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El efecto de las perturbaciones sobre los ecosistemas

Hasta hace pocos afos las perturbaciones eran consideradas como sucesos
exogenos y catastroficos que afectaban a los ecosistemas (White 1979). Pero este
concepto ha cambiado por otro mas amplio, en el que una perturbacién se puede definir
como "un acontecimiento distinto, tanto natural como inducido por el hombre, que origina
un cambio en las caracteristicas de los sistemas ecologicos" (Kaufmann et al. 1994). Esta
definiciéon distingue entre perturbacion natural e inducida por el hombre, y reconoce que la
gestion de los recursos puede causar la perturbacién. Aunque todos los sistemas
biolégicos sean dinamicos a causa de los procesos de nacimiento, crecimiento, y
mortalidad de individuos, muchos sistemas biolégicos lo son por efecto de factores

adicionales, principalmente las perturbaciones (White 1979).

La frecuencia de perturbacion puede tener un efecto mayor en la composicion
especifica dependiendo de la escala. Generalmente, perturbaciones frecuentes favorecen
a especies intolerantes a la sombra, mientras las especies tolerantes son tipicas de
ecosistemas poco perturbados. Del mismo modo, las perturbaciones a pequena escala
favorecen las especies tolerantes a la sombra, mientras las perturbaciones a gran escala
favorecen a las intolerantes. Ambos tipos de perturbaciones, grandes y pequenas, pueden
operar simultaneamente, y el resultado es un como mosaico con manchas de diferente
tamafio, composicion de especies, y edad desde la perturbacién (Pickett y Thompson
1978). Por ello, las perturbaciones naturales como fuegos, huracanes o plagas, crean
heterogeneidad en el paisaje y se convierten en "experimentos naturales" que permiten
estudiar la creacién de patrones espaciales y sus efectos sobre muchos procesos

ecolégicos (Turner 1998).

Los incendios en la regiéon mediterranea

El fuego juega un papel decisivo en la estructura y dinamica de los ecosistemas
mediterraneos (di Castri y Mooney 1973; Naveh 1975; Trabaud 1980; Gill et al. 1981). Los
incendios destruyen cada afo en la Cuenca Mediterranea mas de 600.000 ha de bosque y
matorral (Le Houerou 1987). Pese al reconocimiento tradicional del fuego como uno de los
principales factores ecolégicos que han conformado el actual mosaico que caracteriza al
paisaje mediterraneo (Naveh 1994; Thanos 1999), en los ultimos afios se ha producido un
aumento en la importancia de los incendios forestales, con un espectacular incremento en
la frecuencia y intensidad de estos episodios (Terradas 1996) pero, sobre todo, con la
aparicion de un fendmeno complejo y relativamente nuevo como son los incendios
forestales de grandes dimensiones (Moreno et al. 1998; Pausas y Vallejo 1999). Hay
multiples ejemplos de grandes incendios recientes en todos los paises de la Cuenca
Mediterranea. Concretamente en el Noreste de la Peninsula Ibérica destacan por su

importancia las 25.000 ha quemadas en un solo incendio en las comarcas de la Catalufia
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Central del Bages-Bergueda (Barcelona) en 1994, y el incendio de 19.000 ha que en 1998
afecto basicamente a la comarca del Solsonés (Lleida).

Los grandes incendios forestales concentran la mayor parte de los dafios
ecologicos y econdmicos producidos por el fuego (Moreno et al. 1998; Peix 1999). Asi, los
datos obtenidos por Terradas et al. (1996) confirman este patrén: los grandes incendios
representan en Espafa un 0.8% de los fuegos producidos entre 1968 y 1994, pero son
responsables del 60.5% del total de la superficie quemada (0.41% y 75.1%
respectivamente en el periodo 1975 a 1999 en Catalufia). Estos resultados han llevado a
considerar a los grandes incendios como uno de los principales problemas para el
mantenimiento y continuidad de los bosques mediterraneos (Prieto 1995), ya que es de
esperar que la incidencia de este fendmeno se agudice en el futuro, debido al aumento de
las transformaciones territoriales que favorecen estos episodios (ej. abandono de
actividades agrarias y ganaderas), a lo que se une un previsible cambio climatico que
aumentara, en general, la sensibilidad del bosque mediterraneo al fuego (Pefiuelas 1996;
Pifol et al. 1998). En este sentido, en los ultimos tiempos se ha constatado en el levante
peninsular una mayor afectacion por el fuego de zonas no estrictamente mediterraneas,
hasta cierto punto poco propicias a los incendios. Asi, la proporcién de hectareas
guemadas en zonas tipicamente mediterraneas en Catalufia ha disminuido desde el 72.7%
en la década de los setenta y el 75.3% en la de los ochenta, al 64.5% en los afios 90,
mientras que el porcentaje de superficie afectada en zonas méas submediterraneas, ha
aumentado de un 26.0% en los 70 y un 23.8% en los 80, hasta un 35.3% en la década de
los 90 (datos procedentes de la cartografia histérica de fuegos en Catalufia (1975-1998)
elaborada por Salvador et al. 2000). Entre estas zonas mas submediterraneas afectadas
por incendios se encuentran las de las comarcas de Bages, Bergueda y Solsonés que
sufrieron los incendios de 1994 y 1998 anteriormente citados.

