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Resumen

Esta Tesis aborda un conjunto de procesos y técnicas para comprender y mejorar, respecti-
vamente, la revegetacién de campos agricolas abandonados en ambientes mediterraneos
continentales. Los objetivos especificos fueron: a) estudiar los mecanismos que explican por
qué los plantones de gran tamarfio y concentracién de nitrégeno (N) (fenotipos productivos) se
establecen mejor que los plantones con los atributos contrarios (fenotipos xeromorfos) en
repoblaciones forestales en ambientes mediterraneos ; b) analizar la interaccion entre los
atributos funcionales de los plantones con el nivel de estrés del ambiente de plantacion; c) evaluar
la utilidad de Retama sphaerocarpa como arbusto nodriza en proyectos de revegetacion, analizando
la facilitacion tanto directa como indirecta sobre plantones de Quercus ilex; d) conocer como la
interrupcion del manejo aplicado durante la fase de establecimiento influye en el funcionamiento
futuro de los individuos de Q. ilex; y e) conocer los efectos que la revegetacion tiene en las
propiedades quimicas del suelo.

Para ello se llevaron a cabo varios experimentos y un estudio observacional en el centro de
Espafia en los que se examino 1) la supervivencia, crecimiento y fisiologia de plantones de
Q. ilex y Pinus halepensis Mill. de tamafio y estado nutricional contrastados plantados en dos
ambientes de diferente estrés hidrico; 2) el efecto del tamafio de la planta y de la concentracion
de N en el desarrollo radical y su interferencia con la elongacién aérea en plantones de P.
halepensis; 3) el efecto que R. sphaerocarpa y la vegetacion herbacea tienen en la supervivencia,
crecimiento y respuesta fisiolégica de plantones de Q. ilex; 4) la supervivencia, crecimiento y
produccion de semillas en individuos de Q. ilex de 14 afios de edad, comparando los efectos direc-
tos del manejo previo (sombra artificial y riego estival) con los efectos indirectos a través de la
competencia intraespecifica y los compromisos del reparto de recursos entre distintas funcio-
nes basicas de las plantas; y 5) la variacion en el pH, concentracién de macronutrientes y la tasa
de nitrificacién y amonificacién en el suelo en escenarios contrastados de restauracion activa y
pasiva de la vegetacion.

Los plantones de P. halepensis grandes y con gran concentracién de N presentaron mayor
supervivencia y crecimiento que los plantones pequenos, independientemente de la concentracién
de N en sus tejidos. Ello se asocia con un mayor crecimiento radical, intercambio gaseoso y uso
del N en los plantones grandes que en los pequefos. El tamafio del plantén tuvo un efecto
mayor en su establecimiento en el campo que la concentracion de N en P, halepensis. El crecimiento
radical interfirid el crecimiento aéreo en P. halepensis, pero este efecto sélo se observé en los
plantones mas pequefios. En Q. ilex no se observaron diferencias de establecimiento y
funcionamiento entre tipos de planta o éstas fueron muy pequenas .

Retama sphaerocarpa facilité a Q. ilex, variando la importancia relativa del mecanismo de
facilitaciéon con las condiciones climaticas de los afnos estudiados. La facilitacion fue indirecta,



mediante la reduccion de la capacidad competitiva de la comunidad herbacea, en el afio de
primavera seca. En cambio, la facilitacion fue predominantemente directa, mediante la reduccion
de la radiacién y la temperatura bajo su dosel, en el afio de primavera himeda y verano seco.
No todos los individuos de Q. ilex respondieron de la misma forma a la facilitacién ya que beneficio
a los plantones pequefios pero no a los grandes.

