009 to 2016
(with 8 records for each year), contrasting the behavior of three sample groups: burned
only in 2010; burned in 2010 and 2014; and burned in 2010 and 2016. This information
was complemented with field data obtained in a post-fire campaign in 2016. The NDVI
and NBR values were sensitive to fire events, presenting abrupt declines in the immediate
post-fire record (on average ~93% lower than those presented for non-burned areas in
the same period). The information obtained in the fieldwork shows the greatest
accumulation of dry biomass (~146% higher) recorded in the plots with more time since
last fire, in comparison with recent fire-affected areas. These results help to understand the
fire incidence on these environments, contributing to the implementation of the fire
management plan of the studied area.

Keywords: burned areas, vegetation, tropical savanna enclave, Landsat series, remote sensing.



Andlisis multitemporal de dreas quemadas del enclave de sabana de los Campos Amazénicos

6.1. Introduccién

El fuego es uno de los principales agentes en la dindmica de los procesos
ecolégicos, configurdndose como un importante factor en el pasado, presente y
futuro del comportamiento del sistema terrestre (Bond et al., 2005; Bowman et
al., 2009). La presencia del fuego en las sabanas tropicales de América del Sur
estd documentada desde hace mds de 32000 afos (Ledru, 2002; Salgado-
Labouriau and Ferraz-Vicentini, 1994), anterior al registro de asentamientos
humanos, demostrando la naturalidad de este elemento en la formacién de las
dreas de Cerrado (sabana tropical brasilefa), categorizadas como ambientes
dependientes del fuego (Hardesty et al., 2005). En este tipo de paisaje, los
regimenes naturales del fuego estédn asociados a los rayos (Ramos-Neto and
Pivello, 2000), y dichos regimenes desempefan un papel destacado en el ciclo
de nutrientes, el mantenimiento de la diversidad y la estructura de los hdbitats
(Coutinho, 1990; Fidelis and Pivello, 2011; Miranda et al., 2009).

En los ambientes de Cerrado, el uso controlado del fuego no es
necesariamente negativo, siendo histéricamente empleado por poblaciones nativas
con fines diversos, tales como la limpieza y preparacién de la tierra para el cultivo,
la atracciéon animal para la caza o el estimulo de fructificacién de ciertas especies
(Mistry et al., 2005; Pivello, 2011). Sin embargo, existe un consenso en que, el
aumento exponencial de las actividades antrépicas en las Gltimas décadas, ha
influido significativamente en el incremento en la recurrencia de los incendios,
produciendo cambios severos en los regimenes naturales de fuego y en la alteracién
de estos ambientes (Goldammer, 1993; Pausas and Keeley, 2009). En la transicién
Cerrado-Amazonia se comprueba que las dreas quemadas estdn fuertemente
vinculadas a los cambios de uso y cobertura del suelo de las Gltimas décadas (Eva
and Lambin, 2000; Ometto et al., 2016), representados principalmente por los
avances de las fronteras agro-pecuarias, de las redes viarias y de la densificacién
poblacional (Espindola et al., 2012; Morton et al., 2006; Nepstad et al., 2001).

Las quemas recurrentes o la alteracién sistemética de la temporada de quema
de un determinado régimen de fuego (por ejemplo, al favorecer igniciones durante
los perfodos més criticos de sequia donde los rayos son menos frecuentes) estdn
asociadas a impactos severos en los componentes de la biosfera, edafosfera y
atmésfera (Pausas and Keeley, 2009). En términos de vegetacién, los incendios
frecuentes reducen el total de biomasa, especialmente en las formaciones vegetales
lefiosas, lo que puede derivar en la exclusion de ciertas especies més sensibles al
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fuego (Hoffmann and Moreira, 2002; Moreira, 2000), cuestion que también se
puede observar en relacién a determinadas especies faunisticas (Silveira et al., 1999).
La incidencia de incendios frecuentes y con altas tfemperaturas pueden alterar la
composicién fisica y quimica de los suelos, favoreciendo la pérdida del suelo (Certini,
2005). La emisién total de gases de efecto invernadero a la atmésfera también
constituye una consecuencia negativa a destacar (Levine et al., 1995).

Estos hechos destacan la importancia del seguimiento y andlisis de los
efectos del fuego en ambientes de Cerrado, asi como el desarrollo de estrategias
para la conservacién de la biodiversidad y la disminucién de las emisiones de
carbono. Emerge la necesidad de realizar politicas publicas nacionales
estratégicas (Durigan and Ratter, 2016), que avancen en el desarrollo de
directrices para generar planes de manejo integrado del fuego (Schmidt et al.,
2018). Para ello es necesario superar la percepcién negativa del fuego (Laris and
Wardell, 2006), planificando acciones que consideren su manejo junto al andlisis
de sus impactos, cuestiéon que avanza lentamente en el dmbito de las politicas de

conservacién en Brasil.

Para una mejor comprensién de los aspectos asociados a la incidencia del fuego
sobre la superficie terrestre, es esencial la informacién obtenida a través de sensores
aborde de satélites (Giglio et al., 2010; Pereira, 2003). Las imégenes derivadas de
la serie Landsat son una importante fuente de informacién, permitiendo, entre otras
aplicaciones, delimitar dreas quemadas (Bastarrika et al., 2014; Koutsias and
Karteris, 2000), evaluar la severidad de las dreas quemadas (Escuin et al., 2008;
Wimberly and Reilly, 2007) y monitorizar la dindmica multitemporal post-fuego
(Bartels et al., 2016; Réder et al., 2008; White et al., 2017). Con una resolucién
espacial de 30 metros y una disponibilidad de bandas espectrales en las regiones del
visible, infrarrojo préximo (NIR) e infrarrojo medio de onda corta (SWIR), los sensores
de Llandsat (7hematic Mapper — TM, Enhanced Thematic Mapper — ETM+, y
Operational Land Imager — OL/') ofrecen informacién muy Utile para el andlisis de
dreas afectadas por el fuego con un ciclo de revisita de 16 dias (que se reduce a 8
dias en los periodos de funcionamiento mutuo de més de un sensor), desde 1984

hasta la actualidad.

Como consecuencia de la fuerte influencia de las perturbaciones
atmosféricas (nubes, sombras de nubes...) en las dreas de transicién Cerrado-
Amazonia (Asner, 2001; Sano et al., 2007), el ciclo de revisita de la serie

Landsat es en ocasiones insuficiente para generar series multitemporales
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consistentes para el andlisis. Para superar este tipo de adversidades, existen
una serie de estudios que tienen como objetivo aprovechar la disponibilidad
diaria del sensor Moderate Resolution Imaging Spectroradiometer (MODIS),
aplicando métodos de fusién de imdgenes, aprovechando la mayor resolucién
temporal de MODIS y la resolucién espacial de Landsat (Gao et al., 2008;
Hilker et al., 2009; Zhu et al., 2010). Un método de fusién destacado es el
Flexible Spatiotemporal DAta Fusion (FSDAF) (Zhu et al., 2016), recientemente
considerado una buena alternativa para ampliar la disponibilidad de
informaciones espectrales de media/alta resolucién espacial en ambientes de

sabana tropical afectados por el fuego (Alves et al., 2018).

En este confexto, el presente trabajo tiene como objetivo monitorizar los
efectos de los incendios en ambientes de Cerrado utilizando datos de
teledeteccion e informacién obtenida con trabajo de campo. Para ello, se
considera como drea de estudio el mayor enclave de sabana tropical de la
Amazonia Meridional, Campos Amazdnicos Savanna Enclave (CASE), donde
se registraron mds de un millén de hectdreas quemadas en el periodo de
2000-2016 (Alves and Pérez-Cabello, 2017). Més especificamente, se trabaja
con un sector del enclave situado en dreas del Campos Amazdénicos National
Park (CANP) afectado por incendios en los afios, 2010, 2014 y 2016, lo que
permite la monitorizacién de la incidencia del fuego.

2¢Qué respuestas de la vegetacién al fuego se observan mediante el
andlisis multitemporal de indices espectrales derivados de imégenes de
satélite? 2Cudnto tiempo es necesario para que el proceso de regeneracién
post-fuego alcance niveles de vigor vegetal similares a los observados antes
del incendio? ¢Qué efectos del fuego se observan en la proporcién de cubierta
vegetal y en la acumulacién de material combustible fino en las formaciones
abiertas de vegetacién? Estas son algunas de las cuestiones especificas que se
exploran en el desarrollo del articulo. Dada la escasez actual de informaciones
referentes a la incidencia del fuego en el drea estudiada, se considera que,
més allé de reportar una experiencia metodolégica en el seguimiento
multitemporal utilizando teledeteccién y trabajo de campo, se avanza también
en la generacién de informacién sobre el comportamiento de la vegetacién,
contribuyendo en la gestién local y, concretamente en los planes de manejo

integrado del fuego en esta drea.
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6.2. El Campos Amazénicos Savanna Enclave

El CASE (Figuras 6.1, e 6.11) posee un total de 4342 km? y estd situado en el
cuadrante sur occidental de la Amazonia Brasilea, drea comprendida entre los
municipios de Manicoré, Humaitd, Novo Aripuand (Estado de Amazonas) y
Machadinho D'Oeste (Estado de Rondénia). Actualmente estd casi en su totalidad
infegrado como drea protegida dentro del Sistema Nacional de Unidades de
Conservacion (SNUC), perteneciendo el 47% a los limites del CANP, el 46% a la Tierra
Indigena de Tenharim Marmelos (limite al oeste del CANP) y el 5% a la Tierra Indigena
Tenharim del Igarapé Preto (limite al este del CANP). El sector seleccionado (Figura
6.1.) posee un total de ~3200 hectdreas, integradas en dreas pertenecientes al CANP.
Este fragmento se ha visto afectado por el fuego casi en su totalidad en el afio 2010
(Figura 6.14) y parcialmente en los afios 2014 (Figura 6.1.) y 2016 (Figura 6.1y).