Regeneracion post-incendio de los bosques quemados

Los estudios que analizan el comportamiento de los ecosistemas mediterraneos
después del fuego consideran que éstos tienen una elevada resiliencia, esto es, que en
poco tiempo la zona quemada se asemeja en composicién y estructura a la zona no
quemada (Ariatnoutsou 1998; Keeley 1986; Trabaud 1987; Ojeda et al. 1996). Por esta
razon, la regeneracion post-incendio en la regién mediterranea ha sido descrita como un
proceso de autosucesion (Hanes 1971), donde el rapido restablecimiento de la comunidad
pre-incendio se consigue mediante dos eficaces mecanismos de regeneracion: el rebrote
desde estructuras resistentes al fuego, y/o la germinacion de semillas protegidas y
almacenadas en el suelo o en la copa. Las floras de la mayoria de las comunidades
mediterraneas incluyen especies distribuidas en un gradiente entre rebrotadoras estrictas y

germinadoras estrictas (Hodgkinson 1998). En cualquier caso, se acepta que la
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regeneracion post-incendio de la mayoria de las especies de plantas que viven en estas
regiones es aceptable (Moreno y Vallejo 1999), bien porque tienen cubiertas protectoras
resistentes, yemas subterraneas o aéreas que sobreviven al fuego, pifias serotinas que se
abren como respuesta a un aumento de la temperatura, o pifiones con cubiertas capaces

de soportar el brusco incremento de la temperatura.

Las caracteristicas vitales de las distintas especies son las que determinan en gran
medida estos patrones de regeneracion diferentes. Para las especies con capacidad de
rebrotar, el porcentaje de individuos de los que sobrevive la parte subterranea y son
capaces de rebrotar, asi como el vigor del rebrote determina en gran parte el éxito o no de
la regeneracién post-incendio ya desde el primer afio después del fuego (Lépez Soria 'y
Castell 1992). En el caso de las especies germinadores, la densidad de plantulas que son
capaces de establecerse durante el primero o segundo afio después del fuego es la que
determina en gran medida las posibilidades de recuperacion del tipo de comunidad previa.
Estas plantulas pueden provenir de la germinacidon de semillas de los arboles quemados
durante el incendio en el caso de que la especie tenga mecanismos para que las semillas
sobrevivan al fuego (como es el caso de Pinus halepensis, cuyos pifiones estan protegidos
en el interior de las pifias, Habrouk et al. 1999). Los propagulos también pueden llegar a la
zona quemada desde los margenes o islas de vegetacion no quemadas dentro del
incendio. En este caso, la distancia de cada punto concreto del incendio respecto a estas
fuentes de semillas es crucial para que la recuperacion sea efectiva o no. Por ello la
regeneracion se produce normalmente de manera mas efectiva en fuegos de poca
extensién, o en los que existen abundantes islas no quemadas (Toth 1987; Roig 1997)
que en los grandes incendios. De hecho, en incendios de grandes dimensiones
normalmente la regeneracion de las especies forestales que dependen de la llegada de
propagulos desde las zonas no quemadas es practicamente nula en las zonas alejadas de
los margenes (Espelta 1999; Retana et al. en prensa).

Esta idea de que las especies mediterraneas se recuperan rapidamente después
del fuego esta sin duda influida por el hecho de que la mayoria de los estudios sobre la
regeneracion después de incendios forestales se refieren a formaciones sometidas a
frecuencias de incendio relativamente elevadas y dependientes en cierto modo del fuego
(Trabaud 1994). Sin embargo, no todas las especies que viven en la region mediterranea
estan adaptadas al fuego y son capaces de responder adecuadamente a las
perturbaciones frecuentes. Asi numerosas especies de distribucion tipicamente
mediterranea carecen de mecanismos de regeneracion postincendio eficientes, ya que ni
los adultos ni los propagulos sobreviven al fuego (Piussi 1992; Alcahud et al 1997; Riera y
Castell 1997). Incluso especies que normalmente se acepta que regeneran bien, como
Pinus halepensis, P. pinaster o Ulex parviflorus muestran una regeneracion escasa o
irregular bajo determinadas condiciones post-incendio (Faraco et al. 1992; Abad et al.
1997; Ferran y Vallejo 1998; Ne'eman et al. 1992; Pérez 1997; Thanos 1999).
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Este es también el caso de P. nigra y P. sylvestris, dos especies con importantes
problemas de regeneracién después del fuego (Ibafiez y Retana 1997; Retana et al. en
prensa). Estas especies no tienen pifias serotinas (Lanner 1998) y muestran una fenologia
de las semillas similar, dispersandolas a final del invierno o principios de primavera (Bolos &
Vigo 1984; Laguna 1993; Skordilis & Thanos 1997). De esta manera, en verano, que es el
periodo en el que se producen la mayoria de incendios forestales (Peix 1999), la mayoria
de las pifias estan vacias y el banco de semillas de copa es practicamente nulo. Los
bancos de semillas del suelo de los pinos se mantienen durante pocos meses (Trabaud et
al. 1997; Izhaki & Ne'eman 1998; Broncano 2000), y en el caso del P. nigra y P. sylvestris
la mayoria de las semillas germinan en primavera, por lo que el fuego quema las plantulas.
Como las pocas semillas que permanecen en el suelo no son capaces de resistir las
elevadas temperaturas que se alcanzan durante el incendio (Habrouk et al. 1999), el
resultado es una falta de semillas que puedan impulsar la regeneracion posterior.