El crecimiento y la produccion de bellotas en el presente de individuos de Q. ilex de 14 afios de
edad fue, en parte, determinado por el ambiente pasado (manejo inicial), tanto por el efecto
directo del manejo como por los efectos indirectos a través de la competencia intraespecifica
y de la reproduccién de los individuos. No se observaron compromisos en la asignacion de
recursos entre el crecimiento aéreo y el radical, ni entre el crecimiento y la supervivencia, pero
si entre el crecimiento y la produccion de bellotas, aunque esto sdélo ocurrié en los individuos rela-
tivamente grandes cuyo dosel era mayor de 2 m3. El efecto de la plantacion de estos individuos
y de la restauracion pasiva en las propiedades quimicas del suelo después de 13 arfios fue muy
pequefo. La concentracion de amonio y la disponibilidad de N mineral en el suelo fue mayor
en las parcelas restauradas de forma activa que en las parcelas restauradas de forma pasiva.

Los resultados obtenidos en esta Tesis Doctoral mejoran nuestra compresion de los procesos
subyacentes al establecimiento de arboles en un proyecto de revegetacion, lo que puede ser de
gran importancia en la restauracion de tierras agricolas abandonadas en paisajes mediterraneos
y otras regiones secas del planeta.

Palabras clave: calidad de planta, competencia, compromisos en la asignacién de recursos,
concentracion de nitrégeno, crecimiento de raices, cultivo en vivero, efectos del ambiente previo,
facilitacién, intercambio gaseoso, potencial hidrico, removilizacién, repoblacion, tamario del
plantén, propiedades edéficas.



Abstract

This PhD thesis investigates processes and techniques to understand and improve, respectively,
the revegetation of abandoned croplands in Mediterranean continental environments. Specific
aims were: a) to study the mechanisms that explain why large and high nitrogen (N) concentration
seedlings (productive phenotypes) establish better than seedlings with the opposite traits
(xeromorphic phenotypes) in Mediterranean reforestations; b) to analyse the interaction between
seedling functional traits and environmental stress; c) to evaluate the use of Retama sphaerocarpa
as nurse shrub in revegetation projects, analysing both direct and indirect facilitation of Quercus
ilex seedlings; d) to examine how the interruption of the management applied during seedling
establishment affects future performance of Q. ilex individuals; and e) to identify the effects of
revegetation on soil chemical properties.

We carried out four experiments and one observational study in the centre of Spain to examine:
1) survival, growth and physiological response of Q. ilex and Pinus halepensis Mill. seedlings of
different size and N concentration planted in two contrasting water stressed environments; 2)
effects of seedling size and N concentration on root growth and its interference with aerial
elongation in P. halepensis seedlings; 3) R. sphaerocarpa and herb effects on survival, growth
and physiological response of Q. ilex seedlings; 4) survival, growth and acorn production in a 14
year-old Q. ilex individuals, to compare direct effects of previous management (artificial shading
and summer irrigation) and indirect effects through intraespecific competition and resource allo-
cation to plant basic functions; and 5) soil variation in pH, macronutrient concentration, and nitri-
fication and ammonification rates in contrasting scenarios of passive and active restoration.

Large seedlings of P. halepensis with high N concentration had higher survival and growth than
small seedlings, independently of tissue N concentration. This was attributed to higher root
growth, gas exchange and N use in large seedlings compared to small seedlings. Size effect on
seedling establishment was higher than N concentration effect. Root and shoot growth interfered
in P. halepensis, but only in smaller seedlings. In Q. ilex, there were no establishment and
physiological differences among seedling phenotypes or they were marginal .

Retama sphaerocarpa facilitated Q. ilex, but the relative importance of the facilitation mechanism
varied with the climatic conditions of the studied years. Indirect facilitation by release of herb
competition under nurse shrubs occurred in the year with dry spring. By contrast, direct facilitation
mediated by microclimate amelioration occurred in the year with humid spring and dry summer.
Q. ilex seedlings responded differently to facilitation, since small seedlings but not large
seedlings were benefited.