[@

CQ Area seleccionada

Vias no pavimen-
tadas

Puntos en campo:
@ CV pred. arborea
© CV pred. herbacea

Amazonia

A

T, %
0 0,5 lkm

wego - 15/10/2010 20 - 18/10/2014 uego - 12/08/2016

Figura 6.1. Area de estudio: a) localizacién del CASE en dreas de dominio amazénico; b)
distribucién del porcentaje de Cobertura Vegetal Arbérea (CVA) por pixel en el enclave y
alrededores; c) sector seleccionado del enclave en condiciones pre-fuego (Landsat TM de
27-07-2010, composicién en color real), situando los puntos visitados en el trabajo de
campo; d) imagen post-fuego de 2010; e) imagen post-fuego de 2014; f) imagen post-
fuego de 2016. Las tres Gltimas imdgenes disponen de una composicién Landsat TM u OLI
en falso color (R-G-B/SWIR,-NIR-RED) para una mejor visualizacién de las dreas quemadas.
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Tal y como sugiere la propia denominacién, CASE se corresponde con
un drea de predominio de formaciones vegetales de sabana tropical
ubicada en medio de un dominio morfo-climdtico y fitogeografico
amazénico. El grupo de formaciones vegetales de la region del CASE estd
genéricamente clasificado como ‘sabana amazdnica desconectada’ (Ratter
et al., 2003). Este patrén de vegetacion obedece a la incidencia de factores
ambientales actuales y a los cambios climdticos que se han sucedido en el
Terciario y Cuaternario (Carneiro Filho, 1993). Se trata por tanto, de un
tipo de vegetacion relicta y desconectada de las dreas core del Cerrado,
siendo su preservacion muy significativa para la conservacién de su
biodiversidad y proteccién de posibles procesos de especiacién vegetal
(ICMBio, 2016).

De igual modo que en las dreas core del Cerrado, el drea representa
formaciones vegetales que van desde pastizales (‘campo /impo’ y ‘campo
sujo’) hasta formaciones de sabana (‘campo cerrado’ y ‘ cerrado stricto sensu
") y formaciones arbéreas, estando estas Gltimas muy vinculadas a zonas de
vegetacién de ribera y a fragmentos menores de vegetacién arbérea
(incluyendo ‘murundus’) (ICMBio, 2016; Oliveira-Filho and Ratter, 2002). La
proporcién de cubierta vegetal arbérea es un criterio importante para
distinguir la distribucién espacial de estas formaciones en el CASE (Figura
1b), donde es posible observar que pastizales y formaciones de sabana
predominan en los interfluvios y en las vertientes de la densa red de drenaje
del d4rea, mientras que las formaciones arbéreas estdn asociadas
principalmente a los bordes de arroyos y rios. El sector seleccionado
contempla la variacién de estas formaciones y es representativo del CASE.
Procesos geomorfolégicos asociados a la fertilidad de los suelos, la dindmica
hidrolégica y la accién del fuego son agentes que juegan un papel clave en
lo dindmica y distribucién de estas formaciones vegetales (Dantas et al.,

2013; Miranda et al., 2009).

Las condiciones climdticas regionales presentan las altas temperaturas
medias, variando entre los 24°C y los 28°C, y precipitaciones anuales de ~2000
mm. El perfodo de fuerte actividad pluviométrica estd enmarcado entre los meses
de noviembre y marzo, mientras que entre los meses de mayo y septiembre
predomina el periodo de sequia. Los meses de abril y octubre generalmente se
corresponden con los meses de transicién entre los regimenes (Marengo et al.,

2001). Estas caracteristicas climdticas influyen en el comportamiento fenoldgico
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de las formaciones vegetales, observado principalmente sobre los pastizales y
formaciones de sabana, mds verdes y vigorosas al final del periodo de lluvias y
més secas en los meses del periodo de sequia. Las dreas quemadas aumentan
exponencialmente en relaciéon a la disminucién de precipitaciones en el periodo
de sequia (Aragdo et al., 2008), favorecidas por la mayor acumulacién de
biomasa seca en este periodo.

La creacién y estabilizacion de los limites del CANP contribuyeron en la
disminucién del nimero de incendios en el CASE (Alves and Pérez-Cabello,
2017). Entre el final de la década de los 90 y los primeros afios del siglo XXI,
las dreas situadas en las proximidades de la “Estrada do Estanho” (via no
pavimentada que cruza el drea), hoy perteneciente al CANP, fueron utilizadas
para el desarrollo de actividades agro-pecuarias, llegando a albergar a cerca
de 50 familias (ICMBio, 2016). En el momento de su creacién, en el afo
2006, los limites del CANP no incluion un radio de 10 km en relacién a la
“Estrada do Estanho”, siendo estas dreas oficialmente integradas en parque
natural en el afo 2012, reflejando la eliminacién de las viviendas alli
existentes, por tratarse de una Unidad de Conservacién (UC) de proteccién
integral. En las actividades agropecuarias previamente desarrolladas en estas
dreas, el uso intensivo del fuego era una préctica recurrente, lo que explica la
disminucién del nimero de incendios bajo la influencia del CANP.

Sin embargo, ello no es ébice para que, en determinados afios, el fuego
siga siendo un grave problema como se pone de manifiesto en los datos de
los afios 2010 y 2014, donde las dreas afectadas por el fuego superaron
las 135000 hectdreas (Alves and Pérez-Cabello, 2017). Ese escenario se
suma al panorama de otras UC situadas en las dreas core del Cerrado,
donde la aplicacién de politicas de “fuego-cero” (restringidas a acciones de
extincion del fuego) se demostraron ineficientes en estos ambientes, por
generar una mayor acumulacién de material combustible y favorecer el
desarrollo de grandes y devastadores incendios (Batista et al., 2018;
Schmidt et al., 2018). En virtud de ello, las acciones vinculadas al manejo
del fuego han sido actualmente aplicadas por el equipo de gestién del
CANP, entre ellas el uso de quemas prescritas en los meses iniciales del
periodo de sequia sobre dreas estratégicas, avanzando en la prevencién de

grandes incendios.
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6.3. Procedimientos metodolégicos

Los procedimientos metodolégicos se articulan en dos etapas principales: (i)
procesamiento y andlisis de los datos derivados de teledeteccién; (i) obtencion y
andlisis de los datos mediante trabajo de campo. Las siguientes subsecciones

presentan las etapas asociadas a las dos fases.

6.3.1. Procesamiento y andlisis de datos derivados de teledeteccion

6.3. 1a. Obftencidn de los productos derivados de teledeteccidn

La obtencién de estos datos ha considerado un periodo de 8 afios entre los
afios 2009 y 2016. Se incluye el seguimiento de tres incendios en un drea
seleccionada del CASE (incendios del afio 2010, 2014 y 2016), asi como el afio

previo al primer incendio para la evaluacién de las condiciones pre-fuego.

Como principal material disponible se cuenta con los productos de la serie
de reflectividad a nivel superficial del satélite Landsat, de los sensores TM, ETM+
y OLI, que ofrecen imagenes cada 16 dias con una resolucién espacial de 30
metros, proporcionando informacién en regiones espectrales sensibles a la
respuesta de la vegetacion tras el fuego, tales como las bandas del rojo, NIR y
SWIR (Trigg and Flasse, 2000). Mds especificamente, se trabaja con el producto
de la reciente coleccién de Landsat actualmente disponible (Landsat Colection /
Surface Reflectance Level-2 Science Products), que permite disponer de
informaciones adecuadas para el andlisis multitemporal (procesadas con
correcciones radiométricas, geométricas y atmosféricas). En lo que se refiere a las
correcciones atmosféricas, las imdgenes de los sensores TM y ETM+ estdn
procesadas con el algoritmo Landsat Ecosystem Disturbance Adaptive Processing
System (LEDAPS) (Masek et al., 2006; Vermote et al., 1997). Por otra parte, las
imagenes del sensor OLI estdn corregidas con el algoritmo Landsat 8 Surface
Reflectance Code (LaSRC) (USGS, 2017b). Esta coleccién, realizada por el Center
Science Processing Architecture (ESPA) del USGS, estd disponible de manera
gratuita (<https://espa.cr.usgs.gov/>). De dicho portal se han obtenido todas las
imagenes disponibles en el periodo seleccionado (path/row-231/66), no

considerando las imdgenes totalmente cubiertas por nubes.

Por ofro lado, se cuenta con la disponibilidad de la serie temporal de
imégenes de reflectividad a nivel superficial de la coleccién VI de MODIS
(MOD09GQ y MODO9GA) (Vermote and Wolfe, 2015b, 2015¢). El primero
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proporciona informaciones con mayor resolucién espacial (250 m), pero
restringida a las bandas espectrales del rojo y NIR. Del segundo producto
(MODO9GA) se ha utilizado la banda espectral del SWIR, disponible en una
resoluciéon espacial de 500 m. Ambos productos se adquieren de forma gratuita
a través del portal Land Processes Distributed Active Archive Center (LP DAAC) de
la NASA (<https://e4ftl01.cr.usgs.gov/MOLT/>). Aunque se disponga de una
resolucién espacial inferior a la de los productos Landsat, el ciclo de revisita mas
exhaustivo de MODIS permite contar con un mayor ndmero de registros libres de
perturbaciones atmosféricas. Estas imégenes se han utilizado, a través del
fusionado de imdgenes (ver ‘subseccién 6.3.1b), con la finalidad de superar los

problemas de falta de continuidad de las imagenes Landsat.

Por Gltimo, se ha utilizado el producto Landsat Tree Cover Continvous Field
(Sexton et al., 2013) para estimar el porcentaje de CVA. Este producto es
gratuito y estd disponible en el portal de la Universidad de Maryland
(<http://glct.umd.edu/data/landsatTreecover/>). Precisamente, se hace uso de
las informaciones del afio 2010 (condiciones pre-fuego), categorizando las
superficies en dos grupos de porcentajes de CVA: baja/media-baja (1-30%);
media-alta/alta (>30%).