En 1994 un incendio de grandes dimensiones asold una parte importante de las
comarcas del Bages y Bergueda, en la zona central de Catalunya (NE de Espafia). El
resultado fue de mas de 25000 ha de bosques calcinadas, principalmente de Pinus nigra.
En el mes de julio de 1998 esta regidn fue arrasada por un segundo incendio, que afecté
principalmente a la comarca del Solsonés, con mas de mas de 14 500 ha de bosque
quemadas (74% Pinus nigra; 11% Pinus halepensis; 7% Quercus cerrioides; 3% Quercus
ilex) (Gonzalez y Castellnou 1998). Esta situacién generé una gran alarma en todos los
sectores de la sociedad (Forum Nacional sobre los incendios forestales 1994) y una
preocupacion general por la repoblacidon de estas zonas quemadas. El numero de
incendios forestales ha seguido aumentando, y las superficies quemadas son cada vez
mayores. Esto exige tomar decisiones sobre las estrategias a seguir, bien dejar a la
naturaleza actuar por si sola, o bien intervenir para mejorarla. Cuando la regeneracion es
tan baja como en estos casos (lbafiez y Retana 1997), es necesario complementarla
mediante repoblaciones artificiales, que permitan asegurar una buena calidad de la futura
masa con los menores costes posibles (Serrada y Sanchez 1993; Vivar et al. 1994;
Mintegui 1996).

Objetivos y estructuracion de la tesis

Ante el nuevo escenario ecolégico descrito para la region mediterranea, vy
caracterizado por: i) un aumento en el niumero de incendios, ii) un incremento de incendios
de grandes dimensiones vy iii) una mayor afectacion de zonas submediterraneas, es posible
plantearse varias preguntas: ¢ Cual sera la respuesta individual de las diferentes especies y
como se vera afectada la diversidad y dinamica de las comunidades forestales

mediterraneas? ;Qué situaciones post-incendio podemos encontrar y con qué frecuencia?
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¢, Qué alternativas de gestion son posibles en los diferentes escenarios generados
después del fuego?

En esta tesis se abordan (al menos parcialmente) estas cuestiones. El estudio
contempla de manera global la reconstruccién del paisaje forestal afectado por el gran
incendio del Bages-Bergueda de 1994, a partir de tres objetivos complementarios: (i)
diagnodstico del estado de la regeneracion y predicciéon de los cambios en los usos del
suelo después del fuego; (ii) ensayo y demostracién de diferentes practicas silvicolas para
la restauracién del bosque; (iii) comparaciéon de diferentes alternativas de gestion de
acuerdo con el estado de la regeneracion, y el resultado y el coste de los tratamientos de

mejora.

El trabajo se compone de cinco capitulos que tienen el formato de articulo
cientifico independiente. Actualmente el primero de los capitulos ya ha sido publicado en
la revista Plant Ecology, y el segundo esta en prensa en la revista Ecoscience.

En el capitulo 1 se estudia la capacidad regenerativa post-incendio de tres de las
especies de pinos mas importante de la regién occidental de la Cuenca Mediterranea, P.
halepensis, P. nigray P. sylvestris, en el marco de la tolerancia de sus semillas a diferentes
temperaturas y tiempos de la exposicion, y de la posicion de las semillas durante el fuego
(semillas dentro las pifias frente a semillas libres). Las combinaciones de diferentes
intensidades de fuego y grados de la proteccion de las semillas nos permiten definir
posibles escenarios durante el incendio: los escenarios de copa (semillas dentro de las
pifias en el arbol), los escenarios de superficie (semillas en la superficie del suelo), y los
escenarios de suelo (semillas en las primeras capas de suelo). En este marco, se estudian
las diferencias interespecificas en el grado de apertura de las pifias bajo los diferentes
tratamiento de calor, las variaciones en el porcentaje de germinacién en funcién de la
temperatura y duracion del calor, y las influencia de la fenologia de liberacion de las
semillas sobre el éxito de la regeneracion de P. halepensis y el fracaso de la de P. nigra'y

P. Sylvestris después del fuego.

En el capitulo 2 se analiza el patrén de regeneracién post-incendio de estas tres
especies de pinos, P. halepensis, P. nigra 'y P. sylvestris, tres afios después del fuego, en
el area afectada por el gran incendio del Bages-Bergueda de 1994. A partir de esta
informacién de los primeros afios después del fuego se ha desarrollado un modelo
sucesional para predecir los cambios a plazo medio en la composicion del bosque 30 afios
después del incendio. El objetivo es demostrar que, aunque las tres especies regeneran
bastante bien en la ausencia del fuego, su regeneracién post-incendio es muy diferente,
ya que P. halepensis muestra una elevada regeneracion, mientras que P. nigra y P.
sylvestris practicamente desaparecen por efecto del fuego. Estos resultados y el aumento

creciente de grandes incendios en la region Mediterranea en las ultimas décadas permiten
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sugerir que la distribucidon de las diferentes especies puede variar considerablemente en

los proximos afios.

En el capitulo 3 se explora la respuesta al pastoreo de dos Quercus
mediterraneos, Q. ilex (especie perenne) y Q. cerrioides (especie caducifolia), que
coexisten en las areas afectadas por el gran incendio del Bages-Bergueda de 1994,
donde rebrotaron abundantemente después del fuego. A partir de las caracteristicas
contrastadas de estas especies, hemos probado tres hipétesis: (1) la especie perenne
estara favorecida bajo una presién alta de pastoreo; (2) dado que las tasas de crecimiento
de Q. cerrioides son mas altas que las de Q. ilex, la primera especie se vera menos
afectada que Q. ilex cuando el pastoreo se inicie algunos afos después de la
perturbacion; (3) la respuesta al pastoreo de Q. ilex y Q. cerrioides diferira dependiendo de
la época del afio en el que se produzca. Para validar estas hipotesis, se han analizado los
efectos del pastoreo sobre los individuos de ambas especies en diferentes momentos
después del incendio, y se ha llevado a cabo un experimento de simulacién de pastoreo

con ambas especies en las diferentes épocas del aino.

