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SUMMARY

Soil water repellency is a property of soils that has been deeply studied during the
last two decades. Soil water repellency occurs as a consequence of hydrophobic
organic substances in soils. These substances are released by plants, soil microbes
and fungi, and, frequently, are the result of in situ transformations. It has been
found that wildfires are a major cause of soil water repellency. Depending on fire
severity, burning can induce water repellency in previously wettable soils, increase
its intensity in previously water repellent soils or destroy it. Also, in some times, not
appreciable effects are found, especially after low-severity fire.

The main effect of soil water repellency is a reduction of infiltration rates and the
accumulation of ponded water on the soil surface. This has important hydrological
and geomorphological consequences, as increased runoff rates and erosion risk,
the development of preferential flow paths, nutrient leaching, impacts on soil
aggregation and others that are discussed in the following sections.

Currently, we have a deep knowledge about these effects. A brief review of the
current knowledge is carried out in chapter 1. OK, but... are there research gaps?
There are some areas that need light to be shed on.

Most studies only consider short-term fire impacts, but very few research has been
carried out about medium- or long-term impacts and evolution of fire-induces soil
water repellency. In chapter 3, the post-fire evolution of fire-induced water
repellency and some associated properties in calcareous Mediterranean soils is
discussed during a 6-years period. Water repellency and aggregate stability are two
soil properties generally modified after burning which show several hydrological
and soil functioning consequences and that may be used as indices for assessing
burn severity. Both properties are strongly related and have major impacts on soil
functioning and post-fire hydrologic and geomorphological processes. In many
cases, the impact of fire on these properties has been analyzed in the short term.
However, it is also necessary to investigate the magnitude of these changes and
their implications for longer periods under specific conditions. In this work, we have
investigated [1] the fire-induced changes on soil water repellency and aggregate
stability in the medium term (6-years period after burning) and its distribution
within aggregate size fractions (1-2, 0.5-1 and 0.25-0.5 mm), [2] the relations
between post-fire aggregate stability and water repellency, and [3] the interactions
between aggregate stability, water repellency and different factors (site, time since
burning, lithology and vegetation type) in Mediterranean calcareous soils. Five
areas burned during summer 2006 in southern Spain were selected for this study.
The study sites were characterized by wettable or slightly water-repellent
calcareous soils with loam to clayey texture under herbaceous vegetation and
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shrubs. Soils were characterized chemically and physically, while the water
repellency and aggregate stability of the fine earth and aggregate sieve fractions
were determined annually between 2006 and 2011. Results show that soil water
repellency was induced in previously wettable or enhanced in slightly or
moderately water-repellent calcareous soils after moderate severity burning.
Severity of water repellency from finer aggregates (0.5-1 and 0.25-0.5 mm) varied
or remained stable but did not contribute to general soil water repellency assessed
in the fine earth fraction. aggregate stability was slightly increased in some cases,
and both properties returned progressively to pre-fire conditions during the study
period. Soil resilience to low-moderate severity burning in the study area was very
high.

The relation between soil water repellency and surface elements (as ash of rock
fragments) has been rarely considered in scientific literature. In the case of rock
fragments, only some papers have been published, but not considering the impact
of stones on the development of water repellency during fire. These aspects are
discussed in chapters 4 and 5. In chapter 4, the occurrence and spatial distribution
of soil water repellency and its consequences on soil structure after experimental
burning in a previously wettable soil under different stone covers (0, 15, 30, 45 and
60%) is carried out. In our experiment, burning induced critical or subcritical soil
water repellency in the upper millimetres of previously wettable soil. Fire-induced
soil water repellency did not vary with stone cover, but critical soil water repellency
was reached in inter-stone soil areas. At stone-covered soil areas, soil water
repellency was increased, but WDPTs remained mostly below the 5 s threshold.

In chapter 5, the study of the impacts of fire severity and rock fragments is carried
out. In this research, we have studied the effect of rock fragments on the strength
and spatial distribution of fire-induced soil water repellency at different fire
severities. A fire-affected area was selected for this experiment and classified into
different zones according to fire severity (unburned, low, moderate and high) and
rock fragment cover (low, <20%, and high, >60%). During 7 days after fire, soil water
repellency and infiltration rates were assessed in the soil surface covered by
individual rock fragments and in the midpoint between two adjacent rock
fragments (with maximum spacing of 20 cm). Soil water repellency increased with
fire severity. Rock fragments resting on the soil surface increased the heterogeneity
of the spatial distribution of fire-induced soil water repellency. Soil water repellency
increased significantly with rock fragment cover in bare areas under moderate and
high fire severity, but quantitatively important changes were only observed under
high fire severity. In areas with a low rock fragment cover, water repellency from
soil surfaces covered by rock fragments increased relative to bare soil surfaces, with



SUMMARY

increasing soil water repellency. In areas with a high rock fragment cover, soil water
repellency increased significantly from non-covered to covered soil surfaces only
after low-severity burning. Rock fragment cover did not affect infiltration rates,
although it decreased significantly in soil surfaces after high-severity burning in
areas under low and high rock fragment cover.

Only very recently, the study of the impacts associated to ash have been studied in
depth. An ash layer may act ephemerally as a physical protection for rainfall-
induced soil erosion processes. Its influence on runoff and infiltration dynamics
have been largely discussed. But little or very scarce information is available about
its effects on raindrop splash erosion risk. The effect of wettable and water
repellent ash layers after an experimental fire on splash erosion are discussed in
chapter 6.
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RESUMEN

La repelencia al agua del suelo es una propiedad que se ha estudiado
profundamente durante las ultimas dos décadas. La repelencia al agua del suelo se
produce como consecuencia de las sustancias organicas hidréfébicas en los suelos.
Estas sustancias son liberados por las plantas, la fauna microbiana y los hongos del
suelo, y, con frecuencia, son el resultado de transformaciones in situ. Se ha
observado que los incendios forestales son una causa importante de repelencia al
agua del suelo. Dependiendo de la severidad del fuego, la combustion puede
inducir repelencia al agua en los suelos previamente humectables, aumentar su
intensidad en los suelos previamente repelentes al agua o destruirla. También, en
ciertos casos, no se encuentran efectos apreciables, especialmente después de un
fuego de baja severidad.

El principal efecto de la repelencia al agua del suelo es una reduccién de las tasas
de infiltracion y la acumulacidon de agua en la superficie del suelo. Esto tiene
importantes consecuencias hidrologicas y geomorfoldgicas, como el aumento de
las tasas de escorrentia y el riesgo de erosién, el desarrollo de vias de flujo
preferencial, el lavado acelerado de nutrientes, asi como impactos sobre la
agregacion del suelo y otras propiedades que se discuten en las siguientes
secciones.

En la actualidad, tenemos un conocimiento profundo acerca de estos efectos. Una
breve revision de los conocimientos actuales se lleva a cabo en el capitulo 1. Bien,
pero... équé lagunas hay en la investigacion? Hay algunas dreas que presentan aun
interrogantes.

La mayoria de los estudios sélo consideran los impactos del fuego a corto plazo,
pero muy pocas investigaciones se han llevado a cabo sobre los impactos y
evolucidn de la repelencia al agua inducida por el fuego a medio o largo plazo. En
el capitulo 3, se discute la evolucién de la repelencia al agua inducida por el fuego
y algunas propiedades asociadas en suelos mediterraneos calcareos durante un
periodo de 6 afios. La repelencia al agua y la estabilidad de los agregados son dos
propiedades del suelo generalmente modificadas después del fuego, que muestran
varias consecuencias sobre los procesos hidrolégicos y geomorfoldgicos y que, por
tanto, pueden ser utilizadas como indices para evaluar la severidad del incendio.
Ambas propiedades estan fuertemente relacionadas entre si y tienen un gran
impacto. En muchos casos, el impacto del fuego en estas propiedades ha sido
analizado a corto plazo. Sin embargo, también es necesario investigar la magnitud
de estos cambios y sus implicaciones para periodos mas largos en condiciones
especificas. En este trabajo se han investigado [1] los cambios inducidos por el
fuego enla repelencia al agua del suelo y la estabilidad de los agregados en el medio
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plazo (periodo de 6 afios después de la quema) y su distribucién dentro de
fracciones de tamafio de agregado (1-2, 0.5-1 y 0,25-0,5 mm), [2] las relaciones
entre la estabilidad de agregados y la repelencia al agua en el postincendio, y [3]
las interacciones entre la estabilidad de agregados, repelencia al agua y diferentes
factores (lugar, tiempo transcurrido, litologia y tipo de vegetacion) en suelos
calcareos mediterraneos. Para ello, se seleccionaron cinco dreas quemadas durante
el verano de 2006 en el sur de Espana. Los sitios de estudio se caracterizan por la
presencia de suelos calcareos, humectables o ligeramente hidrofébicos, con textura
franca a francoarcillosa y con vegetacidn predominantemente herbacea vy
arbustiva. Los suelos se caracterizaron quimica y fisicamente, mientras que la
repelencia al agua y estabilidad de los agregados de la fraccion de tierra fina y
diferentes fracciones de tamafio agregados se determinaron anualmente entre
2006 y 2011. Los resultados muestran que fuego de severidad moderada indujo o
intensifico ligeramente la repelencia al agua del suelo. La severidad de la repelencia
al agua en agregados finos (0.5-1 y 0.25-0.5 mm) se mantuvo estable en el
postincendio, pero en general no contribuyd a la repelencia al agua del suelo
determinada en la fraccién de tierra fina. La estabilidad de los agregados se
incrementd ligeramente en algunos casos, y ambas propiedades regresaron
progresivamente a las condiciones pre-fuego durante el periodo de estudio. La
capacidad de recuperacién del suelo tras fuegos de severidad baja o moderada en
el drea de estudio fue muy alta.

La relaciéon entre la repelencia al agua del suelo y de los elementos de superficie
(como cenizas de fragmentos de roca) ha sido raramente considerada en la
literatura cientifica. En el caso de las piedras, sélo se han publicado algunos
trabajos, pero no han tenido en cuenta el impacto de las piedras en el desarrollo de
la repelencia al agua durante un incendio. Estos aspectos se discuten en los
capitulos 4y 5 En el capitulo 4 se estudia la aparicion y la distribucion espacial de la
repelencia al agua del suelo y sus consecuencias sobre la estructura del suelo
después de un incendio experimental en un suelo previamente humectable bajo
diferentes coberturas de piedra (0, 15, 30, 45 y 60%). El fuego indujo repelencia
critica o subcritica al agua en los primeros milimetros de profundidad. La repelencia
al agua no varié con la cobertura de piedras, pero si se observé la aparicién de
repelencia subcritica en la superficie de suelo no cubierta por piedras.

En el capitulo 5 se lleva a cabo el estudio de los impactos de la severidad del fuego
y las piedras tras un incendio forestal, asi como el efecto de la severidad del fuego.
Para ello se establecieron diferentes zonas experimentales en funcién de la
severidad del fuego (no quemado, baja, moderada y alta severidad) y la cobertura
de piedras (baja, <20%, y la alta,> 60%). Durante 7 dias después del incendio se
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evaluaron la repelencia al agua del suelo y las tasas de infiltracién en dreas cubiertas
por piedras y en el punto medio entre dos piedras adyacentes con separacion
maxima de 20 cm. Se observé que la repelencia al agua del suelo aumenta con la
severidad del fuego. Los fragmentos de roca que descansan sobre la superficie del
suelo contribuyeron a aumentar la heterogeneidad de la distribucidn espacial de la
repelencia al agua inducida por el fuego. Se observé también que la repelencia al
agua del suelo aumenté de forma significativa con la cobertura de piedras en areas
desnudas (entre piedras adyacentes) bajo fuego de severidad moderada vy alta,
aunque cambios cuantitativamente importantes Unicamente se observaron tras
fuego de alta severidad. En las zonas cubiertas por piedras, la repelencia al agua
aumentd en funcidn de la cobertura. En las zonas bajo alta cobertura de piedras, la
repelencia al agua del suelo aumenté considerablemente en las zonas cubiertas
respecto a las no cubiertas por piedras sélo bajo fuego de baja severidad. La
cobertura de piedras no afectd las tasas de infiltracion, a pesar de que disminuyé
significativamente en la superficie del suelo después de fuego de alta severidad en
las dreas bajo cobertura baja o alta de piedras.

Sélo muy recientemente se han realizado estudios en profundidad sobre el impacto
asociado a la presencia de ceniza. Una capa de ceniza puede actuar como una
proteccion fisica efimera frente a procesos de erosion hidrica. Su influencia sobre
la dindmica de la escorrentia e infiltracién se ha discutido ampliamente, pero existe
poca o muy escasa informacién disponible sobre sus efectos sobre la erosién por
salpicadura. En el capitulo 6 se discute el efecto de la presencia de ceniza
humectable o repelente al agua después de un incendio experimental sobre la
intensidad de la erosidn por salpicadura.
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Los incendios forestales producen algunos de los impactos mas profundos en los
ecosistemas (Pausas et al., 2008), afectando la vegetacidn, los suelos, la fauna y los
recursos de las cuencas hidrograficas. En la zona Mediterranea, el fuego es un
factor que influye en la formacién y dinamismo de los paisajes, los ecosistemas y la
vegetacion de los mismos (Saura-Mas y Lloret 2010; De la Rosa et al., 2008),
produciendo problemas socio-econémicos en todo el mundo (Barreiro et al., 2010).
El fuego esta considerado como uno de los mayores factores de transformacién
medioambiental de los ecosistemas (FAO, 2007). Por esta razdn, se debe ser
consciente de que su aparicion no supone una catastrofe, sino que constituye un
factor mas que contribuye a modelar el paisaje y la vegetacion a lo largo de los afios
(Pausas et al., 2008).

Otro tipo de efectos menos visibles, son los causados sobre las propiedades del
suelo (Fox et al., 2007). En la zona mediterranea, donde se producen mas de un
90% del total de los incendios forestales de la Unién Europea (De la Rosa et al.,
2008), los grandes incendios suelen suceder en verano, estacidn seca y calida,
siendo los meses de julio y agosto en los que mayor nimero de hectdreas se ven
afectadas por el fuego (la Figura 1 muestra esta tendencia en el caso de Espafia).
Con la llegada de las lluvias tras el periodo estival, a menudo torrenciales, se
incrementa el riesgo de erosidn del suelo.
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Figura 1: Numero de hectareas afectadas por incendios entre los afos 2001 y
2011. Fuente: Ministerio de Agricultura, Alimentacion y Medio Ambiente.
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La intensa actividad humana desde el Neolitico y especialmente tras la Edad de
Bronce, cuando el hombre se convierte en agricultor y comienza a utilizar el fuego
como herramienta para crear amplias zonas de cultivo, ha contribuido a cambios
notables en la cobertura vegetal, teniendo como resultado la deforestacién y la
erosion del suelo (De Celis et al., 2014; Garcia-Ruiz 2010; Pausas et al., 2008, 2009),
este tipo de utilizacion del fuego como herramienta se ha mantenido
historicamente, haciendo de los incendios, tanto naturales como provocados, una
situacidn recurrente, lo cual ha creado ecosistemas bien adaptados a los mismos,
desarrollandose procesos de adaptacion de resistencia o reproductivos de las
especies (Chuvieco et al., 2010; De Celis et al., 2014; Pausas y Verdu, 2005; Pausas
et al., 2008).

Los efectos de los incendios forestales en el suelo son muy numerosos y diversos
en funcion del tipo de suelo, y la estabilidad de las propiedades inherentes del
mismo, asi como del comportamiento del fuego y la temperatura alcanzada
durante el incendio (DeBano et al., 2005; Mataix-Solera y Guerrero, 2007). El grado
en el que el suelo es afectado por un incendio puede influir en varios aspectos,
tanto fisicos (textura, estructura, repelencia al agua, porosidad, capacidad de
retencion de agua o estabilidad de agregados), como quimicos (acidez,
conductividad eléctrica, capacidad de intercambio catidnico, carbono organico,
fosforo y nitréogeno) (De Celis et al., 2013; DeBano et al., 2005; Zavala et al., 2014)

En zonas donde se produce un aprovechamiento econdmico de la naturaleza, bien
sea zonas agricolas, zonas de industria basada en recursos forestales, e incluso
zonas de recreo, el fuego puede producir una serie de efectos socio-econdmicos
negativos. Este tipo de usos se intensifican en la segunda mitad del siglo XX (Andreu
et al., 2010), aumentando la degradacion potencial de suelo y vegetacion debido a
la explotacién de los recursos (Chuvieco et al., 2010). Esta intensificacién del
espacio forestal supone un abandono de los usos tradicionales, que permitian la
compartimentacion del paisaje mediterraneo, favoreciendo un bajo riesgo de
incendio y una mayor facilidad de extincidon en caso de producirse (Bodi et al.,
2012a). Los cambios de uso de los espacios forestales, influenciados también, por
las migraciones de las poblaciones de las zonas rurales a nucleos urbanos, son
factores clave en el cambio del régimen de incendios (Andreu et al., 2010; Margaris
et al., 1996). Ciertas labores culturales como el pastoreo o la retirada de lefia, que
contribuian a eliminar parte del combustible en las zonas prdoximas a las
poblaciones rurales, se han visto reducidas, y en muchos casos, desaparecidas.

Los efectos producidos por el fuego en las propiedades fisicas, quimicas vy

bioquimicas del suelo dependen del régimen de incendios, es decir, duracion,
recurrencia y magnitud de los mismos (Barreiro et al., 2010; De la Rosa et al., 2008).
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Tabla 1: Tabla de severidad seguin los cambios en la vegetacion y la severidad del
fuego. A partir de Keeley (2009).

Severidad del fuego Descripcion de efectos sobre la vegetacion

No guemado Vegetaciodn inalterada. No hay efectos por fuego.

Chamuscado Plantas no quemadas, pero con pérdida de hojas debido al calor por
radiacion.

Suave Copas de arboles sin alterar, pero tallos chamuscados. Hojarasca,

musgo Yy hierba carbonizados o consumidos. Horizontes organicos
de los suelos intactos o afectados levemente en los primeros
milimetros de profundidad.

Fuego de superficie Arboles con parte de las copas muertas pero no consumidas.

moderado o severo Matorral carbonizado o consumido. Ramas finas en superficie del
suelo muertas y troncos carbonizados. Horizontes organicos del
suelo consumidos en gran parte.

Combustién intensa o Copas de arboles muertas y hojas consumidas. Hojarasca y

fuego de copas horizontes orgénicos del suelo totalmente consumidos. Aparicidn de
capa de cenizas blancas y materia organica carbonizada a varios
centimetros de profundidad.

Esta magnitud varia segun la intensidad y la severidad del fuego. Estos conceptos
han sido debatidos por diversos autores (Keeley, 2009; Pausas, 2012), ya que,
aunque hasta hace unos afios se utilizaban indistintamente, su significado es
diferente, credndose un problema de terminologia (Hartford y Frandsen, 1992;
Keeley, 2009). Keeley (2009) describe la intensidad del fuego como la tasa de
liberacion de energia del mismo, es decir, la velocidad a la que se consume una
cantidad de combustible durante el proceso fisico de combustién. La severidad, en
cambio, estaria relacionada con el impacto causado por el fuego, y la respuesta del
ecosistema (Keeley, 2009). La Tabla 1, por ejemplo, muestra un resumen de los
tipos de severidad del fuego segun el impacto en la vegetacion.

Segun esto, un incendio de una cierta intensidad puede ser mas o menos severo en
funcién de las condiciones en las que se genere, como las condiciones
meteoroldgicas, tipo de combustible y humedad del mismo, relieve, caracteristicas
de la vegetacion o del suelo. Los incendios en las zonas mediterraneas suelen ser
de alta intensidad, dependiendo de la velocidad del viento, la temperatura, el
contenido de humedad del combustible y la topografia del terreno (De la Rosa et
al., 2008; Rincén, 2010), produciéndose principalmente en verano.
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Los efectos producidos por el fuego en el suelo provienen de la combustion de la
vegetacidn y la materia organica del suelo. Durante este proceso se liberan grandes
cantidades de energia en forma de calor. Este calor liberado se transmite al suelo
mediante tres procesos: radiacidon (transferencia de calor mediante ondas
electromagnéticas), conduccién (transferencia de calor entre objetos en contacto
sin movimiento masico), y conveccidn (el calor se transfiere por el movimiento y la
mezcla de un fluido con otro a diferentes temperaturas) (Chandler et al. 1991;
Countryman, 1976a, 1976b). Durante un incendio, la temperatura en la superficie
del suelo puede llegar a 900 °C, mientras que los cambios pueden ser inapreciables
a pocos milimetros de profundidad debido a la baja conductividad térmica del suelo
(Ubeda, 2009). La principal transferencia de calor al suelo durante un incendio se
produce por conveccidn y por procesos de evaporaciéon y condensacidon que se
producen en los centimetros superficiales del suelo.

-TIPO DE VEGETACION
-COBERTURA
-INFLAMAEBILIDAD

’%Q-;i" .#:L '_:‘_' = ._‘: -=.—::
OROGRAFIA DEL TERRENO
-PENDIENTE
-ELEVACION
-EXPOSICION

Figura 2: Comportamiento del fuego dependiendo de las caracteristicas de la zona
incendiada. Elaborada a partir de Moya et al., 2013.
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1.1 EFECTOS GENERALES DEL FUEGO EN LOS ECOSISTEMAS

El fuego produce efectos sobre diferentes parametros fisicos, quimicos,
mineraldgicos bioldgicos, (Certini, 2005, De la Rosa et al., 2008), hidrolégicos y en
la degradacidn de la cubierta vegetal (Fox et al., 2007; Pardini et al., 2004; Rubio et
al.,, 1997), produciéndose una modificacion en los ecosistemas pasando de un
estado estable y menos erosionable, a un estado inestable y erosionable (Cerda,
1998). Estando todos estos aspectos implicados el sistema suelo, y siendo algunos
de ellos provocados directamente por la temperatura alcanzada durante el
incendio. Temperatura que se transmite al suelo durante el incendio dependiendo,
principalmente del combustible y de la duracién del mismo (Moody et al., 2009).
Pero no solo depende de las caracteristicas del fuego, sino también de las
caracteristicas de la zona: morfoldgicas, topograficas, climatoldgicas,
edafoldgicas... (Andreu et al., 2010) (Figura 2).