6.3.1b. Generacién de una serie multitemporal mediante el uso de imdgenes
Landsat y del fusionado de imdgenes Landsat-MODIS

Cada afio de la serie cuenta con 8 registros multitemporales: una
composicién para cada mes del periodo de sequia anual (mayo a octubre);
y ofras dos composiciones (una anterior y otra posterior al periodo de
sequia), para integrar el final y el principio del periodo de lluvias. Se utiliza
como criterio el Gltimo valor de pixel considerado vélido (sin influencia de
perturbaciones atmosféricas) para cada composicién mensual. Para los
otros dos registros (fuera del periodo de sequia) la composicién aplica el
mismo criterio, pero considera todos los pixeles validos en un periodo
superior a un mes (enero a marzo para las composiciones del final del
periodo de lluvias y noviembre y diciembre para la composicién del inicio
del periodo de lluvias).

El procesamiento se inicié con la comprobacién de la calidad de los datos
disponibles de la serie Landsat. Utilizando la banda de calidad de cada
imagen, se ha aplicado una méscara de ‘nodatas’ a todos los pixeles
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afectados por perturbaciones atmosféricas (nubes, sombras de nubes y altos
indices de efectos aerosoles). También se han aplicado mdscaras adicionales
a partir de la inferpretacién visual de la serie, en las circunstancias en las que
las mdscaras automdticas no permitian detectar todos los pixeles afectados

por alguna perturbacion.

A continuacién, se detectan las composiciones de la serie Landsat con
perturbaciones atmosféricas y se aplica el método de fusionado FSDAF (Zhu
et al., 2016) para generar una serie multitemporal continua. Dado un par
de imagenes Landsat-MODIS adquiridos en to (par predictor) y una imagen
MODIS adquirida en t (fecha simulada), FSDAF simula los valores de la
imagen en t con la resolucién espacial de Landsat. En comparacién a sus
antecesores, el Spatial and Temporal Adaptive Reflectance Fusion Model
(STARFM) (Gao et al., 2006) y el the Enhanced Spatial and Temporal
Adaptive Reflectance Fusion Model (ESTARFM) (Zhu et al., 2010), FSDAF esta
disefado para situaciones con cambios abruptos y progresivos de uso y
cubierta del suelo entre las imdgenes relacionadas, incorporando ideas de
STARFM, interpolacién espacial y métodos de fusién de desmezclado
espacial (Zhu et al., 2016).

El fusionado se ha aplicado tanto para cumplimentar la serie temporal,
como para cubrir los gaps de las composiciones incompletas. La aplicacién se
ha realizado banda a banda, centrdndose en tres bandas espectrales. En
Landsat TM y ETM+ esas bandas estdn situadas en los canales 3 (rojo), 4 (NIR)
y 7 (SWIR2), mientras que en Landsat OLI se refieren a los canales 4 (rojo), 5
(NIR), y 7 (SWIR2). La correspondencia con MODIS son las bandas 1y 2 del
producto MOD09GQ V009 (bandas del rojo y NIR, respectivamente) y la
banda 7 (SWIR,) del producto MODO9GA V006. Especificaciones sobre la
serie temporal final generada (contrastando datos de Landsat y derivados del
fusionado Landsat-MODIS) se observan en el Apéndice 6A (Figura 6A.1).

6.3. 1c. Evaluvacion de las respuestas de la vegetacidn al fuego mediante indices
espectrales

Utilizando la serie temporal completa generada en la etapa anterior, se
seleccionaron dos indices espectrales para el andlisis de las respuestas de la
vegetacion al fuego: Normalized Difference Vegetation Index (NDVI) (Eq. 6.1) y el
Normalized Burn Ratio (NBR) (Eq. 6.2):
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NIR—-Red

NDVI = ———— (Eq. 6.1)
__ NIR-SWIR,
NBR = NIR+SWIR, (Ea. 6.2)

Ambos indices varian entre -1y 1, siendo el NDVI un referente para estimar
el vigor vegetal de la vegetacién (Pettorelli et al., 2005) al relacionar las bandas
del NIR y rojo (Rouse et al., 1974; Tucker, 1979). Mientras, el NBR es un indice
habitualmente utilizado para la estimacién de los efectos del fuego, utilizando en
su computo las bandas del SWIR y NIR (Key and Benson, 2006).

El andlisis se realiza mediante muestreos de pixeles pertenecientes a tres
grupos: (i) dreas quemadas en 2010; (ii) dreas quemadas en 2010 y 2014;
(iii) dreas quemadas en 2010 y 2016. Adicionalmente, se han considerado
subgrupos de acuerdo con distinto porcentaje de CVA (baja/media-baja vs.
media-alta/alta), conforme las dos clases descritas en la ‘subseccién 6.3.1a".
Especificaciones sobre los grupos de andlisis y sus respectivos estratos de

muestra estén descritas en el Apéndice 6A (Figura 6A.2).

De acuerdo con estos grupos y subgrupos, se obtienen los valores
medios de cada registro de la serie temporal, permitiendo el contraste grafico
de las trayectorias resultantes. Esta comparacién cuali-cuantitava ha
posibilitado el andlisis del proceso de regeneraciéon vegetal post-fuego,
verificando el tiempo transcurrido para que se obtengan los indices de vigor

vegetal previos al incendio.

6.3.2. Obtencién y andlisis de datos mediante trabajo de campo

La informacién obtenida /n sifu se corresponde con una campaia de
campo realizada entre los dias 15y 24 de septiembre de 2016, con el equipo
de gestién del CANP y su brigada de incendios. Se definieron un total de 20
parcelas de 15 x 15 m (12 sobre dreas con predominio de Cobertura Vegetal
Herbdcea — CVH; y 8 en dreas de predominio de Cobertura Vegetal Arbérea
— CVA) (Figura 6.1.), afectadas por el fuego por Gltima vez en distintos
momentos. Estas actividades han sido autorizadas por el Sistema de
Autorizacién e Informacion en Biodiversidad (SISBIO) del Ministerio del

Medio Ambiente con el registro nGmero 55012-1.
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Para las dreas de predominio de cobertura vegetal herbdcea (formaciones
de ‘campo limpo/sujo’) se ha aplicado una ficha de campo (Apéndice 6B) en
las que se recoge la altura de la vegetacién, la fraccién de cubierta vegetal
(FCV) en relacién a dreas de suelo desnudo, la presencia/ausencia de ceniza
negra o blanca, entre otros datos. También se han realizado descripciones
genéricas respecto a la presencia/ausencia de determinadas especies
vegetales y la estimacién de material combustible fino, mediante la recoleccién
de la biomasa fina (igual o inferior a 6 mm) en plots de 25 x 25 cm
representativos de la cada parcela. Este material ha sido separado en dos
bolsas distintas, una incluyendo la biomasa verde y otra la biomasa seca. El
material recolectado se ha secado en una estufa a 70°C durante 72 horas.
Después se ha vuelto a pesar para obtener las siguientes variables: total de
biomasa fina verde; total de biomasa fina seca; total de biomasa fina
(sumatorio de los dos anteriores). Esta metodologia se utiliza habitualmente
en la estimacién de material combustible fino de dreas con predominio de

vegetacién herbdcea, siendo aplicada de manera similar en dreas core del
Cerrado brasilefio (Schmidt et al., 2018).

Para las parcelas de CVA (situadas en dreas de vegetacién de ribera) se
ha medido la altura de los distintos estratos de vegetacion existentes, la
identificacion de marcas de la altura de las llamas y se ha estimado la
presencia de hojarasca en la parcela (ficha de campo disponible en el
Apéndice  6C). También se cuantific6 la Fraccién de Radiacién
Fotosintéticamente Activa (FPAR) a nivel superficial, bajo las copas del
arbolado, utilizando un ceptémetro, modelo Apogee MQXR-306. Este equipo
dispone de sensores capaces de medir la energia electromagnética entre 400
y 700 nm, regiones sensibles a la actividad fotosintética de las plantas. Esta
estimacién consistié en medir, fuera de la masa arbérea y a la altura de la
cintura del operador, la energia incidente sobre el sensor (PARubove) para,
posteriormente, realizar una nueva medicién bajo las copas (PARueiow). El
cociente entre el PARueiow ¥ PARsbove permite estimar la el FPAR, es decir la

cantidad de radiacién interceptada por la masa vegetal.

En ambos tipos de parcela, también se recogieron muestras de suelo a nivel
superficial (~10 cm). Estas muestras se analizaron (materia orgdnica vy
macronutrientes) en el Laboratorio de Suelos de la Empresa Brasilena de
Investigaciones Agro-pecuarias (Embrapa Suelos — Porto Velho).
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6.4. Resultados y discusién

6.4.1. Andlisis multitemporal de las respuestas de la vegetacién al fuego
utilizando indices espectrales

La visualizacién de la serie temporal (2009-2016) de los indices especirales

generados — NDVI (Figura 6.2) y NBR (Figura 6.3) — permite analizar el

comportamiento de la vegetacién en relacién a la incidencia del fuego, contrastando

las trayectorias de pixeles afectados por el fuego solo en 2010, asi como las

trayectorias en las que se registran incendios en 2010y 2014, y en 2010y 2016.
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Figura 6.2. Trayectorias de valores medios del indice espectral NDVI: (a) quemado solo en

2010; (b) quemado en 2010y 2014; (c) quemado en 2010 y 2016.
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Figura 6.3. Trayectorias de valores medios del indice espectral NBR: (a) quemado solo en
2010; (b) quemado en 2010y 2014; (c) quemado en 2010 y 2016.