En el capitulo 4 se describen los patrones de rebrote y la respuesta a diferentes
intensidades de resalveo a nivel de cepa de las dos especies del capitulo anterior, Q. ilex y
Q. cerrioides en zonas afectadas por el gran incendio del Bages-Bergueda de 1994. El
primer objetivo de este estudio ha sido analizar los patrones de rebrotada de ambas
especies en rodales de diferente calidad de estacion, donde es de esperar una respuesta
diferente de ambas especies, que tienen diferentes requerimientos de agua y nutrientes.
El segundo objetivo ha sido evaluar el efecto de diferentes tratamientos de seleccion de
rebrotes a nivel de cepa sobre el crecimiento de los rebrotes reservados y la aparicion de
nuevos rebrotes. A priori seria de esperar un balance negativo entre ambos procesos,
porque el incremento de la intensidad de corta a nivel de cepa podria estimular el
crecimiento de los rebrotes reservados pero tambien hacer aumentar la disponibilidad de

recursos y, consecuentemente, la apariciéon de nuevos rebrotes.

En el capitulo 5 se analizan diferentes alternativas para reforestar extensivamente
los bosques quemados de P. nigra en el incendio del Bages-Bergueda. El primer objetivo
es evaluar los efectos combinados de tres métodos de eliminacién de la vegetacion
preexistente (quema controlada, pastoreo y desbroce mecanico), dos tipos de estrategias
de reforestacion (siembra y plantaciéon) y dos técnicas de preparacion del suelo (subsolado
y ahoyado mecanizado) en el establecimiento, supervivencia y crecimiento de plantulas de
P. nigra. A partir de estos resultados se comparan las diferentes alternativas en funcion del
éxito de la reforestacion, el coste econdmico y el impacto ecoldgico que tienen mediante

un método de analisis multicriterial desarrollado recientemente.
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Introduction

Fire is an old ecological factor which for millenia has conditioned the life-history traits of
Mediterranean plant species (Trabaud 1983, 1987, 1991), and which plays a decisive role in the
dynamics and structure of Mediterranean-type ecosystems (di Castri & Mooney 1973; Naveh
1975; Trabaud 1980; Gill et al. 1981). Nevertheless, in the last years, the number and,
especially, the surface burned by forest fires has increased considerably, and forest fires have
devastated large areas every summer (Herranz et al. 1997). This has led fire to be considered
as one of the most important problems for sustaining Mediterranean forests at present (Prieto
1995). In this context, data obtained from 1968 to 1994 confirm the importance of large wildfires
(i.e., fires larger than ca. 1000 ha) in the Spanish Mediterranean area (Terradas et al. 1996):
they represent only 0.8% in number but 60.5% in surface burned. In most cases, these large
fires mainly affect pine forests. In Spain, data from Prieto (1995) indicate that pine forests
represent 47.0, 76.6 and 64.3 % of the forested area of the Mediterranean regions of Catalonia,
Valencia and Murcia, respectively, but their importance increases to 78.3, 92.6 and 99.9%,
respectively, of the area burned in these regions. The same pattern occurs in most
Mediterranean countries, e.g. Greece, where a large fraction of burned areas are Mediterranean
pine forests (Daskalakou & Thanos 1994, 1996): pines cover 8.7% of the forested lands, but
account for 24.1% of the area burned each year (Kazanis & Arianoutsou 1996).

Post-fire regeneration of pines, such as other non-sprouting woody plant species,
depends on various factors, such as the availability of suitable microsites for germination, or the
presence of adequate microhabitats for seedling survival and growth (Keeley & Zedler 1978; St.
Pierre et al. 1992; Lloret et al. 1996). Nevertheless, in all scenarios after fire, the chief factor for
the regeneration of pine forests will be the availability of viable seeds in the burned area. Seeds
may come from the soil seed bank, from serotinous cones, or from mature cones present on
trees not killed by fire, both inside the burned area and on the surrounding border (Martinez-
Sanchez et al. 1995). Nevertheless, since dispersal distances in pines are usually short (e.g.
Acherar et al. -1984- find that 97% of Pinus halepensis seeds are dispersed less than 24 m
apart from the tree), external propagules will not be able to spread through most of the surface
burned in large wildfires. In these areas, early regeneration will only be obtained through internal

seed sources.

Pinus halepensis Mill., Pinus nigra (Arnold) and Pinus sylvestris L. are three of the most
important pine species present in the West Mediterranean Basin. They occupy a large part of
the forested areas located in the planes and middle-mountain, both in pure and mixed stands of
great economic value for logging. It has traditionally been argued that forest fires favour pine
expansion (Quézel 1980; Thanos & Marcou 1991, Moravec 1990, Herranz et al. 1997).
Nevertheless, post-fire regeneration varies considerably in the different pine species considered.