Current growth and acorn production in 14 year-old Q. ilex individuals was, in part, determined
by previous environment (initial management), due to both direct effects of management and



indirect effects through intraespecific competition and acorn production. There were no trade-offs
in resource allocation either between root and shoot growth or between growth and survival, but
there was a trade-off between growth and acorn production that was only noticeable in individuals
with canopy higher than 2 m3. Active restoration through Q. ilex plantation and passive restoration
had low and similar effects on soil chemical properties after 13 years. Actively restored plots had
higher ammonium concentration and mineral N availability than passively restored plots.

The results of this PhD thesis improve our understanding of processes related to tree establishment
in revegetation projects, which can be important for abandoned cropland restoration in
Mediterranean environments and other dry systems of the world.

Key words: competition, effects of previous environment, facilitation, gas exchange, nitrogen
concentration, nursery cultivation, plant quality, remobilisation, reforestation, resource allocation
trade-offs, root growth, seedling size, soil properties, water potential.
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Capitulo 1

Introduccién general

Durante las ultimas décadas se han abandonando en el mundo grandes superficies de tierras
agricolas debido a factores ecoldgicos (sobreexplotaciéon agricola y ganadera, relieve pronun-
ciado, clima, erosion, etc.) y socioeconémicos (baja productividad de los cultivos, cambios
sociales, politicas agrarias, etc.) (Aide y Grau 2005; Mottet et al. 2006; Rey Benayas et al. 2007).
Tras su abandono, estas superficies pueden ser objeto de la sucesiéon secundaria o restauracion
pasiva de la vegetacién (Debussche et al. 1996), o pueden ser restauradas de forma activa, es
decir, pueden ser manejadas para el reestablecimiento del ecosistema original (SER 2004). La
restauracion pasiva ha restaurado en el mundo mucha mas superficie y a un coste menor que la
restauracion activa (Rey Benayas 2005). Sin embargo, en ambientes poco productivos el proceso
puede ser muy lento o desembocar en terrenos aun mas degradados. Asi, la restauracion activa
es necesaria en zonas que sufren degradacion continua, donde la cubierta vegetal no se puede
recuperar por si sola, cuando es deseable acelerar la sucesién secundaria, o se persiguen
beneficios mas alla de la revegetacion per se como puede ser la creacién de empleo y renta.

El reclutamiento de especies lefiosas en ambientes mediterraneos se ve limitado por la elevada
temperatura y sequia estival, la baja disponibilidad de nutrientes y perturbaciones recurrentes
caracteristicas de estos ambientes tales como la erosion, el fuego y la herbivoria (Gallardo
2001; Castro-Diez 2003; Castro et al. 2004; Lloret 2004). Los campos agricolas abandonados
se caracterizan, ademas, por la presencia de un gran banco de semillas de especies herbaceas
en el suelo que, junto con los trabajos de laboreo realizados anteriormente, favorece la coloni-
zacion de especies ruderales, las cuales ejercen una fuerte competencia por los recursos
edaficos, particularmente el agua (Rey Benayas et al. 2002; Rey Benayas et al. 2005). Todos
estos factores ralentizan la regeneracion natural de la vegetacion lefiosa mediterranea, por lo
que la restauracién activa es necesaria para transformar campos agricolas en ecosistemas
forestales o agroforestales en pocos anos.

Los objetivos de la restauracién ecolégica pueden ser multiples, dependiendo del tipo de
ecosistema a restaurar, de su grado de degradacion y de las limitaciones ecoldgicas y
socioecondmicas. No obstante, Vallejo et al. (2006) sugieren que los objetivos basicos de cualquier
proyecto de restauraciéon ecoldgica en la Cuenca Mediterranea deben ser 1) detener la
degradacion, 2) mejorar la funcion y estructura a nivel tanto de ecosistema como de paisaje,
3) impulsar la sucesién secundaria estimulando la regeneracion natural, 4) incrementar la resilien-
cia del ecosistema a perturbaciones como el fuego, las sequias extremas y el calentamiento glo-
bal y 5) promocionar sistemas naturales y culturales autosuficientes, sostenibles y sanos. La
recuperacion de las propiedades y procesos ecosistémicos a menudo requiere el reestableci-
miento previo de la cubierta vegetal (Young 2000; Jansen 2005; Vallejo et al. 2006; Marcos et al. 2007;
Smal y Olszewska 2008; Rebecca et al. 2009), lo que hace que la revegetacion sea necesaria para
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la restauracion ecolégica de campos agricolas abandonados en los que la recolonizacién natural
de la vegetacion forestal madura es muy lenta en relacidén a las escalas de tiempo de las
sociedades humanas.