Las trayectorias en 2009 representan el comportamiento fenolégico
intfra-anual de las formaciones vegetales predominantes en el drea, marcado
por un ascenso inicial del vigor vegetal, situando entre los meses de mayo y
junio sus valores medios mds altos (inicio de la temporada de sequia). Estos
valores dan paso a un descenso gradual durante el periodo de sequia,
alcanzando los valores minimos entre los meses de agosto y septiembre. El
regreso de la Iluvia durante el mes de octubre da lugar a un nuevo ciclo, con

un aumento gradual del vigor vegetal.
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Para una mejor inferprefacién de los efectos de los incendios observados en
cada grdfico, se toma como referencia la serie NDVI de los pixeles quemados solo
en 2010 (Figura 6.2.). En el afo 2010, los picos méximos de NDVI (anteriores a la
quema) son de 0.678 y 0.763 para las clases de CVA baja/media-baja y media-
alta/alta, respectivamente. En respuesta al incendio de septiembre de 2010, los
valores medios de ese indice sufren un descenso abrupto, alcanzando 0.358 para
las dreas de mayor porcentaje de CVA. Eso supone pérdidas del 35.97% y del
26.94% de vigor vegetal en las clases de menor a mayor predominio de CVA,
respectivamente, en comparaciéon a los valores observados en septiembre de 2009.

En los dos afos siguientes al incendio (2011 y 2012), los meses iniciales de
cada trayectoria (mayo y junio) representan valores similares a las condiciones
pre-fuego de 2009. Sin embargo, el efecto extensivo de la incidencia del fuego
se observa en el transcurso del periodo de sequia, donde se registra una
disminucién mds acentuada de los valores de NDVI. Mientras que los valores
minimos medios de NDVI de la trayectoria de 2009 son de 0.559 (CVA menor) y
de 0.681 (CVA mayor), en 2011 y 2012 esos valores alcanzan 0.475 y 0.492
para la clase de mayor CVA. En esta agrupacién de pixeles afectados por el fuego
Unicamente en 2010, las trayectorias de NDVI de los afios siguientes (2013 a
2016) se asemejan a las presentadas en las variaciones de 2009, indicando una
recuperaciéon de los niveles de vigor vegetal observados en las condiciones pre-

fuego en el tercer afo tras el incendio.

Estos efectos del fuego observados en los dos afios siguientes al incendio
también se manifiestan en las trayectorias de NDVI y NBR de los pixeles
quemados en 2010y 2014 (Figura 6.2y Figura 6.3) 0 2010 y 2016 (Figura
6.2.y Figura 6.3.). Mds concretamente, se observa que el incendio de 2010
repercute en el post-fuego inmediato y en la disminucién més acentuada de
los valores medios de 2011 y 2012, representando trayectorias similares al
pre-fuego en el afio 2013 (Figura 6.2,y Figura 6.3y), y en los afios 2013,
2014 y 2015 (Figura 6.2.y Figura 6.3.).

La estimacion de las pérdidas de vigor vegetal asociadas a los incendios es
mds evidente cuando se comparan los valores del afio 2014 de los pixeles
afectados por el fuego en 2010 y 2014 (Figura 6.2,y Figura 6.3), con las
trayectorias de este mismo afo de las demds agrupaciones de pixeles (afectados
soloen 2010 0 en 2010y 2016). Tomando como referencia los valores medios
de NBR de CVA baja/media-baja, la trayectoria de 2014 afectada por el fuego
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presenta valores méximos y minimos de 0.405 y -0.094, que contrastan con los
valores méximos y minimos observados por la agrupacién de pixeles quemados
solo en 2010, de 0.427 y 0.274. Se constata asi que, mientras el descenso
fenolégico representa una disminucién del 35.97% de sus valores en relacién a
su pico mdximo anual, la quema genera un descenso del 87.27% mayor que
este. Para las dreas de CVA media-alta/alta ese descenso es un 68.56% mayor
que el experimentado en la variacién fenolégica, como resultado de la accién
del fuego sobre el drea.

A pesar de que ambos indices espectrales (NDVI e NBR) representen
trayectorias similares en relacién a la caracterizaciéon de la variacién fenolégica y
de las respuestas de la vegetacion al fuego, es posible especificar ciertas
diferencias. Una de ellas se relaciona con la observaciéon de las trayectorias de
CVA baja/media-baja, donde los valores de NBR disminuyen de forma mas
acentuada que los de NDVI en lo referente a variacién fenolégica durante el
periodo de sequia. Se confirma también que las respuestas del indice NBR en los
efectos inmediatos y extensivos al incendio son de mayor amplitud que las
variaciones presentadas por el indice NDVI, en ambas clases de CVA. Eso sucede
por las caracteristicas propias de cada indice, siendo el NBR el que incorpora en
su férmula informaciones espectrales mdés sensibles a la sefial del suelo (banda
del SWIR), en sustitucién a la banda espectral del rojo utilizada en NDVI. En
ambos casos (variacién fenoldgica y efectos del fuego), la sensibilidad del NDVI
es menor que la del NBR por la mayor influencia de la sefial de superficies de

suelos desnudos en la mezcla espectral de estos pixeles.

Registrar las diferencias entre los picos anuales de ascenso y descenso de los
valores medios de NDVIy NBR (Tabla 6.1) ayuda a la interpretacion de los efectos
del fuego en la vegetacién observados en el andlisis grafico. En esta tabla, se
reagrupan los datos de acuerdo al tiempo en relacién con los incendios: pre-fuego
(afio 2009); afio con incendio (pixeles quemados en 2010, 2014 y 2016); 1 afo
posterior al incendio (2011 y los pixeles de 2015 afectados por el fuego en 2014);
2 afos posteriores al incendio (2012 y los pixeles de 2016 afectados por el fuego
en 2014); 3 afios sin incendio (2013); 4 o mds afios sin incendio (pixeles de 2014,
2015y 2016 no afectados por el fuego en 2014 y en 2016).
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Tabla 6.1. Medidas asociadas a las trayectorias anuales de valores medios de NDVI y
NBR, agrupadas de acuerdo a la distancia temporal al incendio y la clase de CVA. Se
representan los valores méximos y minimos de las trayectorias de agrupaciones anuales

(MAX/MIN), y la diferencia entre ambos (DIF = MAX-MIN).

CVA  Indice  Medida An? pre- ’Ano d.el + lafo + 2afos + 3 afos . * ‘.‘ °

Uego mcendlo mas anos
2 MAX 0.670 0.662 0.657 0.628 0.672 0.660
< _ | ~ow MIN 0.538 0.335 0.473 0.470 0.545 0.526
28 DIF 0.132 0.328 0.184 0.158 0.127 0.134
g MAX 0.486 0.428 0.491 0.466 0.453 0.427
gv NBR MIN 0.271 -0.087 0.131 0.166 0.235 0.230
@ DIF 0.215 0.514 0.360 0.300 0.218 0.197
o MAX 0.758 0.754 0.742 0.744 0.771 0.772
o | ~Now MIN 0.660 0.472 0.618 0.600 0.684 0.660
23 DIF 0.098 0.282 0.124 0.145 0.087 0.111
g ~ MAX 0.603 0.579 0.588 0.581 0.583 0.594
3 NBR MIN 0.510 0.137 0.373 0.401 0.474 0.483
< DIF 0.093 0.442 0.215 0.181 0.109 0.111

El andlisis de la Tabla 6.1 confirma el andlisis grdfico, resumiendo tres
aspectos: (i) en el afio del incendio se registra un descenso abrupto de los valores
de NDVI y NBR; (ii) dos afos posteriores al incendio esos efectos son ya bastante
reducidos, pero todavia son diferentes al registro pre-fuego; (iii) en el tercer afo
tras el incendio los valores medios de NDVI y NBR ya se asemejan mucho a los
observados en la trayectoria pre-fuego, y continGan similares a los registros de 4 o
5 afios posteriores al fuego.

6.4.2. Evaluacién mediante variables obtenidas con trabajo de campo

6.4.2a. Andlisis de las dreas de predomino de vegetacion herbdcea

La descripcién de los datos obtenidos en campo permite contrastar el
comportamiento de la vegetacién afectada por el fuego recientemente (2 meses
posteriores al fuego) con dreas que se habian quemado por ¢ltima vez en 2014
(2 afos posteriores al fuego) y 2010 (6 afios posteriores al fuego) (Figura 6.4).

Tratdndose de parcelas con predominio de CV herbécea, el primer dato que
llama la atencién se refiere a la estimacién de la FCV en relacién a los suelos
desnudos (Figura 6.4.). Las dreas recientemente afectadas por el fuego presentan
los valores menores (media situada ~40%), contrastando con los porcentajes de
las dreas afectadas por el fuego hace dos afios (~63%) y hace seis afios (siempre
superiores al 70%). Por otra parte, la variable altura de la vegetacién (Figura 6.44)
presenta diferencias menos acentuadas entre los tres grupos, mds visibles en la

comparacién entre dreas recientemente afectadas por el fuego (media de altura
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de 0.19 m), y las medias de las éreas afectadas por el fuego por Gltima vez en
2014y 2010 (0.29 my 0.27 m, respectivamente).

Las mediciones derivadas de la recoleccién de material combustible fino
permiten describir aspectos asociados a la cantidad y proporcién de biomasa
seca, verde y total acumuladas tras un incendio. Se observa que, en los 2 meses
posteriores al paso del fuego, la biomasa fina total (Figura 6.4.) registra una
media de 0.280 kg/m?, con una desviacién esténdar de 0.04, lo que representa
un total del 29.7% inferior al registrado en las parcelas quemadas por Gltima vez
dos afios antes del trabajo de campo (0.398 kg/m?). La acumulacién de biomasa
total es ligeramente superior en las dreas afectadas por el fuego por Gltima vez 6

afos antes de la recoleccién, con una media de 0.449 kg/m?.
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Figura 6.4. Comportamiento de variables obtenidas en el campo en parcelas de CV
predominantemente herbécea agrupadas por tiempo sin fuego (Gltimo incendio en 2016,
2014 0 2010). La barra horizontal principal representa la media de cada grupo, mientras
que los puntos sitGan valores concretos de cada medida realizada; las demds barras
sefialan posiciones inter-cuartiles.
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Otra observacién importante se encuentra en las diferencias de composicién
de esta biomasa final total entre los grupos analizados. Los subtotales de biomasa
seca y verde (Figura 6.4 e Figura 6.4;) demuestran que la mayor proporcién de
biomasa total de las dreas con mayor tiempo sin fuego estd vinculada a una
mayor acumulacién de biomasa seca. Mientras que los valores medios de
biomasa verde se sitan en ~0.150 kg/m? en los tres grupos, el total de biomasa
seca representa una media de 0.123 kg/m? en las dreas recientemente afectadas
por el fuego y de 0.235 y 0.303 kg/m? en las parcelas incendiadas hace 2 y 6
anos, respectivamente. El porcentaje de biomasa seca en relacién al total (Figura
6.44) demuestra este contraste con mayor precisién, mostrando los efectos del
fuego en la disminuciéon de la acumulaciéon de material seco. La Figura 6.5
muestra una parcela de cada grupo analizado, contribuyendo visualmente a la

identificacién de las diferencias entre los grupos.