1.1.1 EFECTOS SOBRE LA VEGETACION

Dentro de los efectos sobre las comunidades vegetales se pueden diferenciar entre
efectos de “primer orden” y de “segundo orden”. Los efectos de “primer orden”
son efectos inmediatos y directos. El mas evidente es la mortalidad de las plantas,
y pérdida de vegetacion (Badia y Marti, 2008), consumida por el fuego como
combustible. Esta destruccion de la materia vegetal serd de mayor o menor grado
dependiendo de la intensidad y severidad del incendio, del tipo de vegetacion que
haya en la zona y del contenido en agua de la misma. Al destruirse la cubierta
vegetal, se produce una destruccién de la cubierta protectora del suelo (Johansen
et al., 2001; Pierson et al., 2008a). El tipo de vegetacion es determinante, ya que
unas especies combustionan mds rapidamente que otras, que al tener mayor
proteccion térmica por su estructura, como corteza o escamas (Moya et al., 2013),
pudiendo clasificarse segun la Tabla 2.

La repercusion del incendio sobre la vegetacién, dependera de las caracteristicas
propias del incendio, y de las adaptaciones de la flora de la zona afectada,
incluyéndose la capacidad de resistencia, rebrote, potencial del banco de semillas,
etc... pudiendo considerarse el fuego como un factor evolutivo de las plantas. El
aumento de la temperatura durante el incendio, tanto en superficie, como en los
primeros centimetros de suelo, afecta potencialmente al banco de semillas por
combustidn total o parcial (Vega, 2008).
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Tabla 2: Clasificacidn de la vegetacion en funcidn de su afinidad al fuego. A partir
de Moya et al. (2013).

Pirovulnerables No adaptadas por no vivir en areas propensas a incendios.
Grandes dafios y baja capacidad de regeneracion.

Piroclasicas No adaptadas pero de baja inflamabilidad o alta humedad en
sus tejidos.

Pirorresistentes Proteccién de tejidos mediante corteza gruesa o alta
capacidad de rebrote de raices o rizomas enterrados.

Pirdfilas Alta resistencia y regenaracién tras incendio, viéndose
favorecidas para su regeneracién, aunque no sea necesario el
fuego.

Pirofitas Alta inflamabilidad que favorece el fuego, ya que es necesario

para su regeneracion.

No solo la materia vegetal “viva” es consumida por el fuego. La materia orgdnica
depositada como hojarasca en el suelo también se consume, por lo que se produce
una destruccion de esta y del humus superficial, y de los primeros cm de suelo
segun las temperaturas alcanzadas.

Los efectos de “segundo orden”, seran aquellos que dependan de los efectos
directos. Estos son multiples, ya que, como se ha comentado con anterioridad, son
muchos los cambios producidos, y estos afectan a la supervivencia de la vegetacion
ya que, al afectar la interfaz suelo-planta-atmosfera (Moya et al., 2013), y cambiar
las condiciones, habrd especies que no podran regenerarse en el nuevo medio.

El primer factor a tener en cuenta es el cambio de la inercia frente a los cambios
térmicos del suelo, ya que al quedar desnudo, no tiene proteccidn ante la radiacidn
directa, ni ante las bajas temperaturas de las zonas frias. La pérdida de agua del
suelo también contribuye a disminuir esta inercia.

La desaparicion de la vegetacion, en mayor o menor grado, provoca una alteracién
en el sistema que conlleva diversas consecuencias, como la variacion en la
capacidad de retencién y almacenamiento de agua, a disminuir la cantidad de
materia orgdnica y variar la porosidad.
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La vegetacion supone una gran proteccidon para el suelo contra la erosidn tanto
edlica como hidrica por escorrentia, especialmente en zonas de pendiente elevada.
Al desaparecer esta proteccién vegetal, se producen grandes pérdidas de suelo,
sobre todo cuando se dan lluvias postincendio, encontrandose el suelo
desprotegido y vulnerable.

En las zonas mediterraneas, el fuego ha sido considerado un factor mas en la
formacidn de los ecosistemas y biodiversidad, por lo que hay que tener en cuenta
el régimen de incendios y la tasa de renovacidn vegetal. Ante esto, esta el problema
de la variacidn del régimen de incendios por la antropizacion de la naturaleza,
variandose la capacidad de respuesta y recuperacién natural de los ecosistemas. El
aumento de la frecuencia de fuegos forestales en las ultimas décadas por todo el
mundo, y especialmente en dreas bajo clima Mediterraneo, ha sido y es una de las
claves de la degradaciéon medioambiental (Notario del Pino et al., 2008).

Esta recurrencia de incendio ha hecho que en todas las regiones mediterraneas
existan comunidades vegetales adaptadas al fuego (Kaye et al., 2010),
principalmente mediante dos mecanismos: plantas rebrotadoras y germinacion
inducida por fuego (Ojeda et al., 2010). Con érganos protegidos contra las altas
temperaturas, que minimizan las perdidas tras el fuego (Saura-Mas y Lloret, 2010).

La combinacion de zonas agricolas abandonadas y la frecuencia de fuegos, dan
como fruto grandes dreas dominadas por matorral denso, siendo un combustible
altamente peligroso (Valdecantos et al., 2009), pero que a su vez, muchas de las
especies vegetales mediterrdneas tienen mecanismos de adaptacidn al fuego, unas
mediante resistencias, por rebrotacion y otras por germinar tras los incendios.

1.1.2 EFECTOS SOBRE LOS MICROORGANISMOS

La importancia de los microorganismos en el sistema suelo, radica en que son los
encargados de que este sea un sistema vivo y dinamico, mediando entre el 80 o
90% de las reacciones y procesos del suelo. Siendo responsables de la fertilidad,
calidad y estabilidad (Oades, 1993) del suelo. De igual manera, son fundamentales
para la biodegradacion de compuestos quimicos, como la atracina, herbicida
agricola que se presenta con frecuencia en diferentes tipos de suelo (Porrua, 2009).

La bidtica de un suelo depende directamente de las caracteristicas del suelo, como:

humedad, temperatura, aireacion, pH, disponibilidad de nutrientes, etc...
(Barcenas-Moreno et al., 2011) viéndose afectada ante cualquier modificacién de
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las mismas. Tras un incendio, todas estas caracteristicas se ven afectadas, en mayor
o menor medida.

Los efectos producidos por los incendios sobre los microorganismos estdn ligados
a los cambios que se dan en el suelo y en sus propiedades, la actividad microbiana
se ve afectada por esta variacion de la temperatura, asi como por la desaparicion
de materia orgdnica, pudiendo distinguir tres fases con en la evolucion de la bidtica
del suelo postincendio.

Efecto inmediato: Justo tras el fuego, se produce una esterilizacién parcial del
mismo, especialmente en la parte superficial del suelo (0-2.5 cm de profundidad).
Esta se debe a las altas temperaturas alcanzadas durante el incendio, variando con
la intensidad del mismo. Disminuyendo la actividad microbiana pudiendo llegar,
incluso, a desaparecer, mediante una esterilizaciéon parcial del mismo (Acea y
Carballas, 1996; Barcenas-Moreno et al., 2011).

Efecto a corto plazo: Algunos microorganismos son mas resistentes a los cambios
de temperatura, o se encuentran en zonas, en los que los cambios han sido de
menos brusquedad, por lo que sobreviven al incendio. Estas colonias se encuentran
sin competencia, y con gran cantidad de nutrientes disponibles, por lo que
proliferan de forma rapida (Barcenas-Moreno y Baath, 2009; Barcenas-Moreno et
al., 2011) y ocupan nuevos nichos.

Efectos a medio y largo plazo: Tras este boom de crecimiento microbiano, la
cantidad de nutrientes y de C comienza a disminuir, por lo que la actividad biética
comienza a disminuir y a estabilizarse, fijandose la poblacién. El efecto a largo plazo
es limitado, ya que tras 1 o 2 afios puede llegar a desaparecer.

Cambios bruscos en la actividad de los microorganismos del suelo, tanto
cuantitativos, como cualitativos, pueden alterar el sistema suelo-planta y participar
en la degradacion del mismo (Barreiro et al., 2010).

Tras un incendio, los microorganismos del suelo juegan un papel muy importante,
ya que tienen la capacidad de mejorar las mermadas condiciones postincendio.

1.1.3 LACENIZA

El efecto mas inmediato y obvio que se produce tras un incendio es la aparicidon de
una capa de cenizas (Badia y Marti, 2008; Jiménez-Pinilla et al., 2012; Pereira et al.,
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Figura 3: Depdsito de cenizas tras incendio experimental en Almadén de la Plata
(Sevilla).

2014) proveniente de la combustidn de la materia orgdnica y la vegetacion. Tras el
incendio, la ceniza, formada por los residuos orgénicos e inorganicos provenientes
de los procesos de combustidon se depositan sobre el suelo (Moody et al., 2009;
Ubeda et al., 2009) (Figura 3).

Estos residuos estan formados, principalmente por hidréxidos y carbonatos, ricos
en elementos como calcio, magnesio, sodio, potasio, fosforo y silicio (Pereira el al
2009; Ubeda et al., 2009), suponiendo una potencial fuente de nutrientes (Ferreira
et al.,, 2008). La naturaleza y el tipo de cenizas dependen del combustible
disponible, es decir, la vegetacidon propia de la zona incendiada. Asi como de la
temperatura alcanzada durante el fuego y la duracién del mismo, variando su
composicion quimica y su aspecto fisico (Pereira et al., 2010), y sus propiedades
vendran determinadas por estos pardmetros (Zhou, 2003).

Las primeras cenizas en aparecer son de color rojizo, debido al contenido de oxidos
de hierro. Sobre los 300 °C aparece el carbdn negro, producido por la combustion
incompleta de la materia organica (Schmidt y Noack, 2000). Si la temperatura sigue
aumentando, la materia organica va combustionando y aclarandose el color de las
cenizas, pasando de negro a gris, y a blanco, debido al alto contenido de carbono
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Tabla 3: Formacion de distintos tipos de cenizas segtin la temperatura alcanzada.

Temperatura <300 300-500 2500

(°C)

Tipo de ceniza Ceniza rojiza Ceniza negra Carbono inorganico
(6xido de (carbon negro) y (blanca) Carbonato de
hierro) ceniza gris calcio

inorganico, especialmente carbonato célcico, desapareciendo el carbono organico
(Tabla 3). Este material carbonizado procedente de la biomasa vegeta, supone un
aporte sustancial para el suelo (Hernandez el al., 2013). Otros autores afirman, que
las cenizas oscuras aparecen entre 100 y 250 °C siendo necesarias temperaturas
superiores a los 5002C durante un largo periodo de tiempo para que aparezcan
cenizas rojizas (Ketterings et al., 2000).

El color, y por tanto, el tipo de cenizas, no solo dependen de la temperatura
alcanzada en el incendio (Ketterings et al., 2000). También depende del tipo de
combustible, asi para las mismas temperaturas, se obtendran distintos colores de
cenizas segun el combustible. En la Figura 4, se muestran los colores de cenizas
obtenido para diferentes temperaturas de combustién para hojas de Quercus
suber, Pinus pinea y Pinus pinaster (Pereira y Bodi, 2013).

La hidrofobicidad aumenta para mayores contenidos de carbono orgdnico, por lo
qgue puede ser afectada directamente por el tipo de cenizas. Cy N comienzan a
volatilizar a 200 °C, y desaparecen a partir de los 500 °C. A partir de los 800 °C
volatilizan Ca, Mg, Na, K y otros elementos. Esto indica que en incendios de alta
intensidad, las cenizas producidas serdn pobres en esos elementos (Neary et al.,
2005, Pereira et al., 2010).

La capa de cenizas que se deposita sobre el suelo tiene una importante labor, ya
gue proporciona una proteccidon post-fire ante la erosion del suelo (Bodi et al.,
2012b), que queda desprotegido tras desaparecer la capa vegetal. Esta capa suele
desaparecer en menos de un afio, considerandose las mismas muy moviles. Parte
por erosion, y parte se incorpora al suelo, produciendo un efecto fertilizante debido
al contenido de nutrientes como Ca, Mg, K, Si y P, y alguno micronutrientes como
Al, Mn, Fe o Zn, (Khanna et al., 1994) que estaran presentes o no, segun el tipo de
combustible y la temperatura alcanzada durante el incendio, teniendo en cuenta,
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Figura 4: Cambio de color de las cenizas seguin la temperatura de exposicion para
hojas de Quercus suber, Pinus pinea y Pinus pinaster (Pereira y Bodi, 2013).

Figura 5: Arrastre de cenizas por lluvias postincendio. Fotografias: J. Jacob Keizer

(Universidad de Aveiro, Portugal).
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gue para la volatilizacidn completa de estos elementos, a excepcion de Cy N, hacen
falta temperaturas muy elevadas (Pereira et al., 2010).

Otro efecto protector de la capa de cenizas es el retraso de la escorrentia, ya que
tienen gran capacidad de retencidn, debido a su elevada porosidad, exceptuando
los casos en los que las mismas sean hidrofobicas (Pereira y Bodi, 2013, Bodi et al.,
2012b), en cuyo caso, aumentara el riesgo de encharcamiento y de escorrentia. La
apariciéon de esta capa de cenizas proporciona al suelo una proteccion contra la
erosion, especialmente durante el periodo inmediatamente posterior al fuego
(Cerda y Doerr, 2008; Pereira et al., 2010; Zavala et al., 2009a), pero por otro lado,
en zonas con pendiente, pueden favorecer el arrastre de sedimentos en masa
(Cannon et al., 2001; Pereira et al., 2010) (Figura 5).

1.1.4 EFECTOS SOBRE LAS PROPIEDADES QUIMICAS DEL SUELO

Cuando las llamas consumen la cubierta vegetal y la hojarasca acumulada en el
suelo, se produce una liberacién de energia calorifica que altera las propiedades
guimicas del suelo (Neary et al., 1999; Notario del Pino, 2013) y una translocacion
de las sustancias organicas. Esto se debe a que parte de los componentes volatilizan
y se pierden a la atmosfera. Otra parte se incorpora al sistema suelo, en contra de
gradiente de temperatura (Doerr et al., 2000), a través de los poros y microporos.
Estos compuestos quimicos volatilizados productos de la combustidn, al penetrar
en el suelo, y descender la temperatura, condensan, dando, generalmente,
compuestos hidrofobicos, que pueden provocar un aumento de la WR del suelo
(Moody et al., 2009).

De forma paralela, la combustiéon de la materia organica libera gran cantidad de
cationes: Ca%*, Mg?*, K* y otros (Ubeda et al., 2009), lo que provoca un aumento de
la salinidad y del pH, ya que se acumulan en el mismo como éxidos y carbonatos
(Ulery et al., 1993).

Parte de los nutrientes de las cenizas pueden perderse del sistema por
volatilizaciéon, mineralizacién, escorrentia, o erosidon. Otra parte se pierde
vaporizados a la atmosfera (Ubeda, 2009), estas pérdidas dependen de la
temperatura que se alcance.

Otro efecto a nivel microscopico es el de la modificacion estructural de ciertos
minerales, especialmente las arcillas, aunque esta solo se da a temperaturas muy
elevadas, superiores a 5002C (Notario del Pino, 2013). Esto sumado a la destruccion
de la materia orgéanica hace que el suelo sufra una disminucion de su capacidad de
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retencién, ya que tanto las arcillas como la materia orgdnica son retenedores de
agua.

El fuego es considerado un componente del ciclo del carbono (Kaye et al., 2010), ya
gue produce la movilizacién del mismo. Considerandose el carbono del suelo, como
clave dentro del ciclo bioquimico global, ya que moviliza una parte significativa del
carbono total y supone el mayor sumidero del mismo (Almendros y Gonzalez-Vila
2012; Hernandez et al., 2013; Mufioz-Rojas et al., 2012, 2013). El mismo proceso se
produce con el N total del suelo, que puede verse incrementado por la
incorporacién de materia tras el incendio, o verse disminuido por volatilizacion
(Hernandez el al., 2013; Lezberg et al., 2008).

Podria considerarse un factor quimico indirecto, la diferencia entre las especies
vegetales segln su inflamabilidad, ya que esta varia segun la composicién quimica
de las mismas, asi como de su estructura arquitectdnica y su contenido en humedad
(Ubeda et al., 2009).

1.1.4.1 EFECTOS SOBRE LA MATERIA ORGANICA

En los apartados anteriores se han mencionado los efectos producidos por el fuego
sobre la materia orgdnica efectos que se deben a la destruccion y alteracion (De la
Rosa et al., 2013; Gonzalez-Pérez et al., 2004; Santin et al., 2008) de la misma, ya
gue esta se concentra, normalmente, en los primeros centimetros de suelo, que
son los mas afectados por el fuego. Estos cambios pueden llegar a afectar su
productividad, ya que la materia organica afecta tanto las propiedades fisico-
guimicas y estructurales del suelo, como su contenido en nutrientes (De la Rosa et
al., 2008).

Desde el punto de vista quimico, se producen cambios en los contenidos de Ny C.
La materia organica es la mayor reserva de C que posee el suelo (Batjes, 1996), por
lo que una variacién de esta, conlleva una variacién en el ciclo del C. Al disminuir el
C organico se produce una disminucién en la relacion C/N en muestras de suelo
guemados (Chandler et al.,, 1991). Estd perdida de C organico comienza a
temperaturas de 100-200 °C (De la Rosa et al., 2008). En cambio, en incendios de
alta intensidad, donde la materia organica se llega a estabilizar, pueden darse
aumentos en la cantidad de C organico.

La combustidn de la materia organica suele ser incompleta (De la Rosa et al., 2013),

dependiendo esto, en gran medida, del contenido de humedad del suelo. Lo que
hace que las cenizas tengan mayor o menor contenido en materia orgdnica Cuando
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no hay combustién completa, se produce una variacién en sus propiedades
quimicas, dando una materia orgdnica con menor solubilidad y menos
biodegradable (De la Rosa et al.,, 2013), ya que se incrementa su complejidad
molecular generandose macromoléculas que no existian antes del fuego (Gonzélez-
Pérez et al., 2004). Estos cambios estructurales se dan para temperaturas
superiores a los 300 °C (Knicker et al., 2005).

La naturaleza del incendio también produce una diferencia en los efectos sobre la
materia orgdnica, ya que cuando el incendio es de alta intensidad, se produce una
mayor combustion total de la materia organica por lo que disminuye el contenido
de la misma, pudiendo desaparecer totalmente. Cuando el incendio es de baja
intensidad, la cantidad de materia organica en suelo puede llegar a aumentar, ya
gue se produce una movilizacién de la misma y una incorporacion al suelo de
necromasa, con alto contenido en materia organica que antes no estaba disponible
para el suelo. Esto indica que la alteracion de la materia organica viene
determinada, tanto por el régimen de incendios y la recurrencia, como por la
intensidad y severidad del mismo, asi como por las caracteristicas de la zona
(Andreu et al., 2010; Certini, 2005; De la Rosa et al., 2013; Santin et al., 2008).

0 II II II I
<2

<04 04-2 2-5

Tamafio de particula (mm)

=y

Materia organica (%)
I w

[y

B Suelos no guemados M Suelos quemados

Figura 6: Disminucidon del contenido de materia organica en suelo tras un incendio
segun las fracciones del suelo. A partir de Fox et al. (2007).
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Figura 7: Detalle de la combustidn subterranea producida durante el incendio de
Montellano, Sevilla (2012).

Tras el incendio, hay una pérdida importante en el contenido de materia organica
(Figura 6) que se va con el humo, pero otra parte, se mueve hacia los primeros
centimetros del suelo siguiendo un gradiente de temperatura, y condensa en los
poros del suelo, creando una capa hidrofobica bajo superficie (Fox et al., 2007;
Jordan et al., 2011).

Este efecto de destruccion de materia organica incorporada al suelo, es

especialmente notable en los llamados “incendios subterraneos”, que se propagan
bajo la superficie de terreno, afectando a raices y a la materia organica acumulada
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Figura 8: Histograma de frecuencias de valores de pH en suelos control (azul) y
afectados por el fuego (rojo) tras el incendio de Aldeaquemada (2004). A partir
de Gil et al. (2010).

(Sanchez y Gandara, 2011).Se dan en zonas de suelos esponjosos con altos
contenidos de materia organica y porosidad. También pueden producirse
puntualmente en suelos sin estas caracteristicas al combustionar raices de arboles
gue hacen que el fuego se propague bajo tierra (Figura 7).

El contenido en materia organica es un factor que determina la apariciéon de
hidrofobicidad de forma directa (Cuevas, 2006), asi como afecta al incremento de
los procesos erosivos post-incendio (Shakesby y Doerr, 2006)

1.1.4.2 EFECTOS SOBRE LA ACIDEZ

Tras un incendio, suele producirse una disminucidn en la acidez del suelo, debido a
la desnaturalizaciéon de los acidos organicos (Certini, 2005) y a la exposicion a las
altas temperaturas, sobre todo superados los 450-500 °C. Otros autores, han
observado aumentos tanto del pH como de la conductividad eléctrica, debido a la
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liberacion de cationes bdsicos tras la quema del combustible (Figura 8)(Granged et
al.,, 2011a; Hernandez el al., 2013; Notario et al., 2007), estos aumentos pueden
llegar a las 5 unidades (Ulery et al. 1995), pudiendo deberse a la perdidas de grupos
OH de los minerales de arcilla, la formacién de éxidos (Giovannini et al., 1990) y
carbonatos, y a la liberacion de cationes solubles tras la combustion de la materia
organica (Ubeda et al., 2009, Ulery et al., 1993).

La duracién de estos cambios de pH, que no suele superar los tres afios (Ubeda et
al., 2005), depende del nivel de acidez previo en suelo, de la humedad y de la
cantidad y composicidon quimica de las cenizas producidas durante la combustion
de la cubierta vegetal (Gil et al., 2010). Si el cambio de pH se debe, principalmente,
a la presencia de cenizas en suelo, el tiempo de recuperacion del pH inicial sera
corto, ya que la duracidon de las cenizas en el mismo no es larga, pudiendo
desaparecer por erosion en poco tiempo (Mataix-Solera, 1999).

Estos aumentos en el pH, pueden producir problemas de fertilidad, y por tanto, de
recuperacion de la cubierta vegetal postincendio.

1.1.4.3 EFECTOS SOBRE EL COMPLEJO DE CAMBIO CATIONICO

La capacidad de intercambio catidnico en suelo puede verse afectada por la accién
del fuego, estos efectos, suelen ser una disminucién de la misma, debido, en Ila
mayoria de los casos, por la pérdida de coloides orgdnicos del suelo (Oswald et al.,
1999). Para incendios de alta intensidad, y temperaturas en suelo superiores a
500°C, comienza a observarse disminucién debido a la alteracion mineraldgica de
las arcillas, siendo estos procesos de menor importancia (Arocena y Opio, 2003;
Ketterings et al., 2000; Tan et al., 1986; Ulery et al., 1995).