En la Peninsula Ibérica, la mayor parte de los trabajos de revegetacion con especies lefiosas
que se han llevado a cabo han sido repoblaciones forestales, las cuales se han limitado a la
introduccion de especies arboreas (Cuadro 1). Las especies mas utilizadas han sido de crecimiento
rapido, como los pinos (Pinus halepensis, P. pinaster, etc.) y el eucalipto (Eucaliptus spp.), ya
que proporcionan una rapida recuperacion de la cubierta y presentan menos problemas de esta-
blecimiento que otras especies (MAPA 2006). Durante la ultima década, sin embargo, se ha
incrementado el uso de otras especies, tanto arbustivas (Retama sphaerocarpa, Pistacia lentiscus
y Quercus coccifera, entre otras) como arbéreas (Quercus ilex y Quercus suber, entre otras)
(MAPA 2006). La evidencia empirica apunta a que en algunos casos, como en las especies del
género Quercus, la supervivencia de las plantaciones de frondosas nativas es baja o muy baja.
La puesta a punto de técnicas que faciliten la introduccion de estas especies deberia ser, por
tanto, un objetivo prioritario para mejorar el éxito de los proyectos de revegetacion o repobla-
cion. En este aspecto se han hecho avances significativos (Rey Benayas 1998; Barbera ef al.
2005; Naverro Cerrillo et al. 2005; Jimenez et al. 2007; entre ofras).

Aspectos importantes en un proyecto de restauracion de la vegetacion

Un buen proyecto de restauraciéon de la vegetacion forestal debe considerar al menos los
siguientes aspectos: 1) una correcta eleccion de la planta que va a ser introducida (Duryea 1985;
Villar-Salvador 2003; Oliet et al. 2009a), 2) las practicas culturales que faciliten la implantacién de
las especies seleccionadas (Rey Benayas 1998; Navarro Cerrillo et al. 2005; Jiménez et al.
2007), y 3) el seguimiento y la evaluacion de la revegetacion para cuantificar el éxito del proyecto
y conocer cual ha sido su efecto en la restauracion del ecosistema (Ruiz-Jaen y Aide 2005; Rey
Benayas et al. 2008).

Importancia de las caracteristicas funcionales de la planta introducida

En un proyecto de revegetacion es importante elegir las especies mas adecuadas para la zona
a revegetar segun las limitaciones ecoldgicas del terreno y los objetivos de la restauracion.
También, dentro de cada especie seleccionada, es necesario elegir plantones con las caracte-
risticas funcionales apropiadas para que la plantacion tenga éxito, es decir, plantones de calidad.
Duryea (1985) define una planta de calidad como aquella que es capaz de alcanzar un desarrollo
(supervivencia y crecimiento) 6éptimo en un medio determinado y, por tanto, cumplir los objetivos
establecidos en un plan de restauracion. No existe un unico modelo de calidad de planta sino
que depende de las especies, caracteristicas del ambiente y los objetivos de la restauracién con
los que se trabaje (Villar-Salvador 2003; Cortina et al. 2006).