Figura 6.5. Parcelas de CV predominantemente herbdcea afectadas por el fuego: a) fuego
reciente (2 meses antes); b) 2 afos antes (incendio de 2014); c) 6 afios antes (incendio
de 2010). Fuente: Archivo de fotografias del CANP, septiembre de 2016.

6.4.2b. Andlisis de las dreas de predomino de cobertura vegetal arbérea

Las variables recogidas en las dreas de predominio de cobertura vegetal
arbérea (Tabla 6.2) permiten conocer ciertos pardmetros asociados a los
efectos del fuego (Figura 6.6).

En las dreas afectadas por el incendio reciente (Figura 6.6.) se observa un
cambio abrupto entre el estrato herbdceo y el inicio de la densificacién de la
vegetacion de ribera. En las demdés dreas (Figura 6.6, y 6.6.), quemadas hace 2
y 6 afos, respectivamente, se observa un contacto mds gradual, debido a la
presencia de arbustos y drboles pequefios, que se asocian a etapas mds

avanzadas del proceso de regeneracién vegetal post-fuego.
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Figura 6.6. Plano general de dreas de vegetacion de ribera donde se sittan parcelas
afectadas por el fuego: a) fuego reciente (2 meses antes); b) 2 afos antes (incendio de
2014); c¢) 6 afos antes (incendio de 2010). Fuente: Archivo de fotografias del CANP,
septiembre de 2016.

Las parcelas situadas en dreas de vegetacion de ribera presentan medias
superiores a 30 individuos arbéreos en las tres clases de parcela, con alturas
medias del estrato superior arbéreo entre 14.5-17.5 m y didmetros a la
altura del pecho (DAP) entre 0.13-0.16 m. La altura media de marcas del
fuego fue superior en las parcelas recientemente afectadas por el fuego (7.5
m frente a 4.0 y 4.8 m en los otfros grupos), influenciada por el hecho de
que los efectos del fuego recientes son mds facilmente perceptibles. En lo
referente al recubrimiento de hojarasca, las dreas recientemente quemadas
muestran sefales de consumo parcial (media de 22.5%), mientras que las
parcelas con mayor tiempo sin fuego muestran un estrato de hojarascas mds

desarrollado (ambos grupos con ~80% de recubrimiento).

Tabla 6.2. Valores medios de las variables obtenidas en parcelas de predomino de
cobertura vegetal arbérea, subdivididas por el tiempo sin fuego (fuego reciente, Gltimo
incendio hace 2 o 6 afos).

Variable Ft.Jego 2 afios 6 afios
reciente antes antes
Altura estimada del estrato 145 175 15.3

arbéreo superior (m)
Numero d,e individuos de 31 38 36
porte arbéreo

Digmetro a la altura del

pecho (DAP) (m) 0.13 0.16 0.14
Altura de las marcas del fuego 75 40 48
(tronco, copa...) (m)

Estimacién de hojarasca (%) 22.5 78.3 82.5
FPAR (%) 62.1 81.2 86.5
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Diferencias destacables también se observan en los valores medios de
FPAR, donde las porciones de actividad fotosintéticamente activa absorbida
son inferiores en las parcelas de vegetacién afectadas recientemente por el
fuego (62.1%), en comparacién con las parcelas incendiadas por Gltima vez
hace 2 afios (81.2%) y hace 6 afios (86.5%). El paso reciente del fuego refleja
un consumo parcial de la vegetacién de estas parcelas (principalmente de sus
estratos menores e intermedios), lo que explica una menor interceptacién de
la radiacién en este grupo de parcelas. En contrapartida, las parcelas
afectadas por el fuego hace mds tiempo (2 o 6 afios) muestran sefales de
regeneracién de estos estratos intermedios, lo que influye directamente en un

mayor porcentaje de FPAR.

En resumen, en las parcelas con mayor porcentaje de CVA los efectos més
significativos del fuego se recogen en las dreas recientemente quemadas, mientras
que en las dreas incendiadas hace 2 o 6 afios presentan claros indicios del avance
del proceso de regeneracién vegetal.

6.4.2c. Breves avances en la sucesidn ecoldgica y en los impactos del fuego en
el suelo superficial

La observacién de las parcelas permite sefalar algunos aspectos
asociados a la sucesién ecolégica de especies vegetales en las dreas de
predomino de CV herbdcea. Se identific6 un papel predominante de
Bulbostylis paradoxa (Spreng.) Lindm. en todos los puntos de muestreo,
incluyendo dreas quemadas recientemente y dreas sin incendios en los
Ultimos 2 o 6 anos. El predominio de B. paradoxa es el esperado, puesto
que esta especie de Bulbostylis representa un alto potencial adaptativo para
las &reas que sufren periodos de sequia prolongados (Munhoz and Felfili,
2006), como es el caso de las dreas analizadas. La densa camada de bases
foliares dispuestas a lo largo del tallo permite a esta especie resistir al fuego,
representando asf, una caracteristica adaptativa importante a ambientes
sujetos al fuego periédico (Rodriguez, 2014).

Las parcelas en las que se han transcurrido dos afos sin incendios (afectadas
por el fuego en 2010 y 2014) representan un nimero mayor de especies en
comparacién con los demds grupos de parcelas, observando la presencia de 5.
paradoxa, Davilla nitida (Vahl) Kubitzki, Paepalanthus chiquitensis Herzog,
Cyperaceae sp., Poaceae sp. 1, Poaceae sp. 2, Hymatanthus semilunatus Markgr.
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y Melastomataceae sp. Por ofro lado, en las parcelas de fuego reciente
(quemadas en 2010 y 2016) el nimero de especies identificadas disminuye
considerablemente, estando esta reduccién asociada probablemente a los efectos
de la accién del fuego reciente sobre especies perennes, como D. nitida y H.
semilunatus, que necesitan mds tiempo para reestablecerse. Las parcelas situadas
en dreas con 6 afos sin fuego (Ultimo incendio en 2010) presentan un ndmero
mayor de especies que las parcelas recientemente quemadas, pero inferior a lo
observado en las parcelas afectadas en 2010 y 2014. En este grupo de parcelas
de la muestra (6 afos sin fuego), se observa la presencia de B. paradoxa, P.

chiguitensis, Poaceae sp. 1, H. obavatus, H. semilunatus y Melastomataceae sp.

En lo referente a la observacién de posibles impactos del fuego en las
caracteristicas del suelo superficial, los resultados analiticos (Tabla 6.3)
permiten comparar las caracteristicas de cada grupo analizado. Niveles muy
bajos de pH se recogen en todos los grupos (valores siempre inferiores vy
proximos a 5.0), que indican un alto grado de acidez de los suelos del drea.
Los contenidos de macronutrientes también indican que se trata en general

de suelos poco fértiles, destacando los bajos valores de fésforo y de calcio.

Tabla 6.3. Resultados analiticos de las muestras de suelo supericial (materia orgénica y
macronutrientes) en los distintos grupos y subgrupos analizados.

H MO P K Ca Mg H+Al Al
Grupo Subgrupos prien " (mg (cmol. (cmol. (cmol, (cmol, (cmol,
P grup agua (g kg™
9 dm?)  dm3) dm?d  dm?¥  dmd)  dmI)
fueEe 495 1220 1.5 0.06 0.06 0.07 450 1.01
8 re€|enfg
5 g | 2onossin 475  16.25 1.0 0.06 0.06 0.07 4.95 1.06
5 incendio
| © clics el 490 1680 2.0  0.04 0.06 0.07 6.40 1.49
incendio
Fuego 480 29.30 1.0 0.27 0.08 028 10.70 2.34
o reciente
3 -1ente
3 72 e i 480  56.90 1.0 0.08 0.12 0.10  13.50 2.87
S |ncend|9
6 afios sin 490  88.10 1.0 0.11 0.08 015 17.20 3.22
incendio

El grupo de suelos de dreas de CV predominantemente herbdcea contiene
bajos contenidos de materia orgdnica (MO) (siempre inferiores a 17.0 g kg™'),
con una ligera variacién entre las dreas recientemente afectadas por el fuego

(~12.0 g kg') y los subgrupos con mayor tiempo sin fuego (~16.0 g kg™).
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En las parcelas de CV predominantemente arbérea, los subtotales de MO
son més altos (entre 29.30y 88.10 g kg') y, como en el grupo de CV herbdcea,
los valores mds bajos ser recogen en el subgrupo “Fuego reciente”, debido a la

mayor evidencia de los efectos del fuego.

6.5. Consideraciones finales y futuras lineas de trabajo

El presente articulo ha analizado las respuestas al fuego de formaciones
vegetales localizadas en dreas del enclave de sabana tropical del CANP mediante
series temporales de teledeteccién y datos derivados de trabajo de campo. Se
comprueba que las series multitemporales de ambos indices espectrales (NDVI y
NBR) son sensibles a los efectos de los incendios, destacando los abruptos
descensos observados en el post-fuego inmediato. El andlisis de las trayectorias
multitemporales permite también inferir que en los dos afos posteriores al incendio
los efectos sobre la vegetacién son bastante reducidos, aunque todavia
perceptibles, siendo a partir del tercer afio cuando las trayectorias vuelven a
asemeijarse al comportamiento fenolégico de las condiciones pre-fuego.