P. halepensis, as other serotinous pine species (e.g. P. brutia -Eron 1987, Thanos et al. 1989-,
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P. contorta -Despain et al. 1996- or P. rigida -Givnish 1981-) frequently shows very good
regeneration after fire (Abbas et al. 1984, Moravec 1990, Herranz et al. 1997, Tsitsoni 1997).
This species overcomes the destruction caused by fires through very powerful postfire
regeneration based on its ability to safeguard seeds in a long-term permanent seed bank on the
serotinous cones of the canopy, which open after the passage of fires (Daskalakou & Thanos
1994, 1996; Saracino & Leone 1994) by differential shrinkage caused by desiccation of the
different fibers constituting the cone scale (Harlow et al. 1964). On the other hand, P. nigra and
P. sylvestris do not have serotinous cones, and show very low or nil regeneration in most areas
affected by large wildfires (Trabaud & Campant 1991; Vicente & Soler 1993; Ibafez 1994;
Ibafez & Retana 1997).

Post-fire regenerative success of pines will depend on the inherent ability of their seeds
to tolerate fire severity (Sannikov 1994; Martinez-Sanchez et al. 1995; Despain et al. 1996), but
also on the position of these seeds (cones vs. soil bank) during the fire event. Free seeds in the
soil bank are more exposed to heating than seeds protected inside cones, both serotinous and
non serotinuos ones (Fraver 1992; Martinez-Sanchez et al. 1997). Since cones represent
powerful thermal insulation, the effect of fire severity in cone opening will also play a crucial role
on the regeneration success of pine species (Reyes & Casal 1997). The hypothesis sustained in
this study is that the regenerative ability of the above-mentioned pine species (P. halepensis, P.
nigra and P. sylvestris) can be explained from the tolerance of their seeds to different fire
intensities (s.e. a function of the temperature reached and the time of exposure), the position
(cones vs. soil bank) of seeds during the fire event and the effects of fire severity on cone
opening. That is, successful post-fire regeneration of each species in large burned areas will be

greatly determined by the thermal resistance of its seeds and by its seeding phenology.
Material and methods
Plant Material

Plant material was collected in March 1995 in two different localities: cones of P. nigra
and P. sylvestris were collected in Seva (Barcelona), and those of P. hapelensis in Bellaterra
(Barcelona). All cones were already mature (i.e. brown-coloured). The total number of cones

collected per species was 350-360. P. halepensis cones were larger than those of P.nigra and
P. sylvestris. (ANOVA, p=0.001; cone volumes -measured as 4/3-p-r2-h, where r is the

maximum cone radius and h is the cone height- were, respectively, 18.0, 12.4 and 4.0 cm3).

Cones were kept in cold-storage at 4 °C until the beginning of the experiment in order to ensure

that they remained closed.
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Experimental design and data analysis

Both fire severity and the degree of seed protection (which depends on the position of
seeds during the fire: seeds protected inside cones vs free seeds) affect the germination of pine
seeds. The combination of these two factors allows different fire scenario events to be drawn,

depending on the temperature reached, the time of exposure and the position of seeds during the
fire. Maximum temperatures vary between 200 and 800-1000 ©C at the canopy level, and

between 150 and 700 ©C on the ground surface (De Bano et al. 1976; Rundel 1983; Hobbs &
Gimingham 1984: De Luis et al. 1997), decreasing very quickly in the top soil layers (Trabaud
1980, Marcos et al. 1997). Fire duration at a particular point is usually lower than 5 min at the
canopy level, between 5 and 20 min on the soil surface, and between 20 minutes and more than
an hour in the top soil layers (Trabaud 1979, Arias 1993, De Luis et al. 1997, Molina & Llinares
1997). By combining these empirical data, the different scenarios shown in Figure 1 may be
predicted. Fires have been classified as moderate or intense (MODERATE and INTENSE,
hereafter) and the position of the seeds has enabled us to distinguish between CANOPY
scenarios (seeds inside the cones on the canopy), SURFACE scenarios (seeds on the ground

surface), and SOIL scenarios (seeds in the top soil layers).

SCENARIOS
257
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2o /e SURFACE
e
‘€157 3 4
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=107\
|_
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ex I
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50 100 150 200 250 300 350 400 450
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Figure 1. Drawing of different scenarios that might occur during a fire event, depending on the temperature
reached, the time of exposure and the location of seeds during the fire. The different scenarios are
represented by numbers: 1 and 2, CANOPY scenarios; 3 and 4, SURFACE scenarios; 5 and 6, SOIL
scenarios. Open ovals indicate conditions produced during moderate fires; dashed ovals indicate conditions
produced during intense fires. Dots represent the combination of temperature and time of exposure tested in

this study.
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Based on the previous considerations, a factorial experiment was designed to test for the
effects of species, seed position, temperature, and time of exposure. The levels of each factor
were the following: 1) Species. Seeds of three pine species were tested: P. halepensis, P. nigra
and P. sylvestris. 2) Position. Seeds of half of the 320 cones selected for each species were

directly exposed to heat treatments (Free Seeds treatment). They were previously removed from

the cones by keeping them at 40 °C for 24 hours. The remaining cones were exposed to heat
directly. In this case, once each heating treatment had finished, the number of open and closed

cones were noted, and seeds were collected. 3) Temperature. The following temperatures were
tested: 70 O©C (T-70), 120 OC (T-120), 200 OC (T-200) and 400 ©C (T-400). A dry-air stove was
used for the three lowest temperatures, and an oven (Herotec, JB 20) to attain the 400 °OC

treatment. 4) Time of exposure. The following times of exposure were chosen: 2 (E-2), 5 (E-5),
10 (E-10) and 20 minutes (E-20).