Los procesos de escorrentia y lavado pueden producir perdidas en los cationes de
cambio liberados (Gil et al., 2010). Tras el lavado post-incendio disminuye la
saturacion de bases (Soto y Diaz-Fierros, 1997), esta variacidn en la saturacion del
complejo de cambio serd de mayor o menor intensidad dependiendo de la
intensidad de las precipitaciones (Hatten et al., 2005). Estos procesos producen una
mayor desaturacion del complejo de cambio, y por lo tanto una reduccién de la
capacidad tampon del suelo. Especialmente si son de alta intensidad, se produce
un empobrecimiento del suelo, debido a la disminucidon drastica de materia
organica (Ibafez et al., 1983).
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No siempre se producen perdidas en el complejo de cambio. Molina et al. (2007)
observan un enriquecimiento en Ca%* y k* en la capacidad de retencién de
Andosoles en los cinco centimetros superficiales de suelo. Estos cationes proceden
de las cenizas de la combustidn.

Segun esto, el suelo puede sufrir un doble proceso, por un lado un descenso en las
bases de cambio justo tras el fuego por volatilizacion y dispersién de las cenizas
(Grier, 1975), y por otro un incremento de las mismas, como observaron Kraemer
y Hermanann (1979) 25 afios tras un incendio.

1.1.5 EFECTOS SOBRE LAS PROPIEDADES FiSICAS DEL SUELO

Dentro de las propiedades fisicas afectadas por un incendio forestal, la mas
evidente y visible, es la eliminacion de la vegetacidén y cubierta del suelo, ya que es
consumida como combustible por el fuego (Arcenegui et al., 2013; Fox et al., 2007).
Esta eliminacién serd mayor o menor segun la severidad del incendio.

Simultaneamente a la eliminacién de la vegetacion, se crea una capa de cenizas,
gue se depositan en el suelo. Esta capa tendrd unas caracteristicas determinadas
segln haya habido mayor o menor combustidon de la materia organica, dando
origen a cenizas que a simple vista se pueden diferenciar ciertas caracteristicas
fisicas, como el color de las mismas. Pasando del negro, al rojizo, gris o blanco. Estos
cambios afectan a ciertas propiedades fisicas del suelo, como: la textura, el
contenido en arcillas, la estructura, la porosidad y la densidad aparente (como se
veia en el apartado 1.1.3, pag. 22). Segin Mataix-Solera et al. (2011), estas
propiedades se ven afectadas unas a otras, estando interrelacionadas durante el
postincendio segun la Figura 9.

Un efecto indirecto es la alteracion del contenido en agua del suelo. Esta no se debe
solo a la disminucidn de arcillas y el aumento de limos y arenas (Ulery y Graham,
1993) y destruccién de materia orgdnica, sino que también es afectada,
indirectamente, por un aumento de la radiacion que recibe el suelo, lo que conlleva
un aumento de temperatura, y un aumento en la evapotranspiracién (ETc) del
mismo. Especialmente en los primeros centimetros del suelo, debido a su escasa
conductividad (Ubeda et al., 2009).

Estos efectos dependen del grado de estabilidad previo del suelo, y de la
temperatura alcanzada durante el incendio, pudiendo afectar a la estructura unas
temperaturas relativamente bajas, necesitando temperaturas extremas para que
se vean afectado suelos arenosos, ya que se ha observado que tras el incendio, se
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produce una modificacion estructural, disminuyendo las fraccién arcilla y
aumentando limos y arenas (Ulery y Graham, 1993). Este cambio estructural afecta,
indirectamente, los procesos fisicos del suelo (Arcenegui et al., 2013).

1.1.5.1 EFECTOS SOBRE LA TEXTURA Y MINERALOGIA

Otro cambio fisico que se observa tras las elevadas temperaturas alcanzadas en un
incendio, es la variacion textural del suelo. La estructura de las arcillas se ve
modificada, disminuyendo la proporcion de las mismas, a favor de las fracciones
limo y arena, que se incrementan (Ulery y Graham, 1993). Esto hace que haya una
tendencia a pasar de suelos arcillosos a limo-arenosos, en mayor o menor grado
dependiendo de las caracteristicas del incendio y la naturaleza previa del suelo. Esta
alteracion entre las fracciones texturales del suelo (arenas, limos y arcillas), solo se
produce a elevadas temperaturas, comenzando a darse a partir de los 400 °C,
debido a la disminucién de la hidratacién de las arcillas, y el colapso de su estructura
cristalina. Destruyéndose por completo entre los 700 y 800 °C. La temperatura de
fusidn de arenas y limos esta en torno a los 1400 °C (Lide, 2001).

Esta diferencia en las temperaturas de fusion de las distintas fracciones, hace que
en un incendio de intensidad moderada o baja, no se alcancen temperaturas que
alteren las fracciones gruesas, pero si que destruyan parte de las arcillas,
produciéndose una alteracidn en la textura del suelo, hacia fracciones mas gruesas.

A pesar de esto, ese efecto suele darse en los primeros centimetros del suelo, en el
horizonte superficial, ya que a mas profundidad, rara vez se alcanzas temperaturas
tan elevadas. Por lo que, aunque la textura del suelo no se vea significativamente
alterada, pueden producirse perdidas superficiales de la fraccién fina debido a la
erosion postincendio (Mermut et al. 1997). Esta tendencia de disminucidn de la
fraccion arcillas en el suelo, conlleva cambios en los procesos erosivos, hidricos,
bioldgicos, etc... del suelo.

1.1.5.2 EFECTOS SOBRE LA ESTRUCTURA

La estructura es una propiedad edafica del suelo, consistente en la asociacién de
las particulas, formando un espacio de poros intercomunicados, que posibilita la
aireacion y la vida del suelo.

Este ordenamiento se basa en el ordenamiento de particulares individuales en

particulas secundarias o agregados (Arcenegui et al., 2013), que se diferencian de
los agregados de alrededor por superficies de enlace débil y los espacios porosos
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asociados. Estas uniones se deben a las interacciones fisico-quimicas entre las
arcillas y la materia orgdnica y depende de la composicién granulométrica del suelo,
la actividad bioldgica, y una serie de condicionantes fisico-quimicos. Esto hace que
suelos con textura semejante, sean muy diferentes entre si, ya que segun sea la
accion de los coloides, arcilla y materia orgénica, y las sustancias cementantes del
suelo (Campo et al., 2008) se formaran dichos agregados o permaneceran las
particulas dispersas.

El fuego La superficie Las gotas de El agua de
quema la del suelo se lluvia escorrentia
vegetacion y alteray se impactan arrastra las
la hojarasca cubre de sobre el suelo  particulas de
cenizas (splash) suelo
(erosion)

Figura 10: Proceso de rotura de agregados por impacto de gotas de lluvia y
aumento de erosion por escorrentia. Fuente: Badia y Ubeda (2013).
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La estabilidad de los agregados puede ser afectada por diversos factores, entre
otros, la combustion de materia organica y sustancias humefactantes (Badia y
Marti, 2003) que sirven de cementantes para los agregados (Arcenegui et al., 2013),
ya que la M.O, junto a carbonato calcico, componentes dérgano-metalicos vy
componentes mucilaginosos microbianos, estan relacionados con la formacion de
agregados (Campo et al.,, 2008), por lo que se produce una destruccién de
agregados. Esta depende de la temperatura alcanzada por el suelo. Para
temperaturas entre los 2202C y los 4602C se produce la combustién de algunos
agentes cementantes y parte de la materia organica Temperaturas por encima de
los 4602C durante un tiempo prolongado, pueden llegar a descomponer la
combustion total de la materia orgénica y la descomposicion de los carbonatos
(Campo et al., 2008).

Dicha propiedad también sufre alteraciones postincendio. Por un lado se produce
una obstruccidn de los poros, tanto macroporos como microporos (Fernandez et
al., 2008), por la incorporacidn de cenizas al suelo, lo que produce una reduccion
de la aireacién del mismo. Y diversas propiedades, relacionadas con la estructura
sufren cambios en mayor o menor media, siendo la relacion de estos cambios con
la accién de fuego muy ambigua y compleja (Fox et al., 2007).

Tras la eliminacién de la proteccién del suelo tras un incendio, la estabilidad
estructural, es un importante factor de control de la erosidn y comportamiento
hidrico del suelo (Fox et al., 2007; Mataix-Solera et al. 2011), ya que el impacto de
las gotas de lluvia en el suelo desnudo tras el incendio puede romper los agregados
(Arcenegui et al., 2013), aumentando la erosionabilidad del mismo, especialmente
en zonas con pendiente (Figura 10).

Segln las caracteristicas del incendio, y la naturaleza de los compuestos
cementantes, se dan casos en los que la estabilidad estructural aumente tras un
incendio, debido a cambios en las arcillas y a la destruccidn de ciertas fracciones de
la materia organica En estos casos puede darse una mayor estabilidad de los
agregados que permanecen, frente a los que habia con anterioridad, ya que se
seleccionarian los compuestos mas resistentes (Arcenegui et al., 2008; Guerrero et
al., 2001; Mataix-Solera et al., 2011) al combustionar unos compuestos y crearse
otros.

1.1.6 EFECTOS SOBRE LOS PROCESOS HIDROLOGICOS Y EROSIVOS

Se conoce “cuenca hidrogréfica” a la unidad de estudio hidrolégico (Badia y Ubeda,
2013) que posee un balance de entradasy salidas de agua, conformando un sistema
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cerrado, incluyendo: corrientes, barrancos, acuiferos, fuentes, usos del agua, ETgc,
y por supuesto, suelo. Cuando se produce un incendio, este afecta al paisaje en
mayor o menor grado dependiendo de la intensidad y severidad del mismo, por lo
tanto, provoca modificaciones en la Cuenca hidroldgica, teniendo efecto potencial
sobre los recursos de agua (Fernandez et al., 2010).

Otro efecto relacionado con la hidrologia, es la erosién y perdida de suelo,
considerada por la Unién Europea como una de las amenazas ambientales mas
importantes (Andreu et al., 2010) que se puede producir tras el incendio, ya que la
cubierta vegetal que lo protege desaparece, considerandose, esta pérdida de
cubierta vegetal como uno de los principales factores del incremento de pérdida de
suelo (Andreu et al., 2010; Fernandez et al., 2010; Fox et al., 2007). Ya que, aunque
la capa de cenizas que se deposita sobre el mismo, le proporciona cierta proteccion
postincendio (Ferreira et al., 2008), esta desaparece en poco tiempo, por
incorporacién o por accién del viento o lluvia.

Cuando el suelo queda desnudo y viéndose afectada su estabilidad estructural, ya
que la estabilidad de agregados en una de las claves de la resistencia a la erosidn
postincendio (Campo et al., 2008), aumenta el riesgo de erosién (Andreu et al.,
2001; Shakesby y Doerr, 2006), especialmente en zonas con fuertes vientos, o de
pendientes pronunciadas. Cuando tras quedar el suelo desnudo, se producen
lluvias de consideracién, las perdidas aumentan notablemente por el efecto del
impacto de las gotas (Andreu et al., 2010; Ferreira et al., 2008). El suelo y las cenizas
arrastradas por el agua pueden favorecer la creacidn de carcavas y barrancos. El
fuego suele inducir WR en suelos. Como consecuencia, se reduce la infiltracion, y
se incrementan la escorrentia y la erosion (Mataix-Solera et al., 2008).

Si el suelo es hidréfobo, a lo dicho anteriormente, se suma la posible aparicion de
canales de flujo de preferencia (Robichaud y Hungerford, 2000) tanto a pequenia
escala mediante los poros, como a gran escala, credndose zonas parcheadas de
suelo seco y mojado, y zonas de encharcamiento alli donde la hidrofobicidad es
mayor. En estas zonas, al no drenar el agua al suelo, habra aun mas riesgo de
pérdida de suelo. El volumen y tiempo de encharcamiento depende de la capacidad
de infiltracion, que a su vez depende de las propiedades hidricas del suelo y del
contenido de humedad inicial del mismo, pudiendo diferenciarse entre respuesta a
corto y largo plazo (Moody et al., 2009), siendo, tedricamente, la velocidad de
infiltracion mayor en un suelo seco (Vogelmann et al.,, 2013), pudiendo ser
extremadamente lento en suelos con WR (Vogelmann et al., 2013).

Otros efectos se producen con la perdida de la hojarasca y materia organica
superficial, como son la perdida de la capacidad de retencidn de agua de esta capa,
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y por tanto, un factor del control de infiltracion a capas mas profundas (Badia y
Ubeda, 2013).

1.2 REPELENCIA AL AGUA DEL SUELO INDUCIDA POR EL FUEGO

1.2.1 ANTECEDENTES

La repelencia al agua es un fendmeno por el que se reduce la afinidad del suelo por
el agua, aumentando la resistencia a la humectacion, y se debe, en gran medida, a
la acumulacién de ciertos tipos de compuestos organicos hidrofdbicos en el suelo
(DeBano, 2000a; Doerr et al., 2000). Aunque este fendmeno se da de forma natural
en muchos suelos (Fox et al., 2007), los estudios realizados muestran una fuerte
relacién entre la repelencia al agua del suelo y el fuego. La repelencia al agua reduce
la infiltracion y la disponibilidad de agua para las plantas (Moral et al., 2002);
incrementa la escorrentia y la susceptibilidad a la erosién (Zavala et al., 2009a),
generando grandes pérdidas en la produccidn agropecuaria y forestal (Hallet et al.,
2001). También puede dar lugar a vias de flujo preferencial, que facilitan la
formacidn de frentes de humedecimiento irregulares, provocando la diferenciacion
en el contenido de humedad de unas zonas y otras (Moral et al., 2002). La
repelencia al agua tiene una alta variabilidad temporal, debido a que algunos
factores que afectan en la misma son potenciales, como el contenido en humedad,
y se puede expresar con mayor intensidad tras reducirse el contenido en humedad
del suelo (Dekker y Ritsema, 1994; Moral et al., 2002).

La repelencia al agua del suelo ha sido objeto de creciente interés de la comunidad
cientifica en las ultimas décadas (DeBano, 2000a; Dekker et al., 2005; Doerr et al.,
2000), a pesar de ser un fendmeno conocido desde principios de siglo, siendo
mencionado por Schreiner y Shorey (1910). Hasta la fecha, la investigacién ha
demostrado que la repelencia al agua del suelo es una propiedad mucho mas
extendida de lo que inicialmente se sospechaba. Se ha encontrado en diferentes
tipos de suelo (DeBano, 2000a; Doerr et al., 2000; Jaramillo et al., 2000; Jordan et
al., 2011; Wallis et al., 1991), suelos con diferente concentracién de materia
organica o textura (Dekker et al., 2005; DeBano, 2000a; Doerr et al., 2000; Doerr et
al., 2006) y origen mineralégico (Mataix-Solera et al., 2007; Mataix-Solera et al.,
2008); bajo un rango de climas desde tropical a sub-artico, en todos los continentes
excepto la Antartida, y bajo una amplia variedad de tipos de vegetacion (Buczko et
al., 2002; Cerday Doerr, 2007; Dekker y Ritsema, 1996a; Doerr et al., 1998; Granged
et al., 2011; Jordan et al., 2008; Jordan et al., 2009; Mataix-Solera et al., 2007;
Zavala et al., 2009b) y diferentes tipos de uso y manejo agricola (Abadi, 2000;
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Blanco-Canqui, 2011; Blanco-Canqui y Lal, 2009; Garcia-Moreno et al., 2013;
Gonzalez-Penaloza et al., 2012; McKissock et al., 1998).

En los Ultimos afios se han producido importantes avances por parte de la
comunidad cientifica en la comprensidn de los factores que afectan a la repelencia
al agua del suelo (Jordan et al., 2010b). Aunque los incendios forestales son
conocidos por ser una causa importante de repelencia al agua, se ha observado que
también se produce en los suelos no afectados por el fuego (Fox et al., 2007). Su
presencia se ve afectada por las propiedades del suelo, como la textura (Giovannini
y Lucchesi, 1983; Roberts y Carbon, 1972), la irregularidad de la superficie
(Shirtcliffe et al., 2006), el contenido de materia organica y la composicién quimica
(Atanassova y Doerr, 2010), la acidez (Diehl et al., 2010), el tipo de suelo y la
mineralogia de la fraccién arcilla (Dlapa et al., 2004; Mataix-Solera et al., 2008;
Zavala et al., 2009b), la microbiologia (Jex ey al, 1985; Savage et al., 1969), el
contenido de agua (De Jonge et al., 2007; Dekker et al., 2001; Poulenard et al., 2004;
Regalado y Ritter, 2005), asi como variaciones estacionales de la temperatura y
humedad del suelo (Czachor y Lichner, 2013; De Jonge et al., 1999; Doerr y Thomas,
2006; Leelamanie y Karube, 2007; Zavala et al., 2009b).

1.2.2 ORIGEN DE LA REPELENCIA AL AGUA

El origen y la naturaleza de las sustancias hidrofdbicas del suelo no se conoce por
completo, aunque es sabido que el grado de afinidad o repelencia al agua depende
de las propiedades de la capa externa de las particulas, bastando una capa
molecular polar externa, para que se produzca la hidrofobicidad (Langmuir, 1920).

La repelencia al agua en el suelo se origina por la acumulacién de compuestos
organicos hidrofébicos (Hudson et al., 2001; Ma’shum et al., 1988). Segiin Moral et
al. (2002), se ha observado cémo la repelencia al agua se origina debido a la
presencia de recubrimientos de origen organico sobre los granos de arena. El origen
de estas sustancias organicas es muy variado, como microorganismos, plantas en
diferentes estados, e incluso las ceras de algunas especies vegetales (Neinhuis y
Barthlott, 1997).

Las sustancias organicas responsables de la hidrofobicidad en los suelos son
principalmente de dos tipos: hidrocarburos alifaticos, formados por cadenas
hidrocarbonadas largas no polares e insolubles al agua y sustancias polares con
estructura anfifilica, con cadenas hidrocarbonadas polares, con un extremo
hidrofdbico, y otro extremo hidrofilico. Estas sustancias, a pesar de ser solubles en
agua, son susceptibles de producir cubiertas hidroféobicas (Mcintosh y Horne,
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1994). La repelencia al agua del suelo es una propiedad muy variable, ya que
depende, no solo de las sustancias presentes en el suelo, sino también de las
condiciones ambientales.

Algunas especies vegetales también se asocian a suelos repelentes al agua, debido
al aporte de ciertos exudados de las raices, o que poseen altos contenidos en ceras,
resinas o aceites aromaticos, que son incorporados al suelo, como en el caso de
eucaliptos, pinos y otras especies (Conde et al., 1998; Ito et al., 2002; Mallik y
Rahman, 1985; Salminen et al., 2004). Desde la primera mitad del siglo XX se
conocen los efectos de la actividad de hongos y de ciertos microorganismos sobre
la repelencia al agua (Molliard, 1910). Un ejemplo significativo es el fendmeno
observado por Shantz y Piemeisel (1917), conocido como “anillo de hadas”. Los
anillos de hadas estan formados por la actividad de micelios de basidiomicetos, que
pueden llegar a producir la inhibicion de la presencia de vegetacion en zonas
circulares por repelencia al agua.

1.2.3 PRINCIPALES CONSECUENCIAS DE LA REPELENCIA AL AGUA

Como se ha mencionado previamente (pag. 38), la repelencia al agua es una
propiedad de algunos suelos que reduce su afinidad por el agua. Por consiguiente,
la superficie de un suelo repelente al agua puede ofrecer una fuerte resistencia a la
humectacién, disminuyendo asi la tasa de infiltracion (Jordan et al., 2011) durante
periodos de tiempo que pueden oscilar entre unos pocos segundos a horas, dias o
semanas. La repelencia al agua del suelo tiene varias implicaciones hidroldgicas y
geomorfoldgicas, ademas de las consecuencias para la disponibilidad de agua y la
nutricion de las plantas, ya que cambia las propiedades hidricas de los suelos
(Robichaud y Hungerford 2000). Mediante la reduccidn de la tasa de infiltracidn, la
repelencia al agua puede reducir el tiempo de generacién de escorrentia y
aumentar el flujo de agua superficial, que a su vez tiene otras consecuencias
importantes, tales como el aumento de las tasas de erosidn (Doerr et al., 2000;
Shakesby et al., 2000), la irregularidad del frente de mojado, el desarrollo de vias
de flujo preferenciales, la lixiviacidn de nutrientes y el aumento del riesgo de
contaminacion (Leighton-Boyce et al., 2005; Ritsema y Dekker, 1994), e incluso la
reduccion de la fertilidad del suelo (Blackwell, 2000 ). Sin embargo, la repelencia al
agua del suelo no sélo tiene consecuencias negativas. Algunos autores han
sefialado relaciones positivas con, por ejemplo, la estabilidad de los agregados,
existiendo una relacion entre la estabilidad de agregados y la capacidad de
humectacién (Cuevas, 2006; Jordan et al., 2011; Mataix-Solera y Doerr, 2004;
Vogelmann et al., 2013) o las tasas de secuestro de carbono (Piccolo y Mbagwu,
1999). En suelos repelentes al agua, el tiempo de infiltracion aumenta, pudiendo
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permanecer los agregados secos por periodos largos (Mataix-Solera et al., 2011;
Vogelmann et al., 2013).

Figura 11: A: aparicion de repelencia al agua en la superficie del suelo tras un
incendio forestal en Montellano, Sevilla (2012). B: repelencia al agua tras un
incendio experimental en Almadén de la Plata, Sevilla (2013).

1.2.4 ELIMPACTO DEL FUEGO

Los efectos de los incendios sobre la repelencia al agua del suelo se deben a las
alteraciones de distinta naturaleza que sufre el suelo, ya que ésta depende, en gran
medida, del contenido y tipo de materia organica presente en el suelo y su textura
(Cuevas, 2006; Scott y Van Wyk, 1990). Se ha observado un aumento considerable
de la repelencia al agua en suelos sometidos a elevadas temperaturas o a
prolongados periodos de sequia (Contreras y Solé-Benet 2003), pudiendo
considerarse en algunos climas, como una propiedad estacional, que aumenta en
los periodos de sequia estival y desaparece o se reduce durante la estacién himeda
(Cuevas, 2006; Fabres, 2001), apareciendo en diferentes regiones y bajo variedad
de climas (Jordan et al., 2011).