Estas observaciones resaltan la alta resiliencia de las formaciones vegetales
del Cerrado (Figueira et al., 2016; Gignoux et al., 1997), coincidiendo con los
datos registrados en campo. En las éreas de CV predominantemente herbdcea se
observan un menor recubrimiento vegetal en las parcelas recientemente afectadas
por el fuego, contrastando con los mayores valores que encontramos en las
parcelas en las que ha transcurrido mds tiempo sin fuego. En estas Gltimas también
destaca una mayor acumulaciéon de biomasa seca, lo que se traduce en un
incremento considerable de la carga de combustible y, en consecuencia, del peligro
de nuevos incendios. Estos resultados se asemejan a los descritos en dreas también
de sabana correspondientes al “Parque Nacional de la Sierra de la Canastra”
(Batista et al., 2018), donde se compara el total de biomasa y la fraccién de
cubierta vegetal en zonas afectadas por el fuego en diferentes momentos.

En los parcelas con mayor densidad de CV arbérea, los resultados mas
destacados se relacionan con la menor FPAR y cantidad de hojarasca registrada en
las parcelas de fuego reciente. Destaca también que las dreas en las que ha
transcurrido  mds tiempo sin fuego presentan estratos intermedios mds
desarrollados. En este sentido, cabe destacar que Hoffmann et al. (2009)
registraron altas tasas de regeneracion vegetal y bajas tasas de mortalidad en dreas
de transiciéon de bosques tropicales y vegetacién de sabana afectadas por el fuego
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en la “Reserva Ecolégica del IBGE”, lo que evidencia la resiliencia de las dreas de
vegetacién de ribera. Sin embargo, se necesitan nuevos estudios para profundizar
en el seguimiento de las tasas de mortalidad de los individuos de estas formaciones

y los efectos de la frecuencia del fuego.

Es importante indicar que la recogida de variables en campo fue realizada a en
una Unica gran campana, lo que limita la realizacién de comparaciones con los
productos de teledeteccién. Estas condiciones también limitan avanzar en
interpretaciones més especificas asociadas a mortalidad, al efecto ‘free fopkill” y a la
regeneracién de individuos arbéreos frente a los incendios. Incluso asi, se considera
que se han obtenido importantes avances en la inferpretacién de los efectos de los
incendios sobre dreas con distintos patrones de cubierta vegetal, que servirdn como

base en nuevas campaiias de campo.

Por otro lado, también hay que tener en cuenta que los datos de campo
derivados de fuego reciente (incendio de 2016) estdn asociados a un fuego
sucedido a finales del mes de julio, mientras que los incendios registrados en
2010y en 2014 fueron en los meses de agosto y septiembre, respectivamente. A
pesar de que el final del mes de julio ya manifieste condiciones de sequia proximas
a las observadas en agosto y septiembre, es probable que la intensidad de los
incendios de 2010 y 2014 hayan sido superiores a las observadas en 2016. Por
este motivo, es también probable que el contraste entre dreas de fuego reciente
versus Greas de mayor tiempo sin incendios pueda ser incluso mayor que el

encontrado en este estudio.

En relacién al andlisis multitemporal basado en datos de teledeteccion,
destacar que, la fusion de imagenes Landsat-MODIS, ha permitido completar
lo serie temporal de Landsat, contando asi con ocho registros anuales para
analizar el periodo de 2009 a 2016. Sin embargo, se considera que la
disponibilidad de nuevos productos de teledeteccién de mayor resolucion
espacial y temporal contribuird positivamente a la generacion de series
temporales mds detalladas y completas. La disponibilidad futura de la serie
harménica derivada de los satélites Landsat e Sentinel 2 (Claverie et al., 2017)
se integrard como una alternativa importante para ampliar la capacidad de

andlisis de los efectos del fuego en estos ambientes.

Otro desafio futuro reside en la optimizacién del disefio de fichas de campo,
para posibilitar la integracién de un indice genérico que cuantifique los impactos

del fuego sobre los distintos estratos de vegetacién. En este sentido, los protocolos
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para la estimacién de la severidad del fuego, tales como el desarrollados por De
Santis y Chuvieco (2009) en ambientes mediterréneos, Geometrically structured
Composite Burn Index (GeoCBl), podrdn ser utilizados de referencia.

A partir del afio 2019, se prevé la realizacién de quemas experimentales en
parcelas de 100 x 100 metros sobre las formaciones abiertas de sabana del
CANP, que contardn con una monitorizacién més exhaustiva de variables de
campo en conjunto con las informaciones derivadas de teledeteccion. Los
tratamientos que se apliquen a cada parcela incluirdn diferentes frecuencias y
periodos de quema, permitiendo asi obtener informaciones mdas precisas sobre
los efectos del fuego en las formaciones vegetales alli existentes, dando
continuidad a los avances iniciales sobre la sucesién de especies vegetales que
aqui se presentan. Al mismo tiempo, la monitorizacién detallada de la variacién
de biomasa generard informaciones clave para el planteamiento de estrategias

mds amplias asociadas al plan del manejo del fuego en el CANP.
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Apéndices

Los Apéndices 6A, 6B y 6C, indicados en el texto, estédn disponibles en las

siguientes pdginas.
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Apéndice 6A. Detalle de la composicién y de los grupos de andlisis de la serie
multitemporal de datos de teledeteccién.

Figura 6A.1. Origen de la composicién de la serie temporal de indices vegetales: datos
de Landsat o derivados de la fusién Landsat-MODIS.
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Figura 6A.2. Detalle sobre los grupos de andlisis (grupos de CVA y grupos de tiempo sin
fuego) y sus respectivos estratos muestreados.

61°2325"

- Subtotales de areas afectadas por el fuego

Fuego Total (ha) Subtotal (ha) Subtotal (ha)
CVA 1-30% CVA >30%

Solo 2010 969.03 587.43 381.60

2010y 2014 1647.90 1451.07 196.83

2010y 2016 549.54 499.41 50.13

- Muestras aleatorias (35%) de pixeles por categoria

Fuego Numero de - N-
muestras (N) CVA1-30% CVA >30%
Solo 2010 3786 2284 1484
2010y 2014 7830 5643 2187
(mk 2010y 2016 2136 1942 194
Fel m
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Apéndice 6B. Ficha de campo para las parcelas de predominio de CV herbdcea.

FICHA DE CAMPO 1 - PARCELAS DE PREDOMINIO DE VEGETAGAO HERBACEA

Horério:

Data:__/ /

Localizacdo/parcela:

Grupo:

ID do ponto de GPS:

Declividade: ( ) Baixa/plana ( )moderada ( ) alta

1. DESCRICAO GERAL DA PARCELA

% de cobertura vegetal em relagao ao solo exposto:
()<5% ()5-25% ()25-50%

()50-75%

) 75-100%

Presenca de cinzas:
Negra: ()S ()N
Branca: ( )S ( )N

% estimada na parcela
()<5% ( )5-25% ( )25-50% ( )50-75%
()<5% ( )5-25% ( )25-50% ( )50-75%

() 75-100%
() 75-100%

Umidade da vegetacgdo (visdo geral pelo verdor):

() Muito seco

() Umido () Pouco umido () Seco

4
'l
'l
'l
l"
4
,l
,I

N I,

-\ s
\

\ A Ponto de GPS

N\

© ® Pontos de amostragem

”~

O, N P ~
S ) (O Estacas de delimitacgo

==-Trajetos de amostragem
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2. CARACTERISTICAS E DIVERSIDADE DE VEGETACAO NA PARCELA
2.1 HERBACEAS
Espécie(s) predominante(s) de herbacea(s) (N2 FOTOS):
Presenca da espécie “sempre-viva”? S( )N( ) Num. total estimado:
Estado de floragao:
Outros tipos de herbaceas reconhecidos (N2 FOTOS):

2.2. PRESENCA DE ARBUSTOS

Nuam. tot. no interior da parcela: Altura média estimada:
Tipos de arbustos reconhecidos (N2 FOTOS):

Marcas de fogo? S( )N ( ) Altura das marcas/foto ne: /

2.3. ARVORES E ARVORETAS

Num. Tot. no interior da parcela: Altura média estimada:
Diametro médio estimado

Tipos de arvores/arvoretas reconhecidos (N2 FOTOS):

Marcas de fogo? S( ) N( ) Altura das marcas/foto n2: /
3. COLETAS
ID N2 FOTO TIPO (solo, biomassa seca, biomassa verde)

4. OBSERVACOES

(verso)
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Apéndice 6C. Ficha de campo para las parcelas de predominio de CV arbérea.