From the combination of the different levels of these four factors, a total of 3x2x4x4=96
treatments were obtained, 32 per species. Ten replicates per treatment combination, either ten
groups of twenty seeds each in the Free Seeds treatment, or ten cones in the Cone treatment,
were used. Ten control replicates per species without suffering any heat treatment were also

prepared.

After each heat treatment, seeds of each replicate (20 seeds in the Free Seeds
treatment and all viable seeds per cone up to a maximum of 20 in the Cone treatment) were
sown in Petri dishes filled with a substrate composed of 50% peat : 50% sand. Seeds were
watered just after sowing, and this was repeated every time the substrate was drying. Every
three days during the first two months after sowing, germinated seeds in each replicate were
counted and removed. To determine the germinated seeds, the criterion of Come (1970) was
followed: we considered that a seed had germinated when its radicle could be clearly observed

outside the tegument.

Two variables were used for testing differences of germination among treatments: 1)
percentage of germination, defined as the percentage of germinated seeds in relation to the total
number of seeds sown per treatment replicate. There were significant differences (ANOVA,
p<0.0001) in the percentages of germination in the controls of the three species, which were
higher in P. nigra: (89%) and P. sylvestris (91.5%) than in P. halepensis (35%), probably
because the seeds of the latter species were collected some months before their dispersion
season (summer). For this reason, germination data of all heat treatments were standardized by
relating them to 100% germination for each species, which was the mean value obtained in the

control treatment; 2) mean germination time (MGT), defined as: MGT = S(nj*i)/N, where nj is the

number of seed germinated on day i and N is the total number of seeds germinated along the
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study period. Data of percentage of germination and MGT were tested by analysis of variance
(ANOVA). Angular transformed data were used for percentage of germination. Inspection of
residuals was carried out to check for normality and homoscedasticity. All values are given as

meanzstandard error.

Results

Cone opening

There were interspecific differences in the pattern of cone opening under the different
heat treatments (Table 1). Although cones of the three species opened at high temperatures and
long times of exposure, they differed in their response at lower heating treatments. Cones of P.

nigra and P. sylvestris showed similar percentages of opening (excepting the treatment of 120

OC and 5 minutes), both considerably higher than those of P. halepensis, which did not open at

all at low temperatures (T-70) and low exposure times (D-2).

Table 1. Percentage of opening (% cones opened related to the total number of cones heated per
treatment) of Pinus halepensis, Pinus nigra and Pinus sylvestris cones at different temperatures (T-70 to T-

400) and times of exposure (E-2 to E-20). N=10 for all treatments.

Pinus T-70 T-120 T-200 T-400
halepensis
E-2 0 0 0 0
E-5 0 0 100
E-10 0 0 100 100
E-20 0 100 100 100
Pinus nigra T-70 T-120 T-200 T-400
E-2 0 0 100 100
E-5 0 0 30 100
E-10 0 100 100 100
E-20 50 100 100 100
Pinus T-70 T-120 T-200 T-400
sylvestris
E-2 0 0 80 100
E-5 0 100 100 100
E-10 0 100 100 100
E-20 20 100 100 100
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Percentage of germination

Mean percentages of germination of the different treatments obtained as combinations of
the different levels of the four factors are shown in Figure 2. All factors and their interactions were
significant in the ANOVA (Table 2). We will discuss those factors and interactions that show the

highest F values. The most significant factors were Temperature and Position. Seeds showed the

highest percentages of germination at 70 °C (% Germination at T-70: 99.1+1.8%, n=235) and

decreased at higher temperatures (T-120: 49.413.4%, n=236; T-200: 22.61£2.9%, n=234; T-400:
7.411.7%, n=234). The seeds of the Cone treatment also showed higher percentages of
germination than those of the Free seeds treatment (60.1+£2.6% versus 30.0+2.0%, respectively).
The interactions between these two factors was also significant: percentages of germination of
both types of seeds were high at low temperatures, but decreased more intensely in the Free

Seeds treatment than in the Cone treatment as temperatures increased (Figure 2).

The other two factors (time of exposure and species) were also significant. The
percentage of germination decreased as the time of exposure increased (% Germination at E-2:
62.2+3.4%, n=238; E-5: 43.3+3.4%, n=237; E-10: 39.4+3.3%, n=231; E-20: 33.6+3.3%, n=233).
There was also a significant species effect: P. halepensis showed higher germination rates than
P. nigra, and both were higher than P. sylvestris (P. halepensis: 55.0£2.8%, n=320; P. nigra:
42.2+2.7%, n=319; and P. sylvestris: 36.4+3.2%, n=300). Nevertheless, the response of each
species varied with temperature: the percentages of germination of the three species were
similar at T-70, but P. halepensis showed higher values at T-120, T-200 and T-400 (although

only versus P. sylvestris in the later temperature level).