Diferentes factores controlan los cambios en la repelencia al agua en suelos

afectados por fuego (Arcenegui et al., 2007; Mataix-Solera et al., 2013). Entre los
factores que se relacionan con la presencia de repelencia al agua pueden
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considerarse los factores bidticos (como la vegetacién, la actividad fungica y
microbiana y el contenido y propiedades de la materia orgdnica del suelo) y
abidticos (textura, temperatura y humedad del suelo) (Doerr et al., 2000), estando
todos estos factores relacionados entre si (Lozano et al., 2013). La disponibilidad de
oxigeno y el tipo de combustible consumido durante la combustién también
afectan directamente a los cambios en la repelencia al agua del suelo tras el fuego
(Fernandez et al., 2009; Letey 2001). La Figura 11 muestra algunos ejemplos de
induccion de repelencia al agua del suelo tras la accidn del fuego.

Cuando el incendio es de baja intensidad, la repelencia al agua puede aumentar,
debido a la combustidn de la materia organica y la hojarasca (Lewis et al., 2006).
Durante la combustidn, parte de las sustancias organicas se volatilizan (Moody et
al.,, 2009) y se pierden a la atmadsfera, y parte se incorporan y condensan en los
espacios porosos del suelo, pudiendo originarse una capa hidrofdbica bajo la
superficie (Ferreira et al., 2008). En diversos estudios se ha observado la aparicion
de repelencia al agua en suelos previamente hidrofilicos, mientras que en otros se
ha observado su reduccidon o desaparicion en suelos previamente hidrofébicos
(Arcenegui et al., 2008; Hubbert et al., 2006; Jordan et al., 2011).
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El principal objetivo de este trabajo es el estudio del impacto del fuego en la
repelencia al agua del suelo bajo condiciones mediterraneas. Con la finalidad de
arrojar luz sobre algunos aspectos aun poco estudiados actualmente, en este
trabajo se ha investigado el efecto del fuego sobre las propiedades de suelos
calcareos arcillosos. Por otra parte, se presentan y discuten resultados sobre el
impacto en los procesos hidrologicos y geomorfoldgicos de elementos superficiales
ya sea inducidos por el fuego (como la ceniza) o habituales en suelos mediterraneos
aridos (como la presencia de piedras con alto grado de cobertura), que no han sido
estudiados en trabajos previos. Por lo tanto, se proponen las siguientes lineas de
investigacion:

a) En el capitulo 3 se lleva a cabo el estudio de la evolucion de la repelencia al
agua y la estabilidad estructural del suelo durante un periodo de 6 afos
después de un incendio forestal en suelos mediterraneos de textura arcillosa y
caracter calcareo en la provincia de Cadiz y Malaga (sur de Espafia). Los
objetivos de esta investigacion son:

i) Estudiar los cambios en la repelencia al agua y en la estabilidad estructural
producidos inmediatamente después de un incendio y a medio plazo (6
afios después del fuego), asi como su distribucion dentro de las diferentes
fracciones de tamafo de agregados.

ii) Evaluar la relacidon entre la repelencia al agua y la estabilidad de los
agregados durante el periodo post-incendio a medio plazo (6 afos).

iii) Investigar la interaccion entre la repelencia al agua y la estabilidad de los
agregados y diferentes factores (caracteristicas locales, tiempo desde el
fuego, litologia y el tipo de vegetacidon) en suelos mediterraneos calcareos.

b) En el capitulo 4 se lleva a cabo el estudio del impacto de la cobertura de piedras
sobre la repelencia al agua inducida por el fuego en un suelo previamente
hidrofilico tras un incendio experimental.

c) Enelcapitulo 5 se presentan los resultados de un experimento de campo en un
area recientemente quemada en el suroeste de Espafia, explorando el impacto
de los diferentes rangos de cobertura de piedras en:

i) el desarrollo, la severidad y el patrén espacial de la repelencia al agua,

ii) la tasa de infiltracion en la superficie del suelo cubierta por piedras y en
areas desnudas (entre piedras) de un suelo afectado por el fuego
previamente hidrofilico y

iii) el impacto de diferentes grados de severidad del fuego (no afectado, baja,
moderada y alta severidad).
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d)
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iv) Finalmente, se discuten los procesos implicados en el desarrollo y la
distribucidn espacial de la repelencia al agua inducida por el fuego y de las
tasas de infiltracidon durante el periodo post-incendio.

En el capitulo 6 se lleva a cabo el estudio del impacto de la ceniza sobre la

erosion por salpicadura después de un incendio experimental. Para ello, se ha

llevado a cabo el estudio de la dispersidon de sedimentos por el impacto de las
gotas de lluvia y sobre la tasa de escorrentia mediante experimentos de
simulacidn de lluvia en superficies afectadas por diferente severidad de fuego

(zonas cubiertas por ceniza repelente al agua o por ceniza hidrofébica).



3 POST-FIRE EVOLUTION OF WATER REPELLENCY
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POST-FIRE EVOLUTION OF WATER REPELLENCY AND AGGREGATE STABILITY

3.1 INTRODUCTION

Water repellency (WR) is a characteristic of some soils that reduces the affinity of
soil for water (Doerr et al., 2000; Jordan et al., 2013). According to Doerr and Moody
(2004), soil WR has more than one temporal scale, and infiltration is inhibited in
water-repellent soils during periods of time ranging from a few seconds to hours or
months (Doerr and Moody, 2004; Doerr et al., 2000). When the infiltration rate is
inhibited or reduced, time for runoff generation is shortened and overland flow is
enhanced, thus increasing soil erosion rates (Doerr et al., 2000; Garcia-Moreno et
al., 2013; Jorddn et al., 2008; Shakesby et al., 2000; Sheridan et al., 2007; Varela et
al., 2010). Soil WR also contributes to the development of preferential flow paths
(De Rooij, 2000; Dekker and Ritsema, 1996a; Dekker and Ritsema, 1996b; Jordan et
al., 2009; Granged et al., 2011a; Zavala et al., 2009c) and macropore flow (Burch et
al., 1989; Doerr et al., 2006; Nyman et al., 2010). Some important consequences of
these irregular wetting patterns are accelerated leaching of nutrients and increased
contamination risk (Leighton-Boyce et al., 2005; Ritsema and Dekker, 1994),
reduced soil fertility (Blackwell, 2000) or alterations of the runoff-runon patterns
between vegetated and bare soil patches due to the existence of biological crusts
(Contreras et al., 2008; Lichner et al., 2012).

Soil WR has been reported from a variety of soils under different vegetation types
and climates (Doerr et al., 2009a; Jordan et al., 2009; Martinez-Zavala and Jordan-
Lépez, 2009; Mirbabaei et al., 2013; Neris et al.,, 2013), but sometimes fire is
considered as a triggering factor (Bodi et al., 2013; Mataix-Solera et al., 2013).
Depending on factors such as soil temperatures during burning (DeBano et al.,
1976), time of heating (Doerr et al., 2004), soil properties (texture, structure or
organic matter content, among other), and quantity and type of fuel, soil WR may
be induced, enhanced, destroyed (Arcenegui et al.,. 2007; Arcenegui et al., 2008;
Doerr et al., 2004; Jordan et al., 2011; Granged et al., 2011a; Tessler et al., 2008) or
stay unaffected in the short- (Cerda and Doerr, 2005; Fernandez et al., 2008;
Granged et al., 2011b; Jordan et al., 2010a) or in the long-term (Doerr et al., 2009a).
Besides other soil properties (such as texture or AS), spatial distribution, intensity
and persistence of soil WR are key factors controlling runoff/infiltration patterns
and water availability in burned soils.

Soil structure is an important factor controlling hydrological processes, water
availability and soil erosion risk. Soil structure results from the arrangement of soil
pores and aggregates, which are formed as a consequence of the interaction of soil
mineral and organic solid particles (Amézketa, 1999). Aggregate stability (AS) may
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vary as a result of changes in the concentration of cementing agents (clay, organic
matter, calcium carbonates, Ca, Fe and Al oxides) or external forces resulting from
wetting/drying, raindrop impacts, dispersion/ swelling of clay or mechanical
pressure (Mataix-Solera et al., 2011). Destruction or degradation of aggregates by
burning has been reported as a cause of increased post-fire soil erosion, but a
complex response of soil aggregation to fire has been reported by many authors
(Imeson, 1992; Mataix-Solera et al., 2011; Shakesby, 2011). In the short-term, some
authors have reported decreased AS after intense wildfire or severe laboratory
heating (Giovannini et al., 1988; Sanroque et al., 1985; Ubeda et al., 1990) or
increased AS (Diaz-Fierros et al., 1987; Giovannini and Sequi, 1976; Ibafiez et al.,
1983). Other studies have not found significant changes in AS after fire (for
example: Arcenegui et al., 2008; Llovet et al., 2008; Jordan et al., 2011; Mataix-
Solera et al., 2002). According to Mataix-Solera et al. (2011), AS from soils with a
high clay content, calcium carbonate, Fe and Al oxides as principal cementing
substances increase with fire severity, while AS from highly water-repellent sandy
soils with organic matter as main cementing agent usually decrease with fire
severity. As a third pattern, AS from wettable or slightly water-repellent soils, with
organic matter as the main binding agent, increases after medium severity fires and
sharply decreases after high severity fires.

Although fire-induced soil WR dynamics in the post-fire have been rarely studied, it
is well established that the severity of fire-induced soil WR depends on burning
temperature (DeBano, 1981; Jordan et al., 2011; Robichaud and Hungerford, 2000),
vegetation type and land use (Arcenegui et al., 2007; Doerr et al., 2002; Doerr et
al., 2006; Granged et al., 2011a; Reeder and Jurgensen, 1979; Zavala et al., 2009b)
and soil properties (Mataix-Solera et al., 2013). Malkinson and Wittenberg (2011),
suggested that, in the short-term, fire-induced WR dynamics are controlled by pre-
fire vegetation. Bodi et al. (2013) reported increased soil WR immediately after
burning and a rapid decrease in the following period, with variations strongly
related with soil moisture. In contrast, little is known about the long-term variability
of fire-induced soil WR at a decadal time scale (Doerr and Moody, 2004; Malkinson
and Wittenberg, 2011). Long-term patterns have been reported, with soil WR
decreasing slowly (Dyrness, 1976; Hubbert and Oriol; 2005; Reeder and Jurgensen,
1979; Tessler et al., 2008), or increasing, which has been attributed to microbial
activity, plant species or erosion of the surface wettable layer after deep
environmental changes induced by burning (Hallett, 2008; Jordan et al., 2010a;
Zavala et al., 2009c).

Independently of fire, both properties, AS and soil WR are related, since
hydrophobic organic coatings may retard water entry in aggregates and reduce air
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entrapment, inhibiting aggregate slaking. This results in increased AS, as it has been
reported by many authors (Shakesby, 2011; Mataix-Solera et al., 2011). Soil WR has
been reported to occur preferably in coarsely-textured soils with low aggregation
(DeBano, 1981; McGuie and Posner, 1980; Roberts and Carbon, 1972), since coarse
particles are more likely to develop water repellency for a certain amount of
hydrophobic substances because of its lower specific surface (Blackwell, 1993;
Giovannini and Luchesi, 1983; Gonzdlez-Pefaloza et al., 2013) and super-
hydrophobicity (Gonzalez-Pefialoza et al., 2013). However, soils with 25-40% clay
have been reported to be extremely water-repellent (Crockford et al., 1991; Dekker
and Ritsema, 1996a). It has been suggested that aggregation in clayey soils reduces
the area that need be coated with hydrophobic substances to produce water
repellency (Wallis et al. 1991; Bisdom et al., 1993). It may also happen that the size
of the particles of hydrophobic organic material is small enough to enhance the
severity of repellency fine fractions compared to the coarse ones (De Jonge et al.,
1999). In other cases, it has been shown that a certain amount of hydrophobic
substances may be sufficient to coat fine particles, plus the mineral particles and
coarse aggregates (Doerr et al., 1996). If this happens, a fine-textured soil might
also show a high severity of water repellency. Some authors have suggested to
include the combined assessment of soil WR and AS in studies of fire-affected soils
because of the interaction between both properties, their implications and the
complexity of post-fire soil processes (Shakesby, 2011; Shakesby and Doerr, 2006;
Mataix-Solera et al., 2011).

In this paper, we study the evolution of soil WR and AS during a 6-years period after
a wildfire in Mediterranean calcareous loamy to clayey soils from SW Spain. The
objectives of this research are: [1] to study the changes in SWR and AS immediately
after fire and in the medium-term (6 years after burning) and its distribution within
aggregate size fractions, [2] to assess the relationships between postfire AS and
WR, and [3] to investigate interactions between AS and WR and different factors
(site, time since burning, lithology and vegetation type) in calcareous
Mediterranean soils.

3.2 METHODS

3.2.1 STUDY AREA AND FIRE CHARACTERISTICS

Five areas affected by wildfires between July and September 2006 were selected in
the municipalities of Cortes de la Frontera (CF), Jimena de la Frontera (JF), Los

Barrios (LB) and Tarifa (T1 and T2), in the provinces of Cadiz and Malaga
(southwestern Spain; Figure 1).
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Figure 1: Study area. Red zones indicate burned areas.

The climate is Mediterranean, with cool, humid winters and warm, dry summers.
Mean annual rainfall ranges between 971 (Tarifa) and 1922 mm (Cortes de la
Frontera). The annual number of days with precipitation over 1 mm is 60. Mean air
temperature is mild, 16-18 °C, with maximum monthly mean air temperature 22 °C
(August) and minimum monthly mean 13 °C (January-February).
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Table 1: Location, coordinates, lithology and vegetation type for each study site;
date of fire, burned area (ha) and mean annual rainfall (mm). (*) Data from the
same weather station.

Code Location N w Lithology Vegetation Date of fire  Total Mean
burned annual
area rainfall

CF Cortes 36.58 5.34 Limestone  Shrubland 22/07/2006 600.4 1922

de la and marls and

Frontera grassland
with sparse
holm oak

JF Jimena 36.41 5.35 Marls Grassland 31/08/2006 63.7 1230

de la
Frontera
LB Los 36.25 5.50 Calcareous Shrubland 09/09/2006 115.1 1162
Barrios and and sparse
siliceous olive tree
sandstone

T1 Tarifa 36.10 5.55 Calcareous Shrubland 17/07/2006  141.0 971*

sandstone

T2 Tarifa 36.05 5.59 Marls Shrubland 22/07/2006  133.5 971%*

Table 1 shows the location and characteristics of each site, date of fire, burned area
and mean annual rainfall. Fire severity was estimated according to the degree of
vegetation and ground fuel destruction (Chandler et al., 1983; Moreno and Oechel,
1992). According to terminology proposed by Keeley (2009), fire severity at each
study area varied between low (burned herbs; shrubs below 2 m were partly
charred but not consumed; scarce deposition of ash; most soil organic layer
unaffected) and high (scorched trees; stems thinner than 15 mm were completely
consumed; white ash covering part of the soil surface; organic layer completely
burned). Only areas affected by moderate fire severity were selected for this study.
These areas showed complete consumption of herbs and most shrubs, and soil
organic layer largely consumed. When present, sparse trees and larger shrubs were
scorched but biomass was not completely burned or consumed, and stems thicker
than 8-10 mm were not completely consumed and some of them even survived.

Main vegetation types in unburned areas adjacent to studied burned plots are

grassland (dominated by Poaceae and Fabaceae); shrublands dominated by mastic
(Pistacia lentiscus) and Mediterranean dwarf palms (Chamaerops humilis)
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associated with brooms (Genista linifolia and Calicotome villosa), and Kermes oak
(Quercus coccifera). Also sparse olive trees (Olea europaea) and holm oak (Quercus
rotundifolia) were present in some cases (LB and CF sites, respectively).

3.2.2 SOILSAMPLING AND ANALYSIS

Ten soil samples (0-15 mm) were collected for soil characterization in unburned
areas adjacent to each burned areas during the first week after burning. Sampling
sites were selected using randomly generated coordinates and between 5 and 10
m from moderate severity burned areas. At each site, soil profiles were described
and classified according to ISSS-ISRIC-FAO (1998). Soil samples were transported in
plastic bags to laboratory, air dried on paper boxes at room temperature in an air-
forced chamber until constant weight. When dry, samples were gently
homogenized and sub-divided for the different analyses. All samples were sieved
(2 mm) and coarse material was discarded.

Part of soil samples was sieved (2 mm) and reserved for standard soil analyses.
Triplicate samples were analysed and mean values were accepted as
representative. Soil acidity (pH) and electrical conductivity (EC) were measured in
aqueous soil extracted in de-ionised water (1,2.5 soil: water). The CaCOs content
was calculated by the method of the Bernard calcimeter. Soil organic carbon was
determined by the Walkley-Black method (Walkley and Black, 1934). Total nitrogen
was measured by the Regular Macro-Kjeldahl method and the C/N ratio was
calculated. For texture analysis, air-dried soil subsamples were pretreated with
H202 (6%) to remove organic matter and soluble salts, dried in the oven to obtain
the initial weight, dispersed with a sodium hexametaphosphate solution, and
mechanically shaken. The sand fraction (0.05-2 mm) was removed from the
suspension by wet sieving. The clay fraction (<0.002 mm) was determined by the
pipet method (USDA, 2004), and the silt fracion (0.002-0.05 mm) was calculated as
the difference between 100% and the sum of the sand and clay percentages. Bulk
density was measured by triplicate using the core method (Blake and Hartge, 1986),
using cores (4.8 cm in diameter) inserted 25 mm in soil inside a radius of 15 cm from
each soil sampling plot.

Soil samples (0-15 mm) were collected from south-facing slopes at each of the
experimental burned areas immediately after wildfires in 2006, and then in August
every year between 2007 and 2011. Soil samples were carefully dry-sieved and
separated in aggregate sieve fractions (<0.25, 0.25-0.5, 0.5-1 and 1-2 mm), avoiding
the destruction of aggregates. For soil WR analysis, subsamples (approximately 20
g) were placed on separated Petri dishes levelled and allowed to equilibrate to the
laboratory atmospheric conditions (25 °C, 1 atm, 50% relative humidity) in a climate
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chamber during a 1-week period in order to eliminate any potential effects of
variations in preceding atmospheric humidity on soil WR (Doerr et al., 2002). The
proportion of wettable samples was assessed using the water drop penetration
time (WDPT) test (Jordan et al., 2010b; Letey, 1969) in fine earth (<2 mm) and
aggregate sieve fractions. Five drops of distilled water (0.05 mL) were applied on
the surface of each sample using a micro-pipette. Samples were classified as
wettable if infiltration of all drops occurred during the first 5 seconds after
application. According to Bisdom et al. (1993), WDPT classes were classified as
wettable (WDPT < 5 s), slightly water repellent (5-60 s), strongly water repellent
(60-600 s), severely water repellent (600-3600 s) and extremely water repellent (>
3600 s).

Aggregate stability was analyzed following the method proposed by Mataix-Solera
et al. (2010). This method examines the proportion of aggregates that remain intact
after a soil sample was subjected to artificial rainfall of a specific energy. Four grams
of soil material (>0.25 mm) were placed into a 0.25-mm sieve and exposed to an
energy of 270 J m? applied by an artificial rainfall of 30 mm in one minute from a
height of one meter. After treatment, the material remaining within the sieve was
dried and weighed. The material remaining in the sieve, consisting of remaining
aggregates, mineral particles and organic debris was then washed until only mineral
particles and organic debris remained. The dry weight of the remaining aggregate-
free material allowed for the difference in aggregate weight (%) within a sample
before and after artificial rainfall to be calculated. Results are based on the mean
value of three replicate experiments. The use of a 0.25-mm mesh sieve did not
allow the finest particle size fraction examined in this study to be included in this
analysis.

The percentage of stable aggregates was used as an index of AS, and calculated as:
AS% =100 x (WA- WC) / (WSA - WC + W)

where AS% is the percentage of aggregates remaining stable under simulated
rainfall; W is the weight of the recipient; WA is the weight of the recipient + stable
aggregates after simulated rainfall; WC is the weight of the recipient + coarse
material (sand, gravels and plant residues) separately of stable aggregates; and
WSA is the weight of soil aggregates used (4 g). Each sample was analysed by
triplicate and mean values were chosen as representative.

In order to study the coevolution in time of WR and AS, the ratio between the
proportions of wettable samples (WDPT < 5 s) and stable agregates from sieve
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fractions (1-2 mm, 0.5-1 mm and 0.25-0.5 mm) between 2006 and 2011 at each
study site was calculated (WASR).

3.2.3 DATA ANALYSIS

Assumptions of normality and homogeneity of variances were tested using the
Shapiro-Wilk and Brown-Forsyth tests, respectively, for AS and the percentage of
wettable samples (WDTP < 5 s). AS data were normally distributed (Shapiro-Wilk p
< 0.00001). AS from each size fraction of burned and unburned sites was analyzed
by one-way ANOVA, with factors of site and year. In contrast, the percentage of
wettable samples showed a non-parametric distribution (Shapiro-Wilk p =
0.12414). The Kruskal-Wallis test was applied to the percentage of wettable
samples from each size fraction from burned and unburned sites for testing
whether samples from different sites and year originate from the same distribution.
When ANOVA or Kruskal-Wallis null hypotheses were rejected, pos-hoc
comparisons were performed to investigate differences between means
(Bonferroni test). All computations were made using STATGRAPHICS Centurion
version 16.1.17 (Statpoint Technologies, Inc., 1982-2011).

3.3  RESULTS
3.3.1 SOIL CHARACTERISTICS

Soil characteristics in the upper 15 mm are shown in Table 2 and Table 3. Soil pH
ranged from neutral to basic (7.5 - 8.1). Soil salinity was low, with values between
0.15 and 0.49 dS m™X. Mean organic carbon content was moderate (5.88 + 1.53%).
Calcium carbonate content ranged between 6.5 (JF) and 18.3% (CF), 12.4 + 4.2% on
average. Soil nitrogen ranged between 0.13 (JF) and 0.53% (CF). Soil texture was
clay (JF), clay loam (T1) and loam (CF, LB and T1), with average sand content 38.2 £
9.9% and clay 30.1 + 13.5%. Coarse elements (rock fragments coarser than 2 mm)
were low at T2 and JF (2.8 and 3.2%, respectively), and moderately high at CF, T1
and LB (15.9, 26.8 and 27.3%, respectively). Bulk density varied between 1.17 (CF)
and 1.68 g cm™ (T1), and mean value 1.49 £ 0.21 g cm?.