FICHA DE CAMPO 2 - PARCELAS DE PREDOMINIO DE VEGETAGAO CILIAR

Data:__ / / Horario: Grupo:
Localizagdo/parcela:

ID do ponto de GPS: Declividade: ( ) Baixa/plana ( )moderada ( ) alta

1. VISAO GERAL DA PARCELA
1.1. REGISTROS FOTOGRAFICOS

Norte Leste Sul Oeste
Vertical 1 Vertical 2

1.2 PAR

Above Med. 1 Med.2 Med.3

Altura aparente das chamas do ultimo fogo (em metros/foto n2): /

2. AFEICAO AO FOGO POR ESTRATOS

2.1. SUBSTRATO

- Serrapilheira: ( ) NE ( )<5% ( )5-25% ( )25-50% ( )50-75% ( )75-100%
-Cinzanegra: ( )NE ( )<5% ( )5-25% ( )25-50% ( )50-75% ( )75-100%
-Cinzabranca: ( )NE ( )<5% ( )5-25% ( )25-50% ( )50-75% ( )75-100%

N2 FOTOS

2.2. HERBACEO

-% de cobertura: ( ) NE( )<5% ( )5-25% ( )25-50% ( )50-75% ( )75-100%
- Altura média estimada:
N2 FOTOS

2.3. ARBUSTIVO (até aprox. 5m)

-% de cobertura: ( )<5% ( )5-25% ( )25-50% ( )50-75% ( )75-100%
- % de cobertura afetada pelo fogo:
Numero de individuos estimado: Altura média estimada:

N2 FOTOS

2.4. ARBOREO

% de cobertura: ( ) <5% ( )5-25% ( )25-50% ( )50-75% ( ) 75-100%
% de cobertura afetada pelo fogo:
Numero de individuos estimado: Altura média estimada:
Diametro médio estimado:

Ne FOTOS

(frente)
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3. AFEICAO AO FOGO EM ESPECIES DOMINANTES
3.1. ESTRATO ARBUSTIVO

Espécie A Espécie B Espécie C Espécie D
N: N: N: N:
H: H: H: H:
D: D: D: D:
Ne FOTO:

3.2. ESTRATO ARBOREO

Espécie A Espécie B Espécie C Espécie D
N: N: N: N:
H: H: H: H:
D: D: D: D:
N2 FOTO:
4. COLETAS
ID N2 FOTO TIPO (solo, biomassa seca, biomassa verde)

5. OBSERVACOES

(verso)
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Conclusiones y trabajos futuros

7.1. Principales conclusiones

El conjunto de aportaciones y hallazgos derivados de esta tesis doctoral se han
obtenido a partir de la generacién de series multitemporales derivadas de productos
de teledeteccién (imégenes Landsat y MODIS), para analizar la incidencia del fuego
en ambientes de sabana tropical de la Amazonia Meridional brasilefa.
Concretamente, se ha cartografiado los patrones espacio-temporales relacionados
con la incidencia del fuego en estos ecosistemas y se han descrito aspectos

relacionados con la respuesta de la vegetacién.

Se ha generado una base multitemporal estacional de dreas quemadas (2000-
2016) en el mayor enclave de sabana tropical del sur de la Amazonia (enclave de
los Campos Amazdnicos), cartografiando mds de un millén de hectéreas quemadas
(précticamente 2.5 veces el territorio total del drea estudiada), lo que pone en

evidencia la importancia del fuego en la dindmica de estos paisajes.

En relacién con los patrones espacio-temporales se constata la fuerte
influencia de la estacionalidad en la distribucién intra-anual de las dreas quemadas,
muy concentradas durante el perfodo de sequia y, particularmente, durante sus
meses centrales y finales, cuando la acumulacién de material combustible seco es
mayor. En lo que se refiere a la dindmica interanual, se comprueba que la actividad
de fuego en determinados afos actta directamente en el control e incluso en la

delimitacién espacial de los incendios del afio siguiente.

Se ha identificado que, proporcionalmente, los incendios durante el periodo
més extremo de sequia afectan mds a las superficies de mayor densidad de
vegetacion lefiosa, ocurriendo lo contrario al principio o fuera del periodo de
sequia. Previo al desarrollo de esta tesis, este aspecto habia sido descrito de manera
experimental mediante quemas controladas. En este sentido, la teledetecciéon no
sustituye la necesidad de obtener datos in situ, pero demuestra la utilidad del uso
de productos derivados de sensores remotos y su gran potencial en el marco de la

comprensién de las relaciones entre incendios y la vegetacién en estas dreas.

La base multitemporal generada también ha sido utilizada como referencia
para evaluar las Gltimas generaciones de los productos de drea quemada de
MODIS en la deteccién estacional de superficie quemada en ecosistemas de
sabana tropical. Se han identificado las nuevas prestaciones del ¢ltimo producto
(MCD64A1 v006), asociadas principalmente a la disminucién significativa de los
errores de omisién, al tiempo que se mantienen los bajos niveles de comision ya

logrados con las versiones anteriores.
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Sin embargo, la deteccién de las dreas quemadas al principio o fuera
del periodo de sequia sigue siendo el mayor desafio de estos productos, a
pesar de que la superficie quemada en estos periodos no es espacialmente
significativa. En términos generales, el producto MCD64A1 vO0é mejora la
cartografia de dreas quemadas en ambientes de sabana tropical, lo que sin
duda representa un avance en el andlisis global de la incidencia del fuego

en estos paisajes.

La fusién de imdgenes Landsat y MODIS a través del método Flexible
Spatiotemporal Data Fusion se confirma como una buena alternativa para
rellenar lagunas en series multitemporales de media/alta resolucién espacial en
ambientes de sabana tropical afectados por el fuego. Su aplicacién ha hecho
posible combinar la mejor resolucién espacial de Landsat con el ciclo de revisita
mds exhaustivo de la serie MODIS, permitiendo la generacién de series
multitemporales mds completas que han facilitado el seguimiento detallado de
los efectos del fuego sobre dreas de sabana amazénica.

La combinacién de la serie multitemporal Landsat disponible y del uso del
fusionado Landsat-MODIS ha permitido generar con éxito una serie de
media/alta resolucién espacial con ocho composiciones anuales, para el periodo
de 2009-2016, en dreas del enclave de los Campos Amazénicos. El andlisis de
las trayectorias utilizando indices espectrales, muestra descensos abruptos de sus
valores en respuesta a la accién del fuego. Estos efectos son perceptibles en las
trayectorias durante los dos afios siguientes al fuego; a partir del tercer afo, los
valores de los indices se asemejan a las condiciones pre-fuego. Estos resultados
han sido verificados con datos de campo, a partir de los cuales también se ha
podido cuantificar una mayor acumulacién de biomasa seca en aquellas parcelas

en las que ha transcurrido mds tiempo sin ser afectadas por el fuego.

En definitiva, en el contexto de las series multitemporales de productos de
teledeteccion de media/alta  resolucién  espacial, se han aplicado
metodologias y generado informacién que han permitido avanzar en el
seguimiento de la incidencia del fuego en ambientes de sabana tropical de la
Amazonia Meridional. Los resultados refuerzan, espacial y estadisticamente,
importantes argumentos respecto a la estacionalidad de los incendios en estos
paisajes, asi como permiten progresar en la comprensién del proceso de

regeneracion vegetal post-fuego en estas dreas.
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7.2. Perspectivas y futuras lineas de trabajo

A pesar de los avances en cuestiones referentes a la incidencia del fuego en
ambientes de sabana tropical de la Amazonia Meridional brasilefia, esta tesis ha
abierto nuevos interrogantes. 2Cémo afecta la estacionalidad y la recurrencia en
el proceso de regeneracion vegetal post-fuego? ¢Qué papel juega la severidad
de fuego en los efectos a corto y medio plazo sobre la vegetacién y el suelo?
¢Cudles son las diferencias entre los indices de mortalidad de individuos de porte
arbéreo en funcién de la estacionalidad del fuego? ¢Qué especies herbéceas son
perjudicadas/beneficiadas por la accién frecuente e intensa del fuego? Afecta el
fuego a los procesos de escorrentia superficial y condiciones edéficas post-

incendio y, en consecuencia, al proceso de regeneracién vegetal?

Para contribuir a éstas y otras preguntas, nuevas perspectivas emergen a raiz
de la disponibilidad de series multitemporales y multiespectrales de productos de
teledeteccion cada vez mds extendidas y de mayor calidad. Una de las series con
mayor potencial es la familia de satélites Sentinel, vinculada a la Agencia Espacial
Europea (ESA), que disminuye significativamente el ciclo de revisito para la
obtencién de imagenes de media/alta resolucién espacial. El uso combinado de
las series Landsat y Sentinel, se erige como una alternativa para ampliar la
capacidad de andlisis de los efectos del fuego sobre estos ambientes. Otro avance
destacable se vincula con la serie de satélites derivados del convenio China-Brasil
Earth Resources Satellites (CBERS), actualmente en operacién con el CBERS-4, y
con previsién de lanzamiento del satélite CBERS-04A durante el afio 2019.
Ademds de los sensores abordo de satélites, cabe destacar la creciente oferta de
sensores multiespectrales para vehiculos aéreos no tripulados (VANT), que
constituyen una alternativa para analizar dreas que sufren periodos de fuertes
perturbaciones atmosféricas, como los observados en la Amazonia y en gran parte
de las sabanas brasilefias.

A partir del afio 2019, se prevé la realizacion de quemas experimentales en
parcelas de una hectdrea en dreas del enclave de sabana de los Campos
Amazbnicos, que contard con un seguimiento mds exhaustivo de variables
obtenidas /n situ. La distribucion espacial de las parcelas estd disefada para que
exista un total acuerdo con la estructura de pixeles de los satélites Sentinel y
Landsat, lo que permitird explorar las relaciones entre los datos obtenidos en
campo y los derivados de teledeteccion. Los tratamientos aplicados a cada

parcela incluirdn distintas frecuencias y periodos de quema, permitiendo obtener
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informaciones precisas sobre los efectos del fuego en las distintas formaciones
vegetales alli existentes, dando continuidad a los avances obtenidos en el

desarrollo de esta tesis doctoral.
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Conclusions and future work

7.1. Main conclusions

The contributions and findings from this thesis derive from an exploration of
the use of multitemporal series of remote sensing products, especially Landsat and
MODIS, to analyze the incidence of fire in tropical savanna environments of the
Brazilian Southern Amazon. More specifically, procedures were performed to
quantify and map spatio-temporal patterns linked to burned areas in this type of

environment, as well as to describe aspects related to vegetation responses to fire.

An annual/seasonal multitemporal burned areas database (2000-2016)
has been generated for the Campos Amazénicos Savanna Enclave, the
largest of its type in southern Amazonia, where more than one million burned
hectares (almost 2.5 times the total area of the studied case) have been
mapped, which highlights the relevance of understanding the influence of fire

on the dynamics of these landscapes.

In terms of spatio-temporal patterns, the strong influence of seasonality
on the annual subtotals of burned areas is confirmed, mostly concentrated in
the dry season, particularly from the middle to final months when a greater
accumulation of dry fuel loads was observed. With regard to the inter-annual
dynamics, it was found that areas burned in the previous year often control

or even delimit burning in the next year.