Mean germination time

All factors and most of their interactions were significant in the ANOVA of mean
germination time (MGT, Table 3). The most significant factor was species: P. nigra seeds
germinated very fast (4.3£0.2 days), followed by P. sylvestris seeds (5.3+0.3 days), while P.
halepensis seeds took a considerably longer period of time to germinate (22.6+0.3 days). These
values were only a little longer than those obtained for the controls (3.2+0.1, 4.8+0.4 and
20.9+0.2 days, for P. nigra, P. sylvestris and P. halepensis, respectively). There were also
significant differences between Position treatments: on average, free seeds took one day more
than seeds inside the cones (13.0+ 0.7 and 12.1+ 0.6, respectively), although the three species
did not show exactly the same pattern (interaction Species x Position). Temperature also
increased MGT, although there was an interaction between Position and Temperature: free
seeds and seeds inside the cones showed similar MGT at low temperatures, but the former

germinated later at higher temperatures (and even did not germinate at all at T-400).
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Figure 2. Percentages of germination of cone-protected (left graphs) and free seeds (right graphs) of the
three pine species, heated at the four temperature and the four time of exposure treatments. Germination
data of all heat treatments have been standardized by relating them to 100% germination for each species,

which corresponds to the mean value obtained in the control treatment.
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Tabla 2. Analysis of variance for the effects of species (S), temperature (T), time of exposure (E) and

position (P) on the percentage of germinated seeds. Angular transformed data were used for this analysis.

Source of variation df SS MS F p
Species (S) 2 2.8 1.4 51.8 0.0001
Temperature (T) 3 109.7 36.6 1372.7 0.0001
Time of exposure (E) 3 12.8 4.3 159.0 0.0001
Position (P) 1 17.3 17.3 648.7 0.0001
SxT 6 7.5 1.2 46.9 0.0001
SxE 6 0.4 0.1 26 0.0158
TxE 9 4.6 0.5 19.3 0.0001
SxP 2 1.3 0.7 24.9 0.0001
TxP 3 9.9 33 123.5 0.0001
ExP 3 2.6 0.9 327 0.0001
SxTxE 18 4.3 0.2 8.9 0.0001
SxTxP 6 3.0 0.5 18.7 0.0001
SxExP 6 1.8 0.3 115 0.0001
exExP 9 52 0.6 21.6 0.0001
SxTXExP 18 8.7 0.5 18.2 0.0001
Residual 870 23.2 0.1

Table 3. Analysis of variance for the effects of species (S), temperature (T), time of exposure (E) and
position (P) on mean germination time. No transformation of the data was needed for this analysis.

Source or variation df SS MS F p

Species (S) 2 14218.5 7109.2 929.3 0.0001
Temperature (T) 3 1007.0 335.7 43.9 0.0001
Time (E) 3 95.9 32.0 4.2 0.0062
Position (P) 1 397.5 397.5 52.0 0.0001
SXT 6 4247 70.8 9.3 0.0001
SxE 6 307.7 51.2 6.7 0.0001
Tex E 6 210.9 35.1 4.6 0.0002
SxP 2 593.9 297.0 38.8 0.0001
TxP 2 606.2 303.1 39.6 0.0001
ExP 3 49.8 16.6 2.1 0.0909
SxTxE 7 109.0 15.6 2.0 0.0496
SxTxP 2 183.0 91.5 12.0 0.0001
SxExP 6 35.3 5.9 0.8 0.5935
TxExP 2 16.7 8.4 1.1 0.3359
SxTxExP 1 14.3 14.4 1.9 0.1715
Residual 422 3228.1 7.6
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Discussion

A comparison of the results obtained in the experiment with those of the controls shows

that seed exposure to temperatures higher than 70 ©C causes a decrease in the percentage of
seed germination and an increment in the mean germination time in the three pine species

considered. This effect increases with temperature and time of exposure, and may even, with
high temperatures (400 9C) and long exposure times (10-20 min), lead to the total inhibition of

seed germination. Although moderate temperatures, such as 70 ©C in our study, have been
described as having stimulating effects on germination for many Mediterranean species through
chemical and physical changes in the hard seed coat (Keeley 1987; Salvador & Lloret 1995), the
observed decrease in the germination of pine seeds at high temperatures agrees with the results
obtained in other studies (Knapp & Anderson 1980; Trabaud & Qustric 1989; Martinez-Sanchez
et al. 1995; Reyes & Casal 1995; but see Nufiez & Calvo 1997). Our results also emphasize the
important role of cones in the protection of pine seeds from high temperatures (see also Fraver

1992; and Martinez-Sanchez et al. 1997 for the insulating effect of serotinous cones).
Germination of free seeds of the three species subjected to 120 © C was less than 50% of seeds

protected inside cones, and was as low as nil at 200 © C and exposure times longer than 2 min,
while seeds inside cones still showed germination percentages of 33% (during 5 and 10 min, see
Figure 2). Free seeds also took longer than seeds inside cones to germinate, especially at higher

temperatures.

The percentages of seed germination observed for the three pine species included in this
experimental study (see Figure 2), and their transposition to the potential scenarios defined in the
Methods section, lead us to the following conclusions: i) In conditions close to the CANOPY

scenarios, the three species showed percentages of germination higher than 70% under

moderate temperature (200 ©C) and a very quick passage of fire (2 min). At higher times of

exposure (5 min), germination decreased in P. halepensis and P. nigra, and ceased in P.

sylvestris. Under conditions of Intense fire (400 ©C), germination of P. halepensis and P. nigra
seeds was still very high (between 80% and 90%) at exposure times of 2 min, but that of P.
sylvestris was very low (4% of viable seeds). At greater exposure times (5 min), seed
germination in the three species was completely inhibited. When considering these CANOPY
scenarios, where fire affects seeds inside their cones, account should be taken of the
temperature at which cones will open and, consequently, seed protection will be lost. Thus,
cones of P. nigra and P. sylvestris opened even at low temperatures and low exposure times
(Table 1), leaving seeds to the charring effect of fire, whereas cones of P. halepensis were more
resistant to opening than those of the other two species, probably because of their particular
anatomical structure and a high resin content which allows them to remain closed even in the

event of intense fires (see Leone et al. 1997). ii) In the conditions of the two SURFACE scenarios

defined (200 or 400 ©C during 10-20 min, see Figure 1), the three pines did not germinate at all
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both under the conditions of Moderate and Intense fires. iii) In the Moderate SOIL scenario (70
OC during 20 min), the germination percentages of the three species were high, and not affected

by time of exposure. When considering more intense conditions (120 ©C during 20 min),
P.halepensis showed higher germination than the other two species, which did not germinate at

times of exposure higher than 2 min (see Figure 2).