3.3.2 EFFECT OF FIRE ON SOIL WATER REPELLENCY OF SIEVE FRACTIONS

The number of observations per WDPT class in composite (fine earth, <2 mm) and
sieve fractions (1-2 mm, 0.5-1 mm, 0.25-0.5 mm and <0.25 mm) from burned and
unburned control soils from the different study areas between 2006 and 2011 is
shown in Figure 10.
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Table 2: Soil chemical characterization (0-15 mm depth) in the studied unburned
areas. Site codes as in Table 1. Soil classification according to ISSS-ISRIC-FAO
(1998). EC: electrical conductivity; OC: organic carbon. N = 10 for each case.

Code Soil classification pH EC(dSm1) OC(%) CaCOs(%) N (%) C/N

CF Lithic Leptosols 8.1+0.1 0.49+0.03 7.7+0.3 18.3+1.0 0.53+0.00 4.12+0.2
JF Haplic Calcisols  7.5+0.3 0.35+0.03 3.7+0.2 6.5+0.0 0.13+0.00 0.61+0.0
LB Haplic Luvisols 7.7+0.4 044+0.03 6.8+0.6 12.2+0.6 0.28+0.00 3.51+0.1
T1 Haplic Luvisols ~ 7.5+0.1 0.15+0.00 6.2+0.6 11.5+0.7 0.16+0.00 3.01+0.3
T2 Eutric Regosols 7.8+0.2 0.15+0.00 5.0+0.1 13.4+0.7 0.16+0.00 1.87%0.1
Mean 7.7+0.2 032+0.16 59+15 12.4+42 0.25+0.17 2.60+1.4

Table 3: Soil physical characterization (0-15 mm depth) in the studied unburned
areas. Site codes as in Table 1. BD: bulk density. N = 10 for each case.

Code Sand (%) Silt (%) Clay (%) Texture (USDA) Coarse elements (%) BD (gcm3)

CF 37.0+04 39.7+3.1 233%15 Loam 159+15 1.17+0.14
JF 216+16 27.1+1.8 51.4%27 Clay 3.2+0.3 1.54+0.13
LB 46.5+3.8 32.2+09 213%1.0 Loam 27.3+0.3 1.66 +£0.01
T1 425+1.2 387+1.1 188+04 Loam 26.8+0.8 1.68+0.12
T2 435+16 209+19 356%0.6 Clay Loam 28+0.1 1.42+0.13
Mean 38.2+99 31.7+7.9 30.1+13.5 15.2+12 149+0.21

Regarding only composite samples (< 2 mm), soil WR was induced in soils which
were completely wettable (99-100% wettable samples) before burning in CF, JF and
LB sites. In CF and LB, the proportion of wettable samples decreased from 100 to
63% and 64%, respectively, with 37 and 36% slightly to extremely water-repellent
soil samples immediately after burning. In JF site, the proportion of wettable
samples decreased from 99 to 82%. In this case, only slight water repellency was
observed in after burn (18% samples). Soil WR was observed previously to burning
in T1 (12% slightly and 2% strongly water-repellent samples) and T2 (11% slightly
water-repellent samples). In these cases, the proportion of water-repellent
samples increased to 40 and 47% slightly and extremely water-repellent samples,
respectively.
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Figure 2: Proportion of observations per WDPT class (N=100 at each case) in
composite (<2 mm) and sieve fractions (1-2 mm, 0.5-1 mm, 0.25-0.5 mm and <0.25
mm) from burned and unburned soils for studied burned and unburned sites
between 2006 and 2011.
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Table 4: Results of the Mann-Whitney U test for the proportion of wettable
samples (percentage of samples with WDPT < 5 s) and aggregate stability
(percentage of stable aggregates) of sieve fractions of burned and unburned soils.
Mean + SD values are displayed. N = 60 in each case.

Sieve fraction (mm) Burned Unburned M-U test, p

Wettable samples (%) 1-2 93.7+58 949146 >0.001
0.5-1 80.6+9.5 95.1%6.2 0.000
0.25-0.5 52.4+156 91.8+89 0.000
<0.25 28.2+251 97.4+9.6 0.000

Aggregate stability (%) 1-2 85.8+5.7 84.7 +t4.5 >0.001

0.5-1 76.8 £+4.6 74.0x2.7 >0.001

0.25-0.5 72.7£11.5 67.9%10.8 >0.001

Water repellency from sieve fractions showed different behaviors. When data from
different study sites and years are gathered together, the proportion of wettable
samples decreased significantly in burned soils with respect to unburned areas in
the aggregates smaller than <1 mm; Table 4). The proportion of wettable samples
from the 0.5-1 mm sieve fractions decreased from 95.1 + 6.2% (unburned soils) to
80.6 £ 9.5% (burned soils); in the 0.25-0.5 mm fraction, wettable samples decreased
strongly from 91.8 £ 8.9% to 52.4 + 15.6%; and in the finer fraction (<0.25 mm), the
proportion of wettable samples decreased sharply from 97.4 £ 9.6% to 28.2
25.1%.

Although a significant trend was not observed in unburned soils, the proportion of
water-repellent samples increased in the finer sieve fractions of burned soils. In CF
site, for example, the proportion of wettable samples decreased with size of
aggregates: 92% (1-2 mm), 75% (0.5-1 mm), 46% (0.25-0.5 mm) and 18% (<0.25
mm). Also, the proportion of severely to extremely water-repellent samples
increased considerably in the finer fraction (< 0.25 mm). Only one site (JF) did not
show strong to extreme WR in fine earth or sieve fractions after burning, but the
proportion of wettable samples decreased with size of aggregates between 95 (1-2
mm) and 82% (< 0.25 mm).

In the fine earth fraction, the proportion of wettable samples increased with time
in T2 (6% samples between 2006 and 2011), CF (9%) and LB (14%). The proportion
of wettable samples varied in a narrow range in JF (between 82 and 84%) and T1
(57 and 61%) without any clear trend. With small variations, a similar behavior was
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observed in the coarser sieve fractions (2-0.25 mm). In contrast, no important
changes were observed in the proportion of WR classes of the finer fraction (< 0.25
mm) from all studied soils after water repellency was induced or enhanced by fire.

In burned soils, WR varied according to vegetation type (Table 5). Significant
differences were found among unburned soil samples under different vegetation
types in sieve fractions 1-2. 0.5-1 and 0.25-0.5 mm. Generally, the proportion of
wettable samples was lower under shrubs without trees, and increased when oaks
or olive trees were present or under grassland. No significant differences were
found in the finer fraction (< 0.25 mm) under different vegetation types. In contrast,
burned soils showed a different behaviour. Differences among samples under
vegetation types were found only for sieve fractions below 1 mm. In this case, the
proportion of wettable samples was always greater in burned grasslands, while it
strongly decreased in shrublands (with or without trees).

Significant differences were also found among soil samples with different
lithological origin in sieve fractions below 1 mm (unburned soils) and 0.25-1 mm
(burned soils). Generally, more severe WR was found in the finer fractions (<0.5
mm) of burned soils developed from marls.

3.3.3 EFFECT OF FIRE ON AGGREGATE STABILITY OF SIEVE FRACTIONS

Stability of aggregates did not vary significantly between sieve fractions from
burned and unburned soils (Table 3). In burned soils, the proportion of wettable
samples varied significantly between years only in the 0.5-1 mm sieve fraction,
where AS decreased 11.7% between 2006 and 2011 (Table 6). Significant
differences were found for AS of sieve fractions from burned and unburned soils
under different vegetation types except for the 0.5-1 mm sieve fractions (Table 5).
No significant differences were found for AS of the 0.5-1 and 0.25-0.5 mm sieve
fractions from burned and the 0.25-0.5 mm sieve fraction from unburned soils with
different lithology type.
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N Burnt Unburnt
Sieve fraction (mm) 1-2 0.5-1 0.25-0.5 1-2 0.5-1 0.25-0.5
Year 2006 30 91.2+6.2 820+2.7b 78.2+13.3 85.2+6.1 75.0+3.7 69.2+12.1
2007 30 88.2+6.4 81.0t2.2b 76.0+11.3 834143 734121 67.4+12.0
2008 30 B5.8+6.8 774+31ab 74.2+134 B48+36 73.6+2.7 67.8+12.6
2009 30 84.2+4.4 75.0+29a 71.4+12.3 848146 73.0+1.9 66.4 +11.5
2010 30 822124 73.0+3.1a 68.4+11.2 B6.8+4.6 750+£3.3 68.6+11.5
2011 30 83.2+33 724%+32a 68.0+9.7 83.0+46 74.0+3.0 68.2+11.1
ANOVA, p >0,05 0.0000 >0.05 >0.05 >0.05 >0.05
Vegetation type Grassland 36 848+24b 735133 67.3+3.2a 86.3+12b 745+19 60.8 + 1.5 ab
Shrubland 72 89.0+53a 78.2+39 83.4+10.2b B86.0+44a 75.1+2.7 79.3%64c
Shrubland and grassland with sparse holm oak 36 87.7+44ab 765458 68.3+36a 86.7+23b 705+14 650+13b
Shrubland and sparse olive tree 36 785+24b 77.7+£5.2 61.0+46a 783+22b 747115 55.2+17a
0.0003 >0.05 0.00000 0.0002 >0.05 0.0012
Lithology Calcareous and siliceous sandstone 36 7B5+24a 77.715.2 61.0t4.6 783+22a 747+15bc 55.3+1.7
Calcareous sandstone 36 91.2+6.2b B0.0+18 75.0+ 4.0 899+23¢c 773+15¢ 733+15
Limestone and marls 36 87.7+44b 76.5+5.8 683+3.6 86.7+23bc 705+14a 65.0+1.3
Marls 72 858+30b 749+41 79.6+13.7 843+26b 73.8+19b 73.1+129
ANOVA, p 0.0001 >0.05 >0.05 0.0000 0.0000 >0.05

Table 6: Results of the one-way ANOVA of aggregate stability for factors year, vegetation type and lithology from
each sieve fraction in burned and burned soil samples (mean  SD). Different letters in the same column indicate
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3.3.4 RELATION BETWEEN AGGREGATE STABILITY AND WATER REPELLENCY

The ratio between the proportions of wettable samples and stable aggregates
(WASR) did not vary in unburned samples with time, although some small
differences were observed occasionally (Figure 3). In most cases, WASR of sieve
fractions and years after fire are related by a squared rooted inverse function
(regression equations are shown in Table 7).

For most sites and sieve fractions, WASR showed an asymptotic increase between
2006 and 2011. In the 1-2 mm and 0.5-1 mm, WASR increased up to values similar
to those from unburned soils. On the contrary, WASR from the finer fraction (0.25-
0.5 mm) reached approx. 50% of unburned sites in CF, LB, T1, and T2. In JF, WASR
from the 0.25-0.5 mm fraction increased from 1.23 (2006) to 1.27 (2011), but did
not reach the mean WASR for the same fraction (1.62).

Table 7: Regression results for WASR (dependent variable) and year (independent
variable) for each burned site and sieve fraction (WASR = (a - b/year)¥? a,
intercept; b, slope; R, Pearson correlation coefficient; R? coefficient of
determination; p-value, statistical significance of the F-test statistic. Site codes as
in Table 1.

Site Sieve a b R R? p-value
fraction
(mm)

CF 0.25-0.5 134.204 -268,405.660 0.930 0.865 0.0071
0.5-1.0 305.281 -610,939.498 0.969 0.939 0.0014
1.0-2.0 215.294 -429,936.055 0.971 0.943 0.0013

JF 0.25-0.5 15.609 -28,403.179 0.138 0.019 >0.05
0.5-1.0 190.946 -380,101.246 0.907 0.822 0.0127
1.0-2.0 62.213 -122,405.463 0.728 0.531 0.1006

LB 0.25-0.5 33.781 -66,928.863 0.769 0.591 >0.05
0.5-1.0 215.956 -431,553.345 0.987 0.974 0.0003
1.0-2.0 193.195 -384,995.453 0.849 0.720 0.0326

Tl 0.25-0.5 48.726 -97,282.865 0.981 0.963 0.0005
0.5-1.0 133.300 -266,211.727 0.964 0.930 0.0019
1.0-2.0 277.236 -554,744.912 0.972 0.944 0.0012

T2 0.25-0.5 77.807 -155,702.906 0.944 0.892 0.0045
0.5-1.0 301.045 -602,471.392 0.976 0.954 0.0008
1.0-2.0 272.819 -545,828.220 0.989 0.978 0.0002
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Figure 3: Ratio (WASR) between the proportion of wettable samples from sieve
fractions (1-2 mm, 0.5-1 mm and 0.25-0.5 mm) and aggregate stability between
2006 and 2011 in the study areas. Codes: CF (Cortes de la Frontera), JF (Jimena de
la Frontera), LB (Los Barrios), T1 (Tarifa 1 T2 (Tarifa 2); U (unburned), B (burned).

3.4 DIscUsSION

3.4.1 IMMEDIATE CHANGES IN SOIL WATER REPELLENCY

Fire induced WR in previously wettable soils (CF, JF and LB sites) and enhanced it in
soils were a relative proportion of water repellent samples existed before burning
(T1 and T2). This is in agreement with results reported by Arcenegui et al. (2008),
Tessler et al. (2008) and Granged et al. (2011b). Also, many authors have described
enhanced WR in soils with slight or moderate pre-existent repellency, as in studied
soils from T1 and T2 sites (Arcenegui et al., 2008; DeBano et al., 1979; MacDonald
and Huffmann, 2004; Mataix-Solera and Doerr, 2004; Reeder and Jurgensen, 1979;
Savage, 1974; Sevink et al., 1989). In calcareous Mediterranean soils, Bodi et al.
(2013) observed that WR immediately after burning was similar to that of long-
unburned sites (29 years), but greater at 1 cm depth, as a result of migration of
hydrophobic substances during burning. In this case, WR decreased after 1-year
period, due to deposition of wettable sediments (ash) transported by runoff.
Differences in the severity of post-fire soil water repellency may be attributed to
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soil temperature peaks during burning, as shown by Jordan et al. (2011), who
observed that low fire severity did not induce changes in soil WR, but high fire
severity produced different responses depending on temperature peaks and time
of residence of high temperatures. It has been observed that temperatures of 150-
250 °C can induce soil WR (Doerr et al., 2009a; Zavala et al., 2010a), but destruction
has been reported after temperatures of 370 (Robichaud and Hungerford, 2000),
280-400 (DeBano and Krammes, 1966) and 270-300 °C (DeBano et al., 1976; Savage,
1974). According to this, it is it reasonable to assume that soil temperature in the
first 15 mm of burned studied soils was in a range (100-250 °C) sufficient to induce
WR but insufficient to break it down. Temperature peaks above that threshold were
not reached or were reached during a short time, so that soil WR was not
destroyed.

3.4.2 EVOLUTION OF SOIL WATER REPELLENCY IN THE POSTFIRE PERIOD

Fire-induced WR depends on the size of aggregates. The proportion of wettable
fine-earth samples (<2 mm) increased with time in most cases (CF, LB, T2),
remained stable (JF) or decreased very slightly (T1). In acid soils from the study area,
soil WR occurs naturally (Jordan et al., 2008; Zavala et al., 2009b) and it easily re-
established in a relatively short time after destruction by burning (Jordan et al.,
2010a; Granged et al., 2011c). In contrast, calcareous soils are not susceptible to
the development of WR (Mataix-Solera and Doerr, 2004; Mataix-Solera et al.,,
2007), and fire-induced hydrophobicity is expected to decrease with time under
natural conditions. Our results are in agreement with previous studies which have
reported a decrease in fire-induced soil WR in periods ranging between some
months and a few years when fire is not highly recurrent. In the short term, soil WR
may decrease due to wetting (Hubbert and Oriol, 2005; Huffman et al., 2001;
Tessler et al., 2008). In the long term, this decrease may be due to the erosion of
water-repellent soil particles and unearthing of wettable soil layers (Hubbert and
Oriol, 2005) and biological activity associated with vegetative regrowth (Doerr et
al., 2009b).

In contrast to fine-earth samples, aggregate sieve fractions show different patterns
in the postfire period, suggesting that fire-induced WR depends on the size of
aggregates. The proportion of wettable samples from the 1-2 mm sieve fraction
decreased immediately after burning in all cases, but it increased progressively with
time until values between 96 and 100% in 2011. Hydrophobicity persisted in the
rest of sieve fractions, especially in aggregates <0.25 mm (where the proportion of
wettable samples was < 17% in CF LB, T1 and T2).
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In our study, the post-fire behaviour of the 1-2 and the 0.5-1 mm sieve fractions
conditioned the general soil response, while fire-induced WR from finer fractions
remained stable through the experimental period and did not caused great effects
in hydrophobicity. This is not in agreement with previous results from several
authors, who have highlighted the role played by the finer sieve fractions in the
occurrence of soil WR. Bisdom et al. (1993) studied soils showing a range of WR and
found that the most severe WR was always found in the finer aggregates (<53 um),
which showed longer WDPTs even in composite samples from wettable soils.
Similar results have been reported for burned and unburned soils by Doerr et al.
(1996) for the <0.125 mm fraction, Jordan et al. (2011) and Mataix-Solera and Doerr
(2004) for the <0.25 mm fraction. Some hypotheses for this behaviour are that
pores between coarse particles are filled with fine hydrophobic materials as plant
residues, faecal particles, hydrophobic organic residues or amorphous substances
(Bisdom et al., 1993; Doerr et al., 2000). Progressive destruction of hydrophobicity
in the coarser sieve fractions (1-2 mm) and in the mid-fraction (0.5-1 mm, except in
site JB) may be a consequence of microbial degradation of hydrophobic organic
substances (Hallett, 2008). After a wildfire, as vegetation and microfauna
populations recover and microbial activity in the soil increases (Malkinson and
Wittenberg, 2011) and the progressive increase of wettability in the coarser
fraction may be explained by microbial degradation of hydrophobic coatings, which
may be much more efficient in coarse particles, associated to macropores, than in
finer particles included in the soil matrix. The role played by coarse particles in the
overall WR of soil is unclear. Doerr et al. (1996) suggested that the degree of WR of
the coarse particles is not significant in determining the overall WR in acid soils
(derived from schists) with 50-75% sand. In contrast, our results show that WR of
calcareous soils with 21.56-46.49% sand may be conditioned mostly by the coarser
sieve fractions (0.5-2 mm). These differences may be due to the presence of calcium
carbonate (12.4+4.2%, on average; Table 2) forming concretions or coating fine
particles, which contributes to an increased wettability in the coarse fraction.

3.4.3 EFFECTS OF PRE-FIRE VEGETATION AND LITHOLOGY IN SOIL WATER
REPELLENCY AND AGGREGATE STABILITY

Our results suggest that combustion of shrubs contributed to enhanced soil WR
after burning, at least in the 0.5-1 and 0.25-0.5 mm sieve fractions. Similarly,
lithology caused significant differences only in the finer sieve fraction of burned
soils. Water repellency in the finer fraction of soils developed from calcareous
and/or siliceous sandstone was greater (on average, 40.5% of wettable samples)
than in soils developed on limestone and marls. The limited strength of fire-induced
WR found in the studied soils contrasts with that observed in acid soils after burning
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in nearby areas (Granged et al., 2011a; Zavala et al., 2009b) or re-established WR
after high-severity burning (Granged et al., 2011c; Jorddn et al., 2010a). Fungal
activity under alkaline conditions (as proposed by Cerda and Doerr, 2005), the low
potential of vegetation type for the development of a water-repellent layer (Zavala
et al., 2009b) and general soil conditions in the study area do not promote the long-
term persistence of fire-induced soil WR.

Vegetation type and lithology did not affect AS from the 0.5-1 mm sieve fraction,
but induced differences in the coarser and finer fractions. Although the influence
of vegetation type does not show a clear pattern, AS of burned soils developed from
calcareous and siliceous sandstone, limestone and/or marls was stronger. On
average, AS from sieve fractions did not show significant differences between
burned and unburned soils. This is in agreement with results reported by Mataix-
Solera et al. (2002). In a recent review by Mataix-Solera et al. (2011), concluded
that low severity fire does not have great effects in AS of calcareous clayey soils. In
our research, a homogenous pattern was not observed for AS of sieve fractions
from burned soils with different substrate. Although the coarser fraction from
burned soils showed significant differences between substrates, average values
varied in a short interval (79.0 - 91.0%).
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DO STONES MODIFY THE SPATIAL DISTRIBUTION OF FIRE-INDUCED SWR?
4.1 INTRODUCTION

Increased or induced soil water repellency (SWR) has been reported in many fire-
affected soils (DeBano, 2000b; Doerr et al., 2000). Although wildfires are
considered one of the main causes of SWR, they are not the only origin. But fire can
be considered as a water repellency-triggering factor in soils where plant species,
microorganisms, or organic matter act as sources of hydrophobic substances (Doerr
et al., 2000). SWR is a property of many soils that is getting more and more
interesting for the scientific community, because of its consequences on soil
erosion risk, runoff or infiltration rates and even plant ecology. Although the
occurrence and consequences of fire-induced SWR have been deeply studied, some
gaps still exist, as the influence of stone cover. Stones on the soil surface may affect
the distribution of heat during burning, and, consequently, may change the
expected spatial distribution of SWR. In this research, we study the effect of the stone
cover on the occurrence of fire-induced SWR in a previously hydrophilic soil after
experimental burning.

The objective of this research is to study occurrence and spatial distribution of SWR
after experimental burning in a previously hydrophilic soil under different stone
covers (0, 15, 30, 45 and 60%).

4.2 METHODOLOGY

Experiments were carried out in the Blanco White experimental farm (Sevilla). Soil
at the experimental area is clay-sandy loam (sand 64.1%, silt 15.3% and clay 19.6%),
pH is 7.5 and COsCa content is 18.3%. Soil plots (1.0 x 1.5 m2) were marked with
vertical metal bars and stones (8-10 cm in diameter) were regularly arranged at
each plot in order to get 0, 15, 30, 45 and 60% stone cover, as shown in Figure 1-a.
Stones were kept on the soil surface during three months before experimental
burning. A series of thermopar probes were inserted 1 cm below the soil surface
and soil temperature was recorded every 60 seconds under stones and under no
stones.