It was established that, proportionally, surfaces with a higher density of tree
cover during the middle dry season were more significantly fire-affected, compared
to the early and out-of-dry season periods. Previously, this type of interpretation
had been described only through extensive use of field work in systematic
controlled fire experiments. This obviously does not mean that remote sensing
analysis replaces the need for systematic on-site data collection, but demonstrates
that remote sensing products are very useful and should be explored in detail to
understand the relationships between fire and vegetation in these areas.

The multitemporal fire database generated has also been used as a reference
to evaluate the accuracy of the latest generations of MODIS burned area products
in the annual/seasonal detection of fires over tropical savanna environments. The
results validate the higher performance of the MCD64A1 vO06 in comparison with
its previous versions, presenting a clear improvement in terms of a reduction in
omission errors, and maintaining the low levels of commission errors already

achieved by previous BA products.
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However, detection of early dry season or out-of-dry season burned
areas remains the greatest challenge for the evolution of such products, even
though these fires do not generally represent very significant annual subtotals.
Nevertheless, the advances obtained with the MCD64A1 vO06 confirm it as
a highly useful tool in mapping the burned area of tropical savanna

environments.

The use of Landsat-MODIS image fusion through the Flexible
Spatiotemporal Data Fusion method has been confirmed as a good
alternative to overcome problems of scant information on medium/high
spatial resolution multi-temporal series in tropical savanna environments
affected by fire. It enabled the best spatial resolution of Landsat to be
combined with the daily revisit cycle of the MODIS series, allowing the
generation of multi-temporal series of spectral indices that have facilitated

detailed monitoring of burned areas of the Amazonian savanna.

The combination of the available Landsat multi-temporal series with
fusion-derived images has been used successfully to generate a spectral
indices series of medium/high spatial resolution with eight annual
compositions for the period 2009-2016, in selected areas of the Campos
Amazénicos Savanna Enclave. The analysis of spectral indices trajectories
showed that their values fell abruptly in response to immediate fire-effects.
These repercussions remained apparent in the trajectories of the two years
following the burning, only becoming similar to phenological variations
observed in pre-fire conditions after three years. These findings have been
complemented with information obtained through field work, where a greater
accumulation of dry fuel loads was quantified in the plots with longer periods

without fire, in comparison with the records for recently fire-affected areas.

In summary, a set of methodological procedures has been presented,
including the use of multi-temporal remote sensing series in the generation
and analysis of medium/high spatial resolution information, providing
insights into monitoring fire incidence in tropical savanna environments, and
especially Amazonian savannas. The results reinforce, both spatially and
statistically, important arguments regarding the seasonality of fires in these
areas, as well as allowing progress in understanding the post-fire recovery
process.
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7.2. Perspectives and future lines of research

Although a number of issues concerning the incidence of fire in the areas
studied could be put forward, completion of this thesis has given rise to new
questions, which are still unanswered. How does seasonality and recurrence
affect the post-fire regeneration process? What role does the severity of fire
play in its immediate and extended effects on vegetation and soils?¢ What are
the differences between tree mortality rates when comparing fires in different
burning periods? Which herbaceous species are harmed/benefited by
frequent and intense fire activity? Does the fire affect the processes of surface
runoff and post-fire edaphic conditions and, consequently, the process of

vegetation regeneration?

To contribute to the answer to these and other questions, new
perspectives have emerged with the availability of multi-temporal and multi-
spectral series of increasingly better quality remote sensing products. One of
the series with the greatest potential is the Sentinel family of satellites, linked
to the European Space Agency (ESA), since it significantly reduces the revisit
cycle for obtaining medium/high spatial resolution images. The combined
use of the Landsat and Sentinel series are integrated to constitute an
important alternative in expanding the capacity to analyze the effects of fire
on these environments. Another notable advance is verified by the series of
satellites derived from the China-Brazil Earth Resources Satellites (CBERS)
agreement, currently in operation with the CBERS-4 satellite, and with the
launch of the CBERS-04A satellite planned for the year 2019. In addition to
the on-board sensors in satellites, it is worth mentioning the growing
availability of multispectral sensors for unmanned aerial vehicles (UAV), which
provide a special alternative for analyzing areas suffering from periods of
severe atmospheric disturbances, such as those observed in the Amazon and
a large part of the Brazilian savannas.

As of the year 2019, experimental fires are planned in one hectare plots
in areas of the savanna enclave of the Campos Amazénicos National Park,
where variables obtained /n situ will be monitored more exhaustively. Spatial
distribution of the plots is being designed to be in total agreement with the
pixel structure of the Sentinel and Landsat satellites, which will allow
relationships to be explored between the data obtained in the field and that

derived from remote sensing. The treatments applied in each plot will include
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various fire frequencies and seasonal events, thus enabling precise
information to be obtained on the fire-effects on different plant formations
found there, giving continuity to the progress achieved in the development of

this doctoral thesis.
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Apéndices

Apéndice A

A continuacién (Tabla A), se especifican las referencias de los articulos que
forman parte de la tesis, asi como el factor de impacto (IF) del Journal Citation
Reports (JCR) de cada revista, sus dreas temdticas y la justificaciéon de la

contribucién del doctorando al tratarse de trabajos realizados en coautoria.

Tabla A. Caracteristicas de las publicaciones y especificacién de la contribucién del doctorando.

PUBLICACION | - Science of the Total Environment (Elsevier Science BV - Amsterdam, Paises bajos)

Referencia:

Alves, D.B., Pérez-Cabello, F., 2017. Multiple remote sensing data sources to assess spatio-temporal patterns
of fire incidence over Campos Amazénicos Savanna Vegetation Enclave (Brazilian Amazon). Science of the
Total Environment 601-602, 142-158. doi:10.1016/j.scitotenv.2017.05.194.

Contribucién de cada autor:

Daniel Borini Alves ha sido el principal responsable de todas las etapas de la investigacién y de la redaccién
final del manuscrito. Fernando Pérez-Cabello ha contribuido con el desarrollo metodolégico, el andlisis de los
resultados y la revisién de los contenidos.

ISSN IF (5 aros)  IF(2017)  Categoria JCR Cuartil  Qualis’
0048-9697 4.984 4.610 Environmental Sciences Ql Al

PUBLICACION Il - Journal of Applied Remote Sensing (SPIE - Bellingham, Estados Unidos)

Referencia:

Alves, D.B., Pérez-Cabello, F., Rodrigues Mimbrero, M., Febrer-Martinez, M., 2018. Accuracy assessment of
the latest generations of MODIS burned area products for mapping fire scars on a regional scale over Campos
Amazénicos Savanna Enclave (Brazilian Amazon). Journal of Applied Remote Sensing 12, 1-21.
doi:10.1117/1.JRS.12.026026.

Contribucién de cada autor:

Daniel Borini Alves ha sido el principal responsable de todas las etapas de la investigacién y de la redaccién
final del manuscrito. Fernando Pérez-Cabello y Marcos Rodrigues Mimbrero han contribuido con el desarrollo
metodolégico, el andlisis de los resultados y la revision de los contenidos. Miquel Febrer-Martinez ha
colaborado en el procesamiento de los datos.

ISSN IF (5 arios)  IF (2017)  Categoria JCR Cuartil  Qualis
Environmental Sciences Q4

1931-3195 0.830 0.976 Imaging Science & Photographic Technology Q4 A2
Remote sensing Q4

PUBLICACION Ill - /nternational Journal of Remote Sensing (Taylor & Francis Ltd. - Abingdon, Inglaterra)

Referencia:

Alves, D.B., Montorio Lloveria, R., Pérez-Cabello, F., Vlassova, L., 2018. Fusing Landsat and MODIS data to
retrieve multispectral information from fire-affected areas over tropical savannah environments in the Brazilian
Amazon. Infernational Journal of Remote Sensing 39, 1-23. doi:10.1080/01431161.2018.1479790.
Contribucién de cada autor:

Daniel Borini Alves ha sido el principal responsable de todas las etapas de la investigacién y de la redaccién
final del manuscrito. Raquel Montorio Lloveria y Fernando Pérez-Cabello han contribuido con el desarrollo
metodolégico, el andlisis de los resultados y la revisién de los contenidos. Lidia Vlassova ha colaborado en el
procesamiento de los datos.

ISSN IF (5 arios)  IF(2017)  Categoria JCR Cuartil  Qualis
0143-1161 2003 1782 Imaging Scie.nce & Photographic Technology Q2 Al
Remote sensing Q3

" Quais es el sistema brasilefio oficial de clasificacién de la produccién cientifica (CAPES — Ministerio de la Educacién). Dividido
en 8 niveles de produccién: Al; A2; B1; B2; B3; B4; B5; y C (de la categoria mds elevada a la mds baja). La clasificacién
indicada se refiere a la generada por la comisién cientifica del drea de Geografia para el trienio 2013-2016.
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PUBLICACION WV - Revista Geografia Fnsino & Pesquisa (PPGGEQ/UFSM - Santa Maria, Brasil)

Alves, D.B., Pérez-Cabello, F., Cambraia, B.C., Bonadeu, F., Silveira, A.L.P., 2018. Andlise multitemporal de
dreas afetadas pelo fogo no enclave de cerrado do Parque Nacional dos Campos Amazénicos utilizando
sensoriamento remoto e trabalho de campo. Revista Geografia Ensino & Pesquisa 22, €18, 1-24.
doi:10.5902/2236499433584. Disponible en: https://periodicos.ufsm.br/geografia/article/view/33584.

Contribucién de cada autor:

Daniel Borini Alves ha sido el principal responsable de todas las etapas de la investigacion y de la redaccion
final del manuscrito. Fernando Pérez-Cabello ha contribuido con el desarrollo metodolégico, el andlisis de los
resultados y la revisiéon de los contenidos. Bruno Contursi Cambraia ha participado activamente en el trabajo
de campo y ha colaborado en la revisién del texto final. Francismeire Bonadeu y Anténio Laffayete Pires da
Silveira han sido responsables del andlisis de los datos de flora.

ISSN IF (5 afios)  IF (2017)  Categoria JCR Cuartil  Qualis
2236-4994 - - - - B2
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