An overall survey of seed germination in these potential situations indicates that the
regeneration of the three species after fire should come either from the soil bank, or from the
canopy bank, but rarely from the ground surface where most seeds will die. When translating
these results to real burned areas, regeneration through the existence of a seed bank in the soil
(SOIL scenario) is probably negligible: data in the existing literature indicate that Mediterranean
pines (e.g. P. halepensis, Dastalakou & Thanos 1996; or P. pinaster, Ferrandis et al. 1996) form
only a limited, short-lived soil seed bank, because most seeds germinate soon after even short
rain events (Barbero et al. 1987; Thanos et al. 1989; Daskalakou & Thanos 1996). Therefore,
due to the expected minor or non-existent role of this soil seed bank, it is concluded that pine
recruitment after fire will mainly depend upon the canopy seed bank, that is, the amount of seeds
stored in cones and able to avoid fire destruction. Nevertheless, the paramount importance of
seeds stored in cones as the major source of seeds for the regeneration process may be
influenced by two further important questions: i) the presence of mature cones during the fire
event, and ii) the fire severity at which cones open and, consequently, seed protection is lost.
According to the existing literature, the three Pinus included in this study exhibit different patterns
of seeding, with major differences between P. halepensis and the other two species. P. nigra and
P. sylvestris show a similar seeding phenology, with cones maturing over two years and
dispersal of seeds occurring in spring of the third year (Bolos & Vigo 1984; Laguna 1993;
Skordilis & Thanos 1997), just before their germination season. This behaviour will have
important consequences for the postfire regeneration of these species, because most of the
cones on P.nigra and P.sylvestris trees affected by summer wildfires (which are the most
common ones in the Mediterranean region) will be empty at that time. Thus, the only viable
source of seeds for regeneration, according to the results obtained in this study, will be
exhausted. On the other hand, seed production in P. halepensis occurs at the end of the third
year (Skordilis & Thanos 1997), and seed dispersal takes place from early summer to autumn of
the third year (Laguna 1993; Bolos & Vigo 1984; Catalan 1985; Daskalakou & Thanos 1994),
shortly before their germination season (autumn). Together with this, P. halepensis is a
serotinous species (Daskalakou & Thanos 1994, 1996; Saracino & Leone 1994), and serotiny
has itself been considered as a mechanism to delay seed dispersal and avoid year to year
variation in seed production (McMaster & Zedler 1981). Thus, mature or serotinous cones of P.
halepensis are still present during summer wildfires, with a large amount of seeds protected
against fire. This fact allows a large postfire seed bank (Daskalakou & Thanos 1994, 1996; but
see Ferrandis et al 1997). Moreover, according to our results, the three species show a very

different pattern concerning the resistance of their cones to fire severity. The few P. nigra and P.
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sylvestris mature cones still remaining closed in summer will rapidly open even at moderate
temperatures (70 -120 OC, see Table 1), and seeds will be exposed to charring. On the other
hand, mature cones of P. halepensis will be able to withstand temperatures of 200 °C or even

400 OC during a short time, releasing a seed rain some days after the fire passage (Reyes &
Casal 1997).

The observed patterns of P. nigra, P. sylvestris and P. halepensis regeneration after fire
in large burned areas may be satisfactorily explained by the interaction of their seeding
phenology, their cone resistance to opening, and the effects of fire severity on seed viability. P.
nigra and P. sylvestris cones and seeds exhibit a very low resistance to fire effects, and thus
regeneration after fire of those species will be markedly dependent on the arrival of seeds from
outside the boundaries of the burned area. Thus, good regeneration of both species is only
expected to occur on small wildfire patches (see Toth 1987 for P. nigra) or large wildfires with a
high presence of scorched or survivor trees. On the contrary, the high resistance of P. halepensis
cones to heat, as well as the resistance of their seeds to fire severity, would allow this species to
regenerate in burned areas from internal seed sources (excepting when fires affect young stands
or when environmental conditions ocurring the first year after fire are especially bad). The
regeneration patterns of these three pine species have commonly been observed in the survey of
the regeneration occurring in burned areas. Thus, regeneration of P. sylvestris in a forest area of
4.000 ha burned in 1983 has been observed to occur only in the immediate border of the
unburned area (Ibafez com. pers.), while Ibafiez & Retana (1997) have found in a large 30.000
ha-fire occurring in mixed P. nigra-P. halepensis forests that the regeneration of P. halepensis is
rather successful, while that of P. nigra is nil three years after fire. The predicted increase in
larger and more intense wildfires in the Mediterranean basin (Pefiuelas 1996; Terradas et al.
1996) will probably affect areas not regularly burned, such as many P. nigra and P. sylvestris
forests. The different response of P. halepensis and the other two pine species to fire could lead
to a shift in the dominance of these species in mixed stands, P. halepensis being the species

favoured in those areas.
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