Fuel was added to soil plots in order to simulate natural shrubs (Figure 1-b). Fuel
density was 6.5-7.5 kg m™. Fuel structure was 50% fine branches (<5 mm) and 50%
thick branches (>15 mm). Experimental burning was carried out on February 14th
2012 until fire extinguished spontaneously (Figure 1-c), after full consumption of
fuel after 15 minutes.
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Figure 4: Some details of the experimental work: (a) soil plots with 0, 15, 30, 45
and 60% Stone cover; (b) soil plot after addition of fuel; (c) soil plot during
burning.

Soil samples (0-10 cm) were collected 2 days after burning and monthly during a 7-
month period later. Soil samples for laboratory analyses were collected using a
cylindrical core (4.8 cm in diameter) inserted 10 cm in soil and were transported to
laboratory, air dried and homogenized. Part of the soil samples were sieved (<2
mm) and reserved for pH determination (1,5) and analysis of soil organic C content
(titration with K,Cr,0; and determination of organic C using UV-Vis
spectrophotometry). Aggregate stability was assessed using the counting the
number of drop impacts method (CND; Mataix-Solera et al.,, 2011). SWR was
assessed under field conditions using the water drop penetration time method,
WDTP (Jordan et al., 2011) at 0, 10 and 20 mm depth.

4.3  RESULTS AND DISCUSSION

Temperature recorded at 1 cm under the soil surface is shown in Figure 5.
Temperature reached in uncovered soil areas reached 300-350 °C, with short-time
peaks. In contrast, temperature at stone-covered soil areas reached 350-400 °C
peaks. In addition, peaks were delayed approximately 5 minutes and were longer
in time, with temperatures above 300 °C over 14 minutes.
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Figure 5: Temperature recorded 1 cm under the soil in dareas uncovered and
covered by stones by two selected termopar probes.

Wettable character was stable below 10 mm, with SWR remaining unaffected by
burning. In contrast, soil areas under stones and no stones showed different
behaviours. SWR was triggered at 0-10 mm depth in plots under 0% stone cover
immediately after burning, and decreased progressively until soil material became
wettable two monts after burning. Slight SWR (average WDTP between 5 and 10 s)
was observed by sampling dates 1 and 3 at exposed inter-stone areas from soil plots
under 15, 30 and 45% stone cover. Stone-covered areas remained wettable or
slightly water repellent (average WDPT ranging between 1 and 6 s) character. SWR
was not observed at 60% stone cover soil plots. (Figures 3, 4, 5).
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IMPACT OF FIRE SEVERITY AND SURFACE ROCK FRAGMENTS ON WATER REPELLENCY AND HYDROLOGY
5.1 INTRODUCTION

Especially in recent years, much attention has been paid to the study of soil water
repellency (SWR) and, in particular, to fire-induced SWR. This property has been
reported in unburned soils from different regions, climates, soil types and land uses
by many researchers (DeBano, 2000a; Doerr et al., 2000; Jordan et al., 2013).

Wildfires are considered an important geomorphological agent in Mediterranean
ecosystems (Cerda et al., 1995; Shakesby et al., 1993) and a major cause of water
repellency. Fire-induced or enhanced water repellency in burned areas has been
reported by many authors (e.g. DeBano et al., 1970; DeBano, 2000a; Doerr et al.,
2000; Jordan et al., 2013). Recent research has been carried out in burned soils from
Israel (Mataix-Solera et al., 2013), Portugal (Malvar et al., 2013), Spain (Bodi et al.,
2013; Mataix-Solera et al., 2013). The role played by the chemical composition of
ash has been also recently discussed by Dlapa et al. (2013). But SWR is also present
in unburned soils. Recent studies have discussed the origin and characteristics of
SWR in unburned forest soils from Iran (Mirbabaei et al., 2013), NE Spain (Badia et
al., 2013), volcanic soils from the Canary Islands (Spain) (Neris et al., 2013) and
Mexico (Jordan et al., 2009; Jordan et al., 2011), cropped solis (Garcia-Moreno et
al., 2013a; Gonzalez-Pefialoza et al., 2012) and biological soil crusts in Slovakia
(Lichner et al., 2013) and Israel (Kidron et al.1999).

In recent years, noteworthy progresses have been done in understanding factors
affecting SWR. Water repellency is conditioned by soil properties such as organic
matter content and quality (Atanassova and Doerr, 2010; Leelamanie and Karube,
2007), texture (Giovannini and Lucchesi, 1983; Mataix-Solera et al., 2013; Roberts
and Carbon, 1972), aggregates (Jordan et al., 2011; Mataix-Solera et al., 2011;
Zavala et al., 2010a), acidity and mineralogy of the clay fraction (Dlapa et al., 2004;
Mataix-Solera et al., 2008; Mirbabaei et al., 2013; Zavala et al., 2009b), microbial
activity (Jex et al., 1985; Savage et al., 1969), water content (De Jonge et al., 2007;
Dekker et al., 2001; Lichner et al., 2006; Poulenard et al., 2004; Regalado and Ritter,
2005) as well as seasonal variations (Czachor and Lichner, 2013; De Jonge et al.,
1999; Doerr and Thomas, 2000; Leelamanie and Karube, 2007; Zavala et al., 2009b).

According to DeBano (2000b), a significant amount of soil organic matter is lost as
part of the smoke during combustion, but a small quantity is transferred
downwards following the temperature gradient in the first centimetres of soil and
condenses on the surfaces of soil aggregates and particles as hydrophobic coatings.
The strength of fire-induced SWR depends mostly on temperatures reached during
burning, the amount and type of litter consumed and pre-fire soil moisture level,
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the length of time these temperatures occur in the soil and soil properties
(Arcenegui et al., 2007; DeBano and Krammes, 1966; DeBano et al., 1970; Rubio et
al., 2012; Savage, 1974). When SWR occurs naturally, it may be re-established after
a period of time (Jordan et al., 2010). Doerr et al. (2000) proposed some possible
causes for re-establishment of SWR after burning, as concentration of waxes onto
mineral surfaces aided by warm temperatures or microbiological mechanisms
(Franco et al., 2000); the input of new hydrophobic substances into the soil due to
decaying plant litter (Reeder and Jurgensen, 1979; McGhie and Posner, 1981); root
activity (Dekker and Ritsema, 1996a; Doerr et al., 1998); or activity of fungi and
other soil microorganisms (Doerr and Thomas, 2000; Doerr et al. ,2000; Jex et al.,
1985; Rillig, 2005).

Water repellent soils can be difficult to model because of their extreme spatial and
temporal variability (DeBano, 2000a; Pierson et al., 2008b; Shakesby and Doerr,
2006; Woods et al., 2007). One factor not usually considered when studying the
spatial distribution of SWR is the presence of rock fragments (mineral particles 2
mm or larger in diameter) resting on the soil surface or partly embedded in the soil
body. Rock fragments at the soil surface or in the top layer of soil directly affect the
physical properties of the fine earth (porosity, organic matter content), physical
degradation (surface sealing, compaction) of the soil top layer, hydrological
processes affecting run-off generation and discharge (infiltration, percolation) and
hydraulics of run-off (Poesen and Lavee, 1994; Poesen et al., 1997).

It is known that rock fragments resting on the soil surface can affect the thermal
properties of soils. It has been demonstrated that, for dry soils, thermal
conductivity and heat storage capacity increase with increasing rock fragment
content (Poesen and Lavee, 1994). Also, water percolation through water-repellent
stony soils and implications for preferential flow have been studied by Urbanek and
Shakesby (2009). They found that water infiltration is enhanced even through
extremely water-repellent sand at large rock fragment contents. They observed
that infiltration rates vary in a wide range at rock fragment contents between 45
and 55%, for wettable rock fragments, and 55 and 65%, for water-repellent rock
fragments, suggesting that the distribution and arrangement of rock fragments in
the soil body are critical for water flow. A high concentration of rock fragments
allowed water movement along the pores between adjacent rock fragments. With
rock fragment concentration below 45 (wettable rock fragments) or 55% (water-
repellent rock fragments), water percolation through water-repellent sand is
reduced. However, very little attention has been paid to the effect of rock
fragments resting on the soil surface in the development of water repellency during
burning. Stony soils are frequent in Mediterranean soils. According to Poesen and
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Lavee (1994), abundant rock fragments characterize more than 60% of soils from
the Mediterranean area. Just in the Iberian Peninsula, for example, very large rock
fragment contents between 41 and 90% have been reported for both wettable and
water-repellent soils (Leighton-Boyce et al.,, 2005; Martinez-Zavala and Jordan,
2008; Poesen et al., 1997; Schoorl et al., 2004; Van Wesemael et al., 2006; Zavala
et al., 2010b). Rock fragments on the soil surface may affect the distribution of heat
during burning, and, consequently, may change the expected spatial distribution of
SWR. During combustion of litter and above-ground biomass, the soil surface under
rock fragments is heated, reaching temperature peaks after a certain delay respect
to areas not covered by rock fragments (Garcia-Moreno et al., 2013b). In contrast,
temperature peaks beneath rock fragments are longer, increasing the time of
residence of high temperatures (Garcia-Moreno et al., 2013b). As a consequence,
rock fragments can change the expected spatial distribution of SWR. To date, very
little research has concerned the effect of rock fragments at the soil surface on the
fire-induced pattern of SWR.

After fire, litter and aerial plant parts are partly or completely consumed, and the
mineral soil surface is partly exposed or covered with varying amount of ash,
charred litter and plant residues (Bodi et al., 2011; Bodi et al., 2012b; Cerda and
Doerr, 2008; Moreno and Oechel, 1992; Marion, et al., 1991) and surface rock
fragments (Garcia-Moreno et al., 2013b). Only in recent years, however, have some
authors highlighted the role played by materials resting on the soil surface (such as
ash and charred litter) in the immediate post-fire period. The aim of this paper is to
present the results of field experiments in a recently burned area in south-western
Spain, exploring the impact of different rock fragment covers (low, 20%; high,
>60%) in [i] the development, severity and spatial pattern of water repellency and
[ii] infiltration rate in areas [iii] below rock fragments and bare surfaces (between
rock fragments) of previously wettable soils [iv] under different fire severities
(unburned, low, moderate, and high fire severity). The probable processes involved
in the development and spatial distribution of post-fire SWR and infiltration rates
are discussed.

5.2 METHODS
5.2.1 STuDY AREA

In July 6th 2011, a wildfire caused by negligence affected a forested area near
Calafias (province of Huelva, southwestern Spain). About 9,000 m? were burned,
affecting shrubland and woodlands (mainly Pinus pinea and Eucalyptus globulus),
approximately at coordinates 37° 39’ N/ 6° 51’ W (285 m a.s.l.). The climate is
Mediterranean, with cool, humid winters and warm, dry summers. According to the
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nearby weather station “Alosno Tharsis-Minas” (Alosno, located at coordinates 37°
35’ N/ 7° 7" W; 286 m a.s.l.), the average annual precipitation is 616.4 mm, with a
maximum monthly value of 104.8 mm (December) and a minimum of 2.6 mm
(August). The mean annual temperature is mild, 6.9 °C, with a maximum monthly
mean temperature of 25.4 °C (August) and a minimum monthly mean of 9.9 °C
(January).

The main vegetation types in unburned areas adjacent to the studied burned plots
are herbs (dominated by Poaceae, Fabaceae); shrubs are dominated by heaths
(Erica australis), rockrose (Cistus ladanifer and C. monspeliensis) and brooms
(Genista hirsuta, G. triacanthos, Ulex parviflorus and Calicotome villosa). Where
present, tree species prior to the fire include Pinus pinea and Eucalyptus globulus.

5.2.2 EXPERIMENTAL DESIGN

To determine soil characteristics, four points were selected in unburned soils 20 m
to the north, east, south and west of the fire-affected area. Four soil profiles were
described and sampled for laboratory analysis and classification in plots 5 m from
each point at coordinates randomly generated by an electronic calculator. Soil
samples were transported in plastic bags to the laboratory. Samples were dried at
laboratory room temperature (25 °C) until a constant weight and sieved to
eliminate coarse soil particles (> 2 mm). Soil Samples were dried at laboratory room
temperature acidity (pH) was measured in an aqueous soil extract in de-ionized
water (1,2.5 soil:water).

Soil organic carbon content was determined by the Walkley-Black method (Walkley
and Black, 1934). Soil organic matter content was determined using the conversion
factor 2 (Prybil, 2010). Prior to textural analysis, samples were treated with H,0, (6
%) to remove organic matter. The proportion of particles > 2 mm was determined
by wet sieving and the particle-size analysis of the fine earth fraction (particles < 2
mm) was carried out according to USDA (2004). Soil particles < 2 mm were classified
as sand (0.05 - 2.0 mm), silt (0.002 - 0.05 mm) and clay (< 2 um). Soils were classified
according to IUSS Working Group WRB (2006).

Fire severity was assessed according to the criteria used by Keeley (2009). The
burned area was divided into different zones according to fire severity: unburned
(control areas not affected by fire), low, moderate and high fire severity. The
description of fire severity classes is shown in Table 8. Areas showing homogeneous
fire severity were divided into subareas with low rock fragment (<20%) and high
rock fragment covers (>60%), as shown in Figure 6. The minimum size of the
selected subareas was 10 m? and the minimum distance between adjacent
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areas was 4 m. SWR and infiltration rates from selected subareas were studied
during the first 7 days immediately following burning. On each subarea,
experimental points were selected using coordinates randomly generated by an
electronic calculator.

At each point, SWR and infiltration rates were assessed in the soil area covered by
the nearest rock fragment (minimum diameter of 10 cm) and in the bare soil at the
midpoint between this and the second nearest rock fragment with maximum
spacing of 20 cm. Prior to these assessments, ash and litter were gently brushed
away where present.

Table 8: Description of fire severity classes in the study area.

Fire Description

severity

Unburned Unaffected by fire

Low Burned herbs; shrubs partly charred but not consumed
and most branches intact after fire; < 50% canopy burned;
occasional deposition of black ash; most soil organic layer
unaffected

Moderate Herbs completely consumed; stems thinner than 10 mm
were not completely consumed; 50-80% canopy
consumed; black and white ash covering soil; organic layer
deeply charred; white ash covering part of the soil

High Shrubs consumed and scorched trees; stems thinner than

10 mm were completely consumed (many shrubs were
consumed completely except the base); white ash
covering most of the soil surface; organic layer showing
severe damages and litter consumed; mineral soil colour
shows evidence of alteration
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Figure 9: Field sampling scheme. The number of determinations varied with the
size of each sampling area, minimum distance between determinations was 1 m.
In burned areas, minimum distance to unburned soil was 5 m.

Table 9. Classification of WDPT used in this study. Classification of WDPT follows
Bisdom et al. (1993) and WDPT categories follows Doerr (1998).

Classification WDPT categories WDPT (s)
Wettable | >5
Slightly water repellent Il 5-10
1 10-30
\% 30-60
Strongly water repellent \" 60 - 180
Vi 180 - 300
Vil 300 - 600

84



IMPACT OF FIRE SEVERITY AND SURFACE ROCK FRAGMENTS ON WATER REPELLENCY AND HYDROLOGY
5.2.3 SOIL WATER REPELLENCY

SWR was determined by the water drop penetration time (WDPT) test, following
the method suggested by Doerr (1998). At each point, three drops of distilled water
(0.05 mL) were applied to the soil surface using an automatic pipette from a height
of approximately 10 mm to avoid excess kinetic energy affecting soil-droplet
interaction (Doerr, 1998). The time required for each droplet to infiltrate was
recorded and the average penetration time was considered as representative of
the WDPT for each sample. WDPT was classified according to Table 9, following the
criteria suggested by Bisdom et al. (1993). In agreement with Doerr (1998), in order
to allow a comparatively detailed discrimination of a wide range of degrees of SWR
classes, 7 subcategories have been used.

5.2.4 INFILTRATION CAPACITY

Infiltration capacity was determined using a Mini-disc Infiltrometer device (MDI;
Decagon Devices, Inc. Pullman, WA; Robichaud et al. 2008). The MDI allows rapid
assessment of soil infiltration capacity. The MDI device is a 32.7 cm long, 3 cm
diameter hard tube divided into two chambers (bubble chamber and water
reservoir) by a barrier (approximately 5 cm below the top of the tube). A steel tube
communicates with both chambers passing from above the barrier to the bottom
of the tube, above a sintered stainless-steel porous disc (4.5 cm in diameter, 3 mm
thick). A second steel tube allows adjustment of the suction rate (in this
experiment, a 2 cm suction rate was considered adequate). When placed on the
soil surface, water is drawn through the sintered steel disk by capillary action.

Prior to MDI placement, litter, small branches, residues and coarse mineral particles
were carefully removed from the soil surface. When the measuring area was
irregular, a thin layer of fine silica was applied to the soil surface. The water volume
was recorded at regular time intervals (30 s) and hydraulic conductivity was
calculated after infiltration of at least 30 mL of water.

5.2.5 DATA ANALYSIS

Data analysis included correlations, regression and ANOVA. Assumptions of
normality for WDPT and MDI data were tested using the Shapiro-Wilk test. MDI
data were found to fit a normal distribution. In this case, the ANOVA test was used
for analysis of variance between groups (unburned, low, moderate and high fire
severity), and the t-test was used for comparison of means. The WDPT distribution
of data did not satisfy the assumption of normality, and alternative non-parametric
tests were used: Kruskal-Wallis ANOVA and Wilcoxon rank-sum test. This follows
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Scott (2000), who showed that analyses based on the WDPT method are strongly
bimodal and non-normal. When Kruskal-Wallis or ANOVA null hypotheses were
rejected, post-hoc pair-wise comparisons were performed to investigate
differences between pairs of means (Bonferroni test). All computations were
performed using Statgraphics Centurion version 16 (StatPoint Technologies, 1982-
2011).

5.3 REsuLTS
5.3.1 SOIL CHARACTERISTICS

Soils were classified as Lithic Leptosols (IUSS Working Group WRB, 2006), showing
an A-R profile, limited in depth by continuous rock within 10 cm of the soil surface.
Soil characteristics are shown in Table 10. On average, soil depth was 9.2 £ 0.8 cm,
and the maximum depth did not exceed 10 cm. Mean soil pH was 5.7 + 0.5 (with
pH values ranging between strongly to slightly acidic). The mean organic matter
content was 3.2 + 1.2%, but values ranged between 1.9 and 4.5%. The soil texture
was sandy loam to loam, with a mean sand content of 50.2 £ 12.9% and clay content
of 17.3 £ 5.7%. Finally, the mean soil water content was 2.10 £ 0.17%, with values
ranging between 1.96 and 2.19%.

5.3.2 EFFECTS OF FIRE SEVERITY ON SOIL WATER REPELLENCY

WDPT from unburned soils and soils burned under different fire severities is shown
in Table 11. Unburned soils in the study area are wettable, with WDPTs ranging
between 0 and 3 s (median 2 s). In low-severity burned areas, WDPT was higher
(median 5 s) No significant differences were found between WDPT from unburned
and low-severity burned sites. In contrast, moderate- and high-severity burning
induced a sharp increase of water repellency, showing median values of 41 s (slight
water repellency) and 203 s (strong water repellency), respectively.

The number of observations for different WDPT classes, fire severity and rock
fragment cover are shown in Figure 7. Most soil points were considered wettable
in unburned and low-severity burned points (89 of 90 points). In moderate severity
areas, soils were classified as wettable (32.5%), slightly (40.0%) and moderately
water repellent (27.5%). In high-severity burned areas, all points showed WDPTs
above 30 s, with soils classified as slightly (7.5%), moderately (30.0%) and strongly
water repellent (62.5%).
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Table 10: Soil characteristics. Mean * standard deviation of soil depth, pH,
organic matter content (OM), sand content, clay content and water content
(percentage by weight) for each selected point (N = 4 in each case).

Profile Depth (cm) pH OM (%) Sand (%) Clay (%) Water content (%)
North 8.0 £ 0.5 56+01 44+01 66645 172 09 2.06 + 0.06
South 9.7 £ 0.5 63+02 20+01 57323 111+ 0.6 1.98 + 0.09
East 9.7 £ 0.2 59+02 19+00 36617 261+*1.2 2.18 + 0.19
West 9.6 £ 0.5 51+02 43+02 40322 149+*0.7 2.12 + 0.15
Min. 7.4 4.9 1.9 35.4 10.3 1.96

Max. 10.0 6.5 4.5 71.6 27.5 2.19

All 9.2 £+ 0.8 57+05 32+12 502+129 173 +5.7 2.10 + 0.17

Table 11: WDPT (median and mean, s), minimum, maximum and range of
variation for different fire severity classes. P-value from Kruskal-Wallis test is
0.0001. The same letters in column 4 indicate no significant differences between
groups.

Fireseverity N Median WDPT Mean Minimum Maximum Range

WDPT
Unburned 40 2 2a 0 3 3
Low 40 5 9a 0 35 35
Moderate 40 41 44 b 6 96 90
High 40 203 232 ¢ 40 561 521
All groups 160 20 72 0 561 561
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Figure 10: Number of WDPT data for different classes (<5, 5-10, 10-30, 30-60, 60-
180, 180-300 and 300- 600 s), fire severity and rock fragment cover class (low,
<20%; high, >60%).
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5.3.3 EFFECT OF ROCK FRAGMENTS ON SOIL WATER REPELLENCY

Table 5 shows the Results of the Mann-Whitney U test for WDPT from areas with
different fire severity and rock fragment cover determined in bare and rock
fragment covered areas. In rock fragment covered areas, no significant differences
were observed for WDPT between high and low rock fragment cover areas under
different fire severities. In bare areas, no significant differences were observed
between low and high rock fragment cover in unburned soils and soils affected by
low-severity burning. Significant differences were found between mean WDPT
from bare areas points under different rock fragment cover classes in moderate-
and high-severity burned areas. In moderate-severity burned areas, the median
value of WDPT increased significantly from 24 s in low rock fragment cover areas to
47 s in high rock fragment cover areas (p=0.0100), although both values are
classified as slight water repellency (Table 2). In high-severity burned areas, the
median value of WDPT increased significantly from 91 s in low rock fragment cover
areas to 270 s in high rock fragment cover areas (p=0.0006).

Table 12: Results of the Mann-Whitney U test for WDPT (median; range between
brackets) from areas with different fire severity, rock fragment cover class and
type of determination (bare and rock fragment covered areas). Roman numbers
following WDPT medians and ranges correspond to WDPT categories by Doerr
(1998).