4



Introduccion general

Cuadro 1

La repoblacion forestal en Espaiia

Las primeras repoblaciones forestales en Espafia datan de la Baja Edad Media, pero es a finales del
siglo XIX cuando éstas afectan a grandes superficies de terreno, generalmente utilizando plantaciones
monoespecificas de pinos (Valdés y Gil 1998; MAPA 2006). Tras la Guerra Civil, la actividad repobladora
aumento de forma considerable, ya que el régimen franquista consideraba esta actividad como dinami-
zadora de la economia en zonas rurales (MAPA 2006). Ademas, las sucesivas inundaciones en distintas
partes del territorio espariol debido a la gran deforestacion de las cuencas fluviales hicieron que se
repoblaran grandes superficies con fines de restauracion hidrolégica. Durante estos afios, se procediod
al uso masivo de especies de crecimiento rapido como pinos y eucaliptos, que presentaban un facil
manejo en vivero, un mercado favorable (madera, pasta de papel, resina) y tardaban menos tiempo en
alcanzar la espesura completa (Vallejo et al. 2003). En la segunda mitad de la década de los 80 del siglo
XX las competencias en la gestion forestal pasaron a las comunidades autébnomas, que redujeron la
actividad repobladora notablemente (Gémez Orea 2004).

En 1992, |la reforma de la Politica Agraria Comunitaria
(PAC) impulsé de nuevo las plantaciones forestales al
incentivarse la reconversion de terrenos agricolas en
terrenos forestales, si bien los objetivos fueron, princi-
palmente, eliminar excedentes agricolas y proporcionar
renta a una poblacion rural cada vez menos numerosa
y envejecida, y no los objetivos ambientales asociados.
Desde la entrada en vigor de esta reforma en 1994
hasta el afio 2006 se repoblaron 685.000 ha de tierras
agricolas (MAPA 2006). Entre las especies mas
utilizadas destacan Pinus halepensis y Quercus ilex,
si bien se ha impulsado la introduccién de otras
especies, mezclando frondosas con coniferas, y espe-
Figura 1. Repoblacién de Pinus pinasterrealizadaen  cies arbustivas con arbéreas en el mismo proyecto
los afios 70 en la provincia de Guadalajara. (MAPA 2006).

Tradicionalmente se ha considerado que a nivel intraespecifico los plantones de pequefio porte,
con una relacién entre el tamafo de la parte aérea y el sistema radical reducida y bajo conteni-
do de nutrientes (que en esta Tesis denominaremos fenotipos xeromorfos), son los mas adecua-
dos para sobrevivir en ambientes mediterraneos, ya que consumen menos agua que las plantas
de atributos contrarios, es decir, plantas de gran porte con una relacién entre el tamafio de la
parte aérea y el sistema radical elevada y elevado contenidos de nutrientes (que denominare-
mos fenotipos productivos) (Thompson 1985; Leiva y Fernandez-Alés 1998). En ambientes muy
secos se ha visto que las plantas de fenotipo xeromorfo pueden desarrollarse mejor que las de
fenotipo productivo (Rose et al. 1993; Trubat et al. 2008). No obstante, en los ultimos afios han
aparecido numerosos estudios que demuestran que cuando existe una relacién entre el esta-
blecimiento en campo y los atributos funcionales de la planta, los fenotipos productivos pueden
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desarrollarse mejor que los xeromorfos tanto en ambientes secos (Puértolas et al. 2003;
Tsakaldimi et al. 2005; Villar-Salvador et al. 2008)como incluso en los semiaridos (Luis et al.
2009; Oliet et al. 2009a). Resultados similares se han obtenido en ambientes mésicos, donde
la plantacion de brinzales de gran tamafio supone una alternativa al uso de herbicidas en sitios
de competencia herbacea intensa, dada su mayor capacidad competitiva en comparacion con
plantones de menor tamafio (Lamhamedi et al. 1998; Noland et al. 2001; South et al. 2005).
Siguiendo esta linea, en ambientes mediterraneos se esta empezando a utilizar brinzales de
gran porte en obras civiles y en determinados proyectos agroforestales.

El estado nutricional de la planta también puede condicionar la capacidad de desarrollo post-
plantacién (Malik y Timmer 1996; Salifu