Fire severity = Stone cover WDPT WDPT p
(bare areas, s) (rock fragment covered areas, s)
Unburned <20% 2(0,3)1 3(0,3)1 >0.5
>60% 2(0,3)1 1(0,3)1 >0.5
p >0.05 >0.05
Low <20% 3(0,5)1 13 (3, 25) lI 0.0010
>60% 3(1,7)1 19 (6, 35) lI 0.0003
p >0.05 >0.05
Moderate <20% 24 (6, 43) 1l 64 (30,74)V 0.0007
>60% 47 (19, 69) IV 49 (15, 96) IV >0.05
p 0.0100 >0.05
High <20% 91 (40, 197) V 218 (120, 407) VI 0.0010
>60% 270 (147, 363) VI 304 (117, 561) VII >0.05
p 0.0006 >0.05
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In control unburned areas, no significant differences were observed between WDPT
values from bare and rock fragment covered areas with a low or high rock fragment
cover classes. In contrast, in burned areas, SWR was increased significantly from
bare to covered areas.

5.3.4 EFFECT OF FIRE SEVERITY AND ROCK FRAGMENTS ON INFILTRATION RATES

Infiltration rates from unburned soils and soils burned at different fire severities are
shown in Table 13. No significant differences were found between MDI values from
unburned and low-severity burned areas (7.3 * 1.4 mL min’, on average). MDI
decreased significantly in moderate- and high-severity burned areas (6.0 + 1.0 and
5.0 + 1.1 mL min’%, respectively).

The number of observations for different MDI classes (0-2.5, 2.5-5, 5-7.5, 7.5-10
and 10-12.5 mL min?), fire severities and rock fragment covers are shown in Figure
11: Number of MDI data for different classes (0-2.5, 2.5-5, 5-7.5, 7.5-10 and 10-12.5
mL min-1), fire severity and rock fragment cover class (low, <20%; high, >60%)..
Generally, infiltration rates tended to decrease with increasing fire severity. Most
(39 of 40) MDI values from unburned areas ranged between 5 and 10 mL min, but
MDI values from high-severity burned areas ranged between 2.5 and 7.5 mL min™.

Table 13: Mean MDI (mL min) + standard deviation (SD), minimum, maximum
and range of variation for different fire severity classes. P-value from ANOVA test
is 0.0001. The same letters in column 3 indicate no significant differences
between groups.

Fire severity N MDI + SD Minimum  Maximum Range
Unburned 40 7.3 +1.2c 4.9 9.4 4.5
Low 40 7.2 £ 1.5c 4.2 10.1 5.9
Moderate 40 6.0 £ 1.0b 3.8 8.5 4.7
High 40 5.0t 1.1a 2.5 7.1 4.6
All groups 160 6.4 £ 15 2.5 10.1 7.6
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Figure 11: Number of MDI data for different classes (0-2.5, 2.5-5, 5-7.5, 7.5-10 and
10-12.5 mL min-1), fire severity and rock fragment cover class (low, <20%; high,
>60%).
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Table 14: Results of the t-test for comparison of MDI values (mean t+ standard
deviation, mL min) from areas with different fire severity, rock fragment cover
class and type of determination (bare and rock fragment covered areas).

Fire severity Stone cover MDI (bare areas) = MDI (rock fragment covered areas) p
Unburned <20% 76 13 75+ 1.2 >0.05
>60% 7.0 £ 1.2 7.1+ 12 >0.05
p >0.05 >0.05
Low <20% 80+ 14 70 £ 14 >0.05
>60% 75+ 15 65+ 14 >0.05
p >0.05 >0.05
Moderate <20% 75+ 15 6.5+ 1.4 > 0.05
>60% 6.6 £ 1.2 56 £+ 1.0 >0.05
p >0.05 >0.05
High <20% 5.6 + 0.9 45 + 1.1 0.0264
>60% 53+ 0.9 44 + 1.0 0.0413
p >0.05 >0.05

Table 14 shows the comparison of mean MDI values from soils that underwent
different burn severities under low (<20%) and high (>60%) rock fragment cover. In
areas with homogeneous fire severity, no significant differences were observed
between infiltration rates for different rock fragment cover classes. On average,
differences between MDI values from low (<20%) and high (>60%) rock fragment
covers ranged between 0.1 (bare areas after high fire severity burning) and 1.1 mL
min? (covered areas after high fire severity burning).

When mean MDI values from bare and rock fragment covered areas were
compared, no significant differences were observed, except in soils affected by high
fire severity. In low rock fragment cover areas after high fire severity, MDl increased
significantly from 4.5 + 1.1 (covered areas) to 5.6 = 0.9 mL min? (bare areas;
p=0.02640). In high rock fragment cover areas after high fire severity, MDI
increased significantly from 4.4 + 1.0 (covered areas) to 5.3 + 0.9 mL min? (bare
areas; p=0.04128).
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5.4 DISCUSSION
5.4.1 SOIL WATER REPELLENCY AND FIRE SEVERITY

SWR increased with fire severity. Independently of rock fragment cover, the soil
surface changed from wettable (low fire severity) to strongly water-repellent (high
fire severity) in bare areas, and from slightly (low fire severity) to strongly water-
repellent (high fire severity) in rock fragment covered areas. This agrees with
DeBano et al. (2005), who reported that SWR increases with burn severity
(although it is expected that water repellency would disappear after extreme
severity burning). Severity of fire effects on soils is conditioned by temperature
peaks and heating duration in soil. According to DeBano and Krammes (1966), the
intensity of fire-induced SWR depends for the most part on temperatures reached
during burning. Fire-induced SWR appears when temperatures of 175 - 200 °C are
reached (Doerr et al., 2000), while some authors have observed destruction of SWR
at 270-300 °C (DeBano et al., 1976; Savage, 1974), 350-400 °C (Chandler et al.,
1983; Doerr et al., 2000), 270-400 °C (Robichaud and Hungerford, 2000; Zavala et
al., 2010a), 480-540 °C (DeBano and Krammes, 1966) or 500-600 °C (Bryant et al.,
2005). These variations in temperature ranges are due to different conditions,
oxygen availability and times of heating during laboratory experiments. According
to some authors, the temperature at which complete destruction of hydrophobicity
occurs is a function of time of heating (Bryant et al., 2005; Doerr et al., 2004).

High WDPTs observed in our research may be explained by temperature
peaks surpassing the threshold for water repellency development. This is in
agreement with Jordan et al. (2011), who found that moderate-severity burning
increased SWR, but high-severity burning either enhanced or destroyed
hydrophobicity, as different temperature peaks or heating periods were reached at
the soil surface. Also, Glenn and Finley (2010) observed that infiltration rates
significantly increased between moderate- and high-severity burned areas.

5.4.2 EFFECTS OF ROCK FRAGMENTS ON SOIL WATER REPELLENCY AND
INFILTRATION AFTER FIRE

In the absence of a dense vegetation cover, as in fire-affected soils, rock fragments
resting on a wettable soil surface or partly incorporated into the soil body
contribute significantly to the interception of rainfall, reducing the number of direct
drop impacts, and affect the surface runoff flow. Martinez-Zavala and Jordan (2008)
and Zavala et al. (2010b) observed that rock fragments enhance roughness of the
soil surface, favouring ponding and channelling water between them, generating a
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deeper and more hydraulically-efficient flow. In addition porosity and aggregation
of soil below are enhanced, facilitating water infiltration and, in consequence,
reducing soil erosion risk.

According to our results, fire severity and rock fragments resting on the soil surface
are responsible for a patchy distribution of SWR and infiltration after burning, so
that processes can change significantly. Even after low-severity burning with a low
rock fragment cover (<20%), SWR was enhanced at the soil surface directly beneath
rock fragments. This effect may be explained by the heat flow dynamics between
fire, rock fragments and the soil surface. After a controlled burn experiment,
Garcia-Moreno et al. (2013b) have observed that temperature peaks in the soil
surface covered by rock fragments were reached some minutes later than in
exposed soil surface. In their experiment, a controlled burn was carried out during
15 minutes, and temperature in bare soil reached 300-350 °C. Under rock
fragments, temperature peaks were delayed, but reached 350-400 °C, and heating
lasted longer. At these points where rock fragments are resting on the soil surface,
thermal energy is transferred to the rock fragments and stored for longer than
in the exposed areas. Even after burning, rock fragments continue
transmitting heat to the soil surface. In their experiment, Garcia-Moreno et
al. (2013b) have found that water repellency was induced in the upper soil
layer (0-10 mm) where there was no rock fragment cover, and that
wettability increased with rock fragment cover. Water repellency in soil plots
beneath rock fragments (0-10 mm) was higher, but remained mostly at
subcritical levels (WDPT<5 s). This is not in agreement with the present
results, which show a strong difference in water repellency between bare
and rock fragments covered soil after moderate- and high-severity burning.
Differences between both results may be due to different fire severities
observed. The prescribed fire by Garcia-Moreno et al. (2013b) was carried
out during the cool wet season and temperature peaks above 300 °C were
recorded during 14 minutes. In the present work, great changes were not
observed in SWR after low fire severity, but slight and strong water
repellency were observed after moderate- and high-fire severity.

It is suggested that prolonged heat transfer from rock fragments to soil contributed
to lengthened period of residence for temperatures above the threshold for water
repellency induced at the soil surface, hence increasing WDPT. In bare areas,
weaker water repellency was induced. In these cases, temperatures during the fire
at the soil surface may have been even higher, but more short-timed peaks were
probably reached during low-severity burning.
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After moderate- and high-severity burning, no significant differences were
observed between WDPTs from bare and covered sites under a high rock fragment
cover, probably as a consequence of the proximity between rock fragment-covered
areas and high fire temperatures: rock fragments can induce a lateral heat flow
(Poesen and Lavee, 1994), which may have reduced the intensity of the
temperature gradient between the bare area between nearby rock fragments and
covered sites. Also, authors have observed occasional amounts of ashes between
neighbouring rock fragments, as a result of prolonged combustion of litter and
plant residues with low oxygen availability. Flameless smouldering may have
contributed to enhanced water repellency in bare sites with a high rock fragment
cover.

Fire-induced SWR caused different infiltration rates, which decreased when
burning severity increased. Consequently, a patchy pattern of runoff generation
must be expected. Decreased infiltration rates after burning have been reported by
Gonzalez-Pelayo et al. (2010) in Mediterranean shrubland soils from Spain, Imeson
et al. (1992) in northeastern Spain, Robichaud (2000) in forest soils from the
Northern Rocky Mountain, USA, and Rulli et al. (2006) in northwestern ltaly.
Although different processes are involved (as pore clogging by ash and soil fine
particles), the development of a fire-induced water-repellent layer has been
suggested as the main cause for decreased soil infiltration rates (Doerr et al., 2000).
According to our results, runoff rates are expected to increase with fire severity. So,
when a range of fire severities are found after burning, the runoff response may be
complex, and studies at broader scale are necessary to fully understand this
process.

MDI and WDPT were significantly correlated (Spearman’s rank correlation
coefficient -0.6837, p = 0.0000). Although the mean MDI from rock fragment
covered areas was higher than that for bare areas in all cases, significant differences
(p<0.05) were observed only after high-severity burning. In these cases, mean
infiltration rates changed significantly when median WDPT values increased
between bare and covered sites.
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WETTABILITY OF ASH AND SOIL EROSION
6.1 INTRODUCTION

Soil is a basic component of ecosystems. Sustainability and recovery after fire
depend both on physical, chemical and biological processes and fire severity (Neary
et al., 1999; Mataix-Solera and Guerrero, 2007). Fire effects on soils are divided in
two types: direct effects, as a consequence of combustion and temperature
reached and indirect effects (Neary et al., 1999) as consequence of changes in other
ecosystem components, such as decrease in vegetal coverage or ash and partially
burned litter contribution incluiding changes in flora (Pausas and Verdu, 2005;
Trabaud, 2000).

Low intensity fires, during which high temperatures are not reached, affect vegetal
coverage but will not cause major impacts on soil. Impacts in soil will only be
restricted to the first millimeters of depth. In contrast, prolonged, recurrent, or
high-intensity fires can cause important impacts on the soil system functioning (De
Celis et al., 2013; DeBano, 1991; Mataix-Solera et al., 2009), aggregation (Mataix-
Solera et al., 2011), organic matter content and quality (Sevink et al., 1989), water
repellency (DeBano, 2000a; Doerr et al., 2000), soil nutrients (DeBano et al., 1979;
Stark, 1977), soil erosion (Larsen et al., 2009) and others. In these cases, the
restoration period of the initial conditions can be very long and changes become
permanent (DeBano, 1991; DeBano et al., 1979).

During combustion, fuel (biomass, necromass and soil organic matter) is
transformed in materials with new physical and chemical properties. After fire, the
soil surface is covered by a layer of ash and organic residues, more or less charred
depending on fire severity. Ash has important ecological, hydrological and
geomorphological effects, even after being rearranged or mobilized by runoff or
wind (Bodi et al., 2014).

The characteristics of ash will depend on the burnt species, the amount of affected
biomass, fuel flammability and structure, temperature and the residence time of
thermal peaks (Ulery et al., 1993; Pereira et al., 2009). Some studies have
emphasized the role of ash on soil protection during the after fire period, in which
the vegetable coverage could be drastically decreased (Cerda and Doerr, 2008;
Woods and Balfour, 2008; Zavala et al., 2009a).

Soil protection by the ash coverage is critical during the time when the vegetal
coverage is low (Zavala et al., 2009a). However, the ash coverage can be transient
or last for some time, until it disappears or decreases due to erosion (water and
wind), animals or crossing vehicles. The effect may be variable, since an intense
combustion favors the appearance of white ash is predominantly of a mineral
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nature, and hydrophilic. Conversely, incomplete combustion promotes the
appeareance of dark ashes often hydrophobic and capable of increasing the rate of
run-off, and therefore the risk of erosion (Zavala et al., 2009a).

Diverse authors have observed that the capacity of ash coverage to protect soil
depends on properties as the topography, the meteorological conditions and the
thickness of ash coverage (Cerda and Doerr, 2008; Gabet and Sternberg, 2008;
Larsen et al., 2009; Leighton-Boyce et al., 2007; Pereira et al., 2013; Woods and
Balfour, 2010; Zavala et al., 2009a).

6.2 OBJECTIVES

The aim of this work is to study the impact of the ash produced after a fire in water
erosion risk. More specifically it has been carried out the study of [i] sediment
dispersion by splash erosion and [ii] impact on runoff rate trough rain simulations
experiments, in soils affected by fire and covered by hydrophobic or hydrophilic ash
after a prescribed fire.

6.3 MATERIAL AND METHODS

6.3.1 EXPERIMENTAL DESIGN

In 20 November 2012, a prescribed fire was carried out in an area located in the
public mount "Las Navas", near Almaden de la Plata, Sevilla. The coordinates are
approximately 37° 50’ 44.44” N / 6° 3’ 7.44”W and 428 masl. Soils are shallow,
developed from acidic metamorphic rocks (schists, slates and pyrophyllites).
Vegetation is dominated by shrub legumes (Calicotome villosa and several species
of Ulex and Genista).

The experimental area was framed and plowed to eliminate the risk of fire
spreading during the experiment. Before starting the fire, sticks for determining
flame height (Figure 12) were installed. The temperature reached in the soil was
monitored during the fire by a set of six thermocouples which were buried in soil (2
cm depth) and connected to a data-logger for monitoring the topsoil temperature
every 60 s. The environmental conditions were also monitored during the
experiment by a mobile weather station (Figure 13). At the moment of the ignition,
the temperature was around 20 °C and the wind speed was near 0.0 km.
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Figure 12: Installation of bars for determining flame height.

Previously to burn, soil samples (0-5 cm depth) were collected inside the
experimental area at points selected by randomly generated coordinates for soil
characterization. Soil samples were transported in plastic bags to the laboratory,
spread in paper trays and left drying during 7 days under standard laboratory
conditions. When dry, soil samples were homogenized and sieved (2 mm) to
remove coarse materials.

The experimental area was allowed to burn during 2.5 h. During the experimental
fire, flames reached 200 cm height, although thermal peaks recorded 2 cm depth
were relatively low (not surpassing 80 °C). After burning, the soil surface was
covered by a pattern of white and black ash, indicating varying degrees of fire
severity (Figure 14). For security, water was sprayed to ensure complete
extinguishment.
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Figure 13: Mobile weather station in the experimental area.

To determine the intensity of splash erosion and perform rainfall simulation
experiments, areas covered by water repellent or hydrophilic ash were selected.
Ash water repellency was assessed with the ethanol percentage test (see methods
below).
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Figure 14: Detail of the ash-covered soil surface after burning.

6.3.2 SOIL ANALYSIS

Soil acidity (pH) was measured by a pH- meter in an extract of disionized water 1,
2.5. The carbonate content was determined by the Bernard calcimeter method. The
organic carbon was determined by Walkley-Black (Walkley and Black, 1934)
method. The content of soil organic matter was calculated by multiplying by 2
organic carbon content (Pribyl, 2010).

Before texture analysis, organic matter was removed by pretreatment with H,0,
(6%) in 100 g subsamples. Later, samples were oven-dried during 25 h at 110 °C. An
amount of each sample (50 g) was selected and dispersed using a solution of
(NaPOs)s and mechanical stirring during 30 min. The sand fraction (2-0.05 mm) was
determined by wet sieving. The clay fraction (<0.002 mm) was determined by the
Bouyoucos densimeter method and, finally, silt (0.05-0.002 mm) was calculated as

103



CHAPTER 6

the difference between 100% and the sum of the percentages of sand and clay
which were previously determined.

For the determination of the structural stability, 20-25 (size between 4 and 4.8 mm)
soil aggregates per sample were selected and the CND method (Counting the
Number of Drop-Impacts, Mataix-Sill et al, 2010) was used. The aggregates of each
sample were wetted by capillarity upto pFl. Aggregates were arranged on a sieve
(2.88 mm) and subjected to the successive impact of drops of water (0.1 g) from 1
m height, falling through a PVC pipe 10 cm in diameter to avoid the effect of air
current until the aggregate is destroyed, counting the number of drops required
(CND) to a maximum of 200.

6.3.3 ASH WATER REPELLENCY

The intensity of the water repellency of the ash was determined by the ethanol
percentage test (EPT). The EPT provides an indirect measurement of the surface
tension of the ground and, therefore, indicates the intensity of soil water repellency
and is based on the different surface tension of a number of standardized solutions
of ethanol in water.

The procedure consists in applying drops (0.05 mL) of different ethanol solutions
with different concentrations onto the surface of the ash layer observing if
infiltration occurs in a period that not exceed 5 s (Jordan et al., 2010) . Every drop
is allowed to fall from a distance not bigger than 15 mm to avoid the excess of
kinetic energy that can affect infiltration. Applying drops with decreasing surface
tension (that is, with concentrations of increasing ethanol; Table 15) until a drop
resists the infiltration allows the classification of the ground in a particular class of
surface tension between two concentrations of ethanol: that in which infiltration
occurs immediately (in less than 5 s) and the above solution of weaker
concentration. Thus, it is assumed that solution whose drop is infiltrated within the
first 5 s after application has a lower surface tension than soil surface (Letey et al.,
2000).

6.3.4 EROSION SPLASH

In each of the areas covered by hydrophilic and water repellent ash 15
representative points were selected. Each of these points was surrounded by white
/ hydrophilic or dark / water repellent to a minimum distance of 0.5 m ash. In each
of the points a splash sediment collection system was installed. This system consist
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on a couple of funnels arranged one inside the other, and a filter paper to pick up
the sediments (Figure 15). Each pair of funnels was inserted letting them 10 mm of
protrude, avoiding capturing runoff sediments. Sediments collected at each point
of study were collected monthly and determined gravimetrically after oven drying
(24 h, 110 oC) between November 2012 and May 2013.

Table 15: Ethanol classes used and intensity of water repellency (from Doerr,
1998).

Clase de Porcentaje de etanol (%) Intensidad de la repelencia al agua
EPT
0 0 Muy hidrofilico
1 3 Hidrofilico
2 5 Ligeramente repelente al agua
3 8.5 Moderadamente repelente al agua
4 13 Fuertemente repelente al agua
5 24 Muy fuertemente repelente al agua
6 36 Extremadamente repelente al agua

rmbudo ? Filtro Ernbudo 1

Figure 15. A) Detail of the two-funnels system. B) Funnels inserted in the soil. C)
Scheme of the funnel system functioning. D) Collected sediment samples in filters
during oven-drying.
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6.3.5 RAINFALL SIMULATION

In order to perform rain simulation experiments, 30 representative points of water
repellent ash and as many of hydrophilic ash were chosen. These points were
located below the slope used for the analysis of splash erosion. The rainfall
simulation experiments were carried using a Kamphorst portable simulator (Figure
16; Kamphorst, 1987). Raindrops (5.9 mm, 0.106 g) were dropped from a height of
33-54 cm with a constant intensity of 350 mm h-1 for 10 minutes over an area of
0.625 cm2 which was enclosed by an aluminum frame inserted into the soil.

Distilled water was used at all simulations, because the response of the soil or ash
can vary depending on the chemical composition of the liquid used (Agassi et al.,
1994). A metal collector inserted into the soil down slope was used to direct runoff
to a plastic container buried in the ground. Runoff water was collected periodically,
calculating the total volume. The runoff rate was calculated as a percentage of the
total water collected in relation to the total used in each test (about 350 mm x 0.16
h-1 h). Prior to rain simulation, five measurements of the thickness of the ash layer
were taken by a metal rod evenly distributed on a diagonal from the experimental
area. The average of the measurements was taken as representative of each point.
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Figure 16: Description of the Kamphorst mobile rainfall simulator.

6.3.6 DATA ANALYSIS

Analysis of normality and homogeneity of all variables was performed using the
Shapiro-Wilk and Brown-Forsyth test, respectively. In cases where the variable
fulfilled both requirements, tests and statistical parametric (ANOVA, rank
correlation analysis-LSD-t test for comparison of averages, Pearson correlations,
average, standard deviation and regressions) were used. If a variable did not satisfy
both conditions, non-parametric statistics (Spearman correlation, mode, average
and range) were used. For data analysis STATGRAPHICS (Centurion version 16
StatPoint Technologies, 1982-2011) software was used.
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6.4 RESULTS AND DISCUSSION

6.4.1 GENERAL DESCRIPTION OF SOIL

Table 16 shows the physicochemical characterization of the study area. The pH
fluctuated between 5.9 and 7.1, with an average value of 6.5 + 0.4. The organic
matter content is moderate (3.1 + 0.4%). Because the soil is slightly acidic, the
calcium carbonate content determined was very low (0.14 £ 0.29% on average, with
a maximum of 0.9%). The structural stability of the soil was moderately high, with
a CND value of 189 £ 5. Soil texture swings between sandy-clay-loam and loam, with
averages of sand, silt and clay 45.0 £ 2.5, 31.01 £ 3.5 and 24.9 + 2.7 %, respectively.

After the fire, the soil was covered with a layer of ash with a thickness between 1
and 60 mm, as a result of the combustion.

6.4.2 ASH WATER REPELLENCY

Depending on the intensity of the water repellency, the ash layer fluctuated
between hydrophilic (EPT 1) and very strongly water repellent (EPT 5). Figure
17shows the distribution of the values of EPT (2-5) in the water repellant ash areas.
The ash has a high permeability and water storage. However, its hydrophilic
character has been emphasized rarely (Cerda and Doerr, 2008). Different authors
have described hydrophobic behaviors depending on the burned vegetation such
as chaparral (Gabet and Sternberg, 2008) or coniferous forest (Stark, 1977) in the
United States, the eucalyptus forest in Australia (Khanna et al.,, 1996 ) or
Mediterranean tree and shrub species in Spain (Bodi et al., 2011). In the latter case,
Bodi et al. (2011) observed that ash has different properties depending on the
combustion conditions, organic carbon content and color. This variability of
behavior agrees with the results obtained in the present work.
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Table 16: Physical and chemical characteristics of soils in the study area.

Mean SD Minimum Maximum
pH (1,2.5 H20) 6.5 0.4 5.9 7.1
Organic matter (%) 3.1 0.4 1.9 3.5
COsCa (%) 0.14 0.29 0.0 0.9
Stability of structure 189 5 184 198
Sand (%) 45.0 2.5 42.3 50.5
Silt (%) 30.1 3.5 24.6 34.8
Clay (%) 24.9 2.7 22.2 31.3
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Figure 17: Distribution of water repellency classes in the water-repellent ash area.
N =30.
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6.4.3 SPLASH EROSION

Table 17 shows the results of analysis of variance splash displaced sediment
according to the sampling in areas covered by water repellent and hydrophilic ash.
In both cases significant differences between groups (ANOVA p-value = 0.0000)
were observed.

For the ash-covered water repellent area, the results of all samples showed
significant differences between them. On average, the number of displaced
sediment was 13.23 + 6.70 g. During the first four months after the fire, the amount
of sediment displaced by splash increased rapidly up to 264.10% (from 3.90 £ 0.44
to 14.20 + 1.75 g). By contrast, during the last three months, the number of
displaced sediments remained high, but growth was lower, only 28.11% (from
16.97 + 1.66 t0 21.74 + 3.27 g).

In the case of the area covered with hydrophilic ash, the amount of sediment was
much smaller, as well we consider all samples together (t = -13 to 7017, p-value =
0.000), as individually (average values fluctuated from 1.29 and 6.14 g). During the
first two sampling after the fire, the values did not differ from each other (1.38 +
0.18 g on average). Subsequently, the amount of sediment collected grew slowly
until the last two samples (6.12 + 0.63 g on average).

Several authors have suggested that ash acts protecting soil from the direct impact
of raindrops and thus reduce splash sediment dispersion (Cerda and Doerr, 2008,
Larsen et al, 2009; Woods and Balfour, 2008, Zavala et al, 2009a). However, there
is very little information about the effect of hydrophobicity on splash erosion. In a
rainfall simulation experiment under laboratory conditions, Bodi et al. (2012b)
observed that splash erosion was at least two times higher in samples of water
repellent soil than in hydrophilic soil, but no differences in ash loss or thickness of
ash layer were observed.
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Table 17: Results of the ANOVA test for sediment displaced by raindrop splash
(mean £ standard deviation, SD) in wettable and water repellent ash areas. Mean
values followed by different letters within the same column show significant
differentes (p < 0.05). N =15 in all cases.

Sampling date Water repellent ash Wettable ash
Mean + SD Mean + SD
10/11/2012 3.90+0.44a 1.29+0.12a
20/12/2012 5.28+0.69b 1.48+0.17 a
20/01/2013 10.61+1.34c 3.06£0.39b
20/02/2013 14.20+1.75d 432+047c
20/03/2013 16.97 £ 1.66e 4.96+0.52d
20/04/2013 19.91+2.16f 6.10£0.58 e
20/05/2013 21.74+3.27g 6.14+0.69¢
Mean 13.23+6.70 3.91+1.94
ANOVA, p-value 0.0000 0.0000

6.4.4 RAINFALL SIMULATIONS

Table 18 shows a descriptive analysis of runoff coefficient and the thickness of the
layer of ash in the water repellent and hydrophilic ash zones. In neither of cases
significant differences between the ash layer thickness (Table 19), which together
with, showed an average of 18.59 + 13.85. However, significant differences in the
case of runoff coefficient were recorded after the rain simulation experiments (p =
0.0000, Table 19). While in the water repellent ash, the runoff coefficient showed
an average value of 49.9 + 10.08% in the hydrophilic ash this value decreased to
10.28 + 4.86%.

Figure 18 shows the runoff coefficient, determined depending on the thickness of
the ash layer in the areas of hydrophilic and water repellent ash. In the first case, it
is observed that runoff coefficient is independent of the thickness of the ash layer.
Low runoff coefficient here observed, suggests that despite the saturation of the
ash layer with water precipitation, a general process of infiltration was favored
(higher to 80%). Similar behavior has been described by Bodi et al. (2012b) under
laboratory conditions and by Kinner and Moody (2010) in field conditions.

In the second case (water repellent ash), clearly shows how the runoff rate
decreases with the ash layer thickness. The relation between the two variables can
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be described in this case by the regression shown in Table 20. Compared to the
previous case, the process could be more complex. For one, the runoff rate is much
higher than the case of the hydrophilic ash, which can be simply explained by
delayed infiltration. In addition, the runoff rate decreases with increasing ash layer
thickness. This suggests that, after a certain time in contact with water, the
hydrophobicity is destroyed (Jordan et al., 2010), and the infiltration is enhanced.
When the thickness of the ash layer is higher, a slow incorporation of water which
is absorbed by the ash, and can infiltrate soil progressively is allowed. This
mechanism explains as well the much higher generation of run-off rate on the
water repellent layer as the increase of the infiltration rate when the thickness of
the ash layer is increased. Bodi et al. (2012b) and Woods and Balfour (2008, 2010)
have suggested that an ash layer thickness below 5 mm can not store enough water
to encourage infiltration, compared to thicker layers, as in our experiment.

Table 18: Statistical analysis of runoff rate and ash thickness in the wettable and
water repellent ash areas.

Water repellent ash area Wettable ash area

Runoff rate Ash layer Runoff rate Ash layer

(%) thickness (mm) (%) thickness (mm)
N 30 30 30 30
Mean 49.92 18.49 10.28 18.69
Standard 10.08 12.78 4.86 15.06
deviation
Coefficient of 20.19% 69.10% 47.30% 80.57%
variation
Minimum 314 1 0.8 1.1
Maximum 74.4 50.7 17.9 60
Range 43 49.7 17.1 58.9

Table 19: Comparison of means (t test) for runoff coefficient and ash layer
thickness wettable and water repellent ash areas.

Runoff coefficient Ash layer thickness
t -19.3995 0.0555
p-value 0.0000 0.9560
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Figure 18: Runoff rate in function of the ash-layer thickness in the wettable- and
water repellent-ash areas.

Table 20: Results of the regression analysis between runoff coefficient and ash
layer thickness in the water repellent ash area.

Runoff regression
Parameter Minimum squared Standard error T-value P-value

Interception 63.1261 1.41256 44.6891 0.0000

Slope -0.714283 0.0631815 -11.3053

ANOVA

Source Sum of squared Degrees of freedom Mean squared F-ratio P-value
Model 241591 1 241591 127.81 0.0000
Residues 529.271 28 18.9026

Total 2945.18 29
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Runoff coefficient of water repellent ash area (Figure 19) varied with the intensity
of water repellency, increasing from values between 31.4 and 39.3%. (EPT = 2, slight
water repellency) to values between 31.4 and 74.4% (EPT = 5, very strong water
repellency). Both variables showed a positive and strong correlation (Table 21).
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Figure 19: Runoff rate in function of ash water repellency (EPT class).
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Table 21: Correlation coefficients between runoff rate, ash layer thickness and
intensity of ash water repellency (EPT class) in wettable and water repellent ash
areas.

Zone Variable R p-value

Wettable area Runoff rate/ash layer thickness 0.2226 0.2370
(R-Pearson)

Water repellent ash area Runoff rate /ash layer thickness -0.9057 0.0000
(R-Pearson)

Runoff rate /EPT 0.9533 0.0000
(R-Spearman)
Ash ayer thicknes /EPT -0.9400 0.0000

(R-Spearman)

A working scale, these results agree with previous works in which it has been found
that the ash is a key factor in the study of soil erosion affected by fire at pedon scale
(1 m?). However, it is not clear what is the influence of the ash layer on slope or
basin scale (Ledn et al, 2013; Woods and Balfour, 2010). Due to the particle size of
the ash, it is often suggested that it may contribute to the occlusion of the soil
pores, forming a sealing surface that facilitate runoff generation (Gabet and
Sternberg, 2008; Mallik et al., 1984) However, in this work it has been assumed that
the effect occurs as well in the hydrophilic ash as in the water repellent ashes, so
that differences in runoff generation should be conditioned only by the ash layer
capacity to absorb and store water (conditioned by its thickness) and their degree
of hydrophobicity. Owing to ash layer high heterogeneity after combustion
(Granged et al., 2011c), Bodi et al. (2014) proposed the study of connectivity of ash
cover to improve the knowledge about the ash influence on erosion, along with
other elements such as leaves debris and other wastes partially burned.
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The research carried out in this thesis constitutes an approach to the study of the
impacts of wildfires in soils under Mediterranean conditions, with special reference
to medium- and long-term evolution of fire-affected soil properties and the
influence of surface elements (rock fragments and ash layers) that have not been
largely considered in the scientific literature. The results previously discussed allow
obtaining the following conclusions:

Post-fire evolution of water repellency and aggregate stability in Mediterranean
calcareous soils

Soil WR was induced in previously wettable calcareous soils after moderate
severity burning. In calcareous soils where pre-fire WR was observed, the
proportion of wettable samples generally decreased after burning.

Small changes were observed in soil WR in the fine earth fraction (<2 mm) from
soil samples (0-15 mm deep) over a six year recovery period. Generally, severity
of soil WR was stable or decreased slightly, in agreement with previous results.
In contrast, sieve-fractions showed different behaviour patterns. The
proportion of wettable samples in coarser aggregates (1-2 mm) decreased
immediately after burning, but increased to values close to 100% in the last
year of the experiment. Severity of WR from finer aggregates (0.5-1 and 0.25-
0.5 mm) varied or remained stable but did not contribute to general soil WR
assessed in the fine earth fraction. Vegetation type and lithology conditioned
the severity of WR in the finer fractions, although this did not affect soil WR.

Vegetation type and lithology did not affect clearly AS. AS increased slightly
after fire and decreased progressively through the experimental period. AS
varied with WR suggesting a relation between both variables. However, AS was
not affected severely by moderate-severity burning in the studied soils, which
show a high clay content and calcium carbonate as main cementing substances.

It can be concluded that soil resilience to low-moderate fire disturbance seems
to be very high in the studied areas.

Do stones modify the spatial distribution of fire-induced soil water repellency?

Both pH and AS at different depths did not show significant differences
between soil plots with different soil cover. Burning temperature induced
critical or subcritical SWR in the upper layer (0-10 mm) of previously wettable
soil.
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Fire-induced SWR did not vary with stone cover, but critical SWR was reached
in inter-stone soil areas. At stone-covered soil areas, SWR was increased, but
WDPTs remained mostly below the 5 s threshold.

Research is being carried out in order to study further evolution of properties,
wettability at the surface and the effect and dynamics of ashes.

Fire severity and surface rock fragments cause patchy distribution of soil water
repellency and infiltration rates after a forest fire

120

The effect of fire severity and rock fragments resting on the soil surface on the
development of water repellency in burned soils has been studied in this
experiment. After a wildfire, it was observed that burning induced water
repellency in previously wettable soils. The degree of repellency increased with
burning severity. The soil surface changed from wettable (bare areas) or slightly
water repellent (rock fragment covered areas) after low fire severity to strongly
water repellent after high fire severity.

Rock fragments resting on the soil surface may cause heterogeneity in the
spatial distribution of water repellency after burning. In areas with a low rock
fragment cover (<20%), water repellency from soil surfaces covered by rock
fragments increased at least in 2 categories relative to soil surfaces not covered
by rock fragments.

In areas with a high rock fragment cover (>60%), SWR was significantly lower
for bare soil surfaces (wettable) compared with rock fragment covered areas
after low-severity burning (slight water repellency). In moderate- and high-
severity burned soils with a high rock fragment cover, no significant differences
were observed between bare areas and areas covered by rock fragments. It is
suggested that the proximity of rock fragments during severe burning may have
contributed to reducing the intensity of the temperature gradient between
bare and covered sites. Smouldering processes after the passage of fire are also
suggested as a factor implied in water repellency development.

Rock fragment cover did not affect the infiltration rate. Also, the rate decreased
significantly in rock fragment-covered soil surfaces after high-severity burning
where there was a low or high rock fragment cover.

Together with fire severity, rock fragments resting on the soil surface should be
considered as a factor potentially affecting the distribution of fire-induced soil
water repellency in burned soils. Especially in stony soils, which are frequent in
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areas as the Mediterranean basin, the effect of rock fragments must be taken
into account to avoid errors in evaluating the hydrological response of burned
soils.

Wettability of ash conditions splash erosion and runoff rates in the postfire

Ash plays an important role to protect soil in the post-fire. In this work has also
been shown that the intensity of water repellency of the ash, as a result of the
biomass and soil organic matter combustio degree, conditions very significantly
the hydrological response after fire.

Results of this research show that ash protects soil from splash erosion,
particularly in the case of hydrophilic ash. The presence of a water-repellent
ash layer, however, in contrast to hydrophilic ash, increases the mobilization
and sediment loss.

Water-repellent ash layer presence, increases runoff rate generation. The
runoff rate is directly proportional to the intensity of the water repellency.
However, during the rain test simulation it has been observed that even with
strongly hydrophobic ash, the increase in the thickness of the ash layer
contributes to the storage of water, which infiltrates slowly in the soil, thereby
decreasing the run-off generation and the erosion risk.

During the post-fire precipitation, a hydrophilic ash layer acts absorbing large
amounts of water and maintaining the runoff rate generation reduced at 20%,
even as high intensity of precipitation as was used in this assay (350 mm h-1 for
10 minutes).

Although fire can increase the soil erosion risk, results suggest that, at plot
scale, ash may acts protecting soil from erosion risk.
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La investigacion llevada a cabo en esta tesis doctoral constituye una aproximacién
al estudio de los impactos de los incendios forestales en suelos bajo condiciones
mediterraneas, con especial referencia a la evolucién a medio y largo plazo de las
propiedades de los suelos afectados por los incendios, asi como a la influencia de
los elementos de superficie (piedras y capas de ceniza) que no han sido
considerados con profundidad en la literatura cientifica. Los resultados discutidos
anteriormente permiten obtener las siguientes conclusiones:

Evolucion post-fuego de repelencia al agua y estabilidad de agregados en suelos
calcareos mediterraneos

El fuego de severidad moderada es capaz de inducir repelencia al agua en
suelos calcareos previamente humectables. En suelos calcareos donde se
observd la existencia de repelencia al agua antes del incendio, la proporcion
de muestras humectables disminuyd generalmente después del fuego.

Se observaron pequefios cambios en la repelencia al agua del suelo en la
fraccion de tierra fina (<2 mm) de muestras de suelo superficiales (0-15 mm
de profundidad) durante un periodo de recuperacién de seis afios. En
general, la severidad de la repelencia al agua del suelo se mantuvo estable
o disminuyé ligeramente, de acuerdo con los resultados anteriores. Por el
contrario, las diferentes clases de tamafio de agregados mostraron
diferentes patrones de comportamiento. La proporcién de muestras
humectables en los agregados gruesos (1-2 mm) disminuyd
inmediatamente después del fuego, pero aumentd a valores cercanos al
100% en el ultimo afio del experimento. El grado de repelencia al agua de
los agregados finos (0.5-1 y 0.25-0.5 mm) varié o permanecido estable,
pero en general no contribuyd a la repelencia al agua de la fraccién de tierra
fina del suelo. El tipo de vegetacidn y la litologia condicionaron la severidad
de repelencia al agua en los agregados mas finos, si bien esto no se reflejo
en la repelencia del suelo.

El tipo de vegetacidn y la litologia no mostraron una clara relacién con la
estabilidad de agregados. La estabilidad de agregados aumentd
ligeramente después de los incendios disminuyd progresivamente durante
el periodo experimental. La estabilidad de agregados si varié en funcién del
grado de repelencia al agua, sugiriendo una relacién entre ambas variables.

Se puede concluir que los suelos del area de estudio presentan una alta

resiliencia a las perturbaciones del suelo bajo fuego de severidad
moderada.
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Relacidn entre la distribucién espacial de la repelencia al agua del suelo inducida
por el fuego y la cobertura de piedras

Tanto el pH como la estabilidad de agregados a diferentes profundidades
no mostraron diferencias significativas entre parcelas de suelo con
diferente cobertura de piedras. Tras el fuego, se observd la presencia de
repelencia al agua critica o subcritica en la capa superior (0-10 mm) de suelo
previamente humectable.

La repelencia al agua inducida por el fuego-no varié con la cobertura de
piedras, pero si se alcanzaron niveles criticos (tiempos de infiltracion de
gota cercanos a5 s) en dreas de suelo entre piedras adyacentes. En las areas
de suelo inmediatamente cubierto por piedras, la persistencia de la
repelencia al agua se incrementd, aunque generalmente se mantuvo por
debajo del umbral de 5 s.

Efectos de la severidad del fuego y la cobertura de piedras sobre la distribucion
de la intensidad de la repelencia al agua y las tasas de infiltracion después de un
incendio forestal
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En este experimento se describen los efectos de la severidad del fuego y las
piedras que descansan sobre la superficie del suelo en el desarrollo de la
repelencia al agua. Después de un incendio forestal, se observd que el
fuego indujo repelencia al agua en suelos previamente humectables. El
grado de repelencia incrementé con la severidad del fuego. La repelencia
al agua del suelo se modificé significativamente entre las dreas desnudas
(entre piedras adyacentes) y las zonas cubiertas por piedras después de la
exposicidn a fuego de alta severidad.

Las piedras situadas sobre la superficie del suelo pueden causar
heterogeneidad en la distribucion espacial de la repelencia al agua después
del fuego. Asi, en las zonas con una baja cobertura de piedras (<20%), la
intensidad de la repelencia al agua en zonas cubiertas por piedras aumentd
al menos en 2 categorias en relacién con la superficie del suelo no cubierta.

En las zonas con una cobertura alta de piedras (> 60%), la intensidad de la
repelencia al agua fue menor en las superficies de suelo desnudo
(humectable) en comparacion con las areas cubiertas por piedras tras fuego
de baja severidad (que mostraron sdlo ligera repelencia al agua). Tras fuego
de moderada y alta severidad, no se observaron diferencias significativas
entre las zonas desnudas y dreas cubiertas por piedras. Esto sugiere que la
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proximidad de las piedras durante el fuego puede haber contribuido a la
reduccion de la intensidad del gradiente de temperatura entre zonas
desnudas y cubiertas. Los procesos de combustion lenta de hojarasca y
materia orgdnica después del paso del frente del fuego también pueden
estar implicados en el desarrollo de la repelencia al agua.

La cobertura de piedras no afecté la tasa de infiltracién. Asimismo, la tasa
disminuyd significativamente en las zonas cubiertas después de fuego de
alta severidad, tanto bajo alta como baja cobertura de piedras.

Junto con la severidad del fuego, la presencia de piedras sobre la superficie
del suelo se debe considerar como un factor que afecta potencialmente a
la distribucién de la hidrofobicidad inducida por el fuego en los suelos
guemados. Sobre todo en el caso de suelos pedregosos, frecuentes en las
zonas mediterraneas. Este efecto debe tenerse en cuenta para evitar
errores en la evaluacion de la respuesta hidrolégica de los suelos
guemados.

Efecto de la presencia de ceniza sobre la erosién por salpicadura y la generacién
de escorrentia

La ceniza juega un papel importante en la proteccién del suelo en el post-
incendio. En este trabajo también se ha demostrado que los diferentes
grados de repelencia al agua de la ceniza, como resultado de la diferente
intensidad de la combustién de la biomasa y la materia orgdnica del suelo
condiciona muy significativamente la respuesta hidroldgica después de un
incendio.

Los resultados de esta investigacion muestran que la ceniza protege el
suelo de la erosidn por salpicadura, en particular en el caso de la ceniza
hidrofilica. La presencia de una capa de ceniza repelente al agua, sin
embargo, contribuye a aumentar el riesgo de pérdida y movilizacion de
sedimentos, en claro contraste con la ceniza de caracter hidrofébico.

La presencia de una capa de ceniza repelente al agua aumenta la tasa de
generacion de escorrentia. Sin embargo, los resultados obtenidos tras los
experimentos de simulacion de lluvia permiten afirmar que incluso sobre
una capa de ceniza fuertemente repelente al agua, el incremento del
espesor de la capa de ceniza contribuye a aumentar la capacidad de
almacenamiento de agua, que se infiltra lentamente en el suelo y asi
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disminuye la tasa de generacidn de escorrentia y, por tanto, el riesgo de
erosion.

Durante la precipitacion en el periodo postincendio, una capa de ceniza
humectable actla absorbiendo grandes cantidades de agua, lo que
mantiene la tasa de escorrentia en niveles bajos (en nuestro experimento,
por debajo del 20%), incluso bajo una intensidad de lluvia tan elevada como
la empleada en este ensayo (350 mm h* durante 10 minutos).

Aungque el fuego puede aumentar el riesgo de erosion del suelo, los
resultados sugieren que, a escala de parcela, la ceniza puede actuar como
una proteccion efectiva del suelo ante el riesgo de erosion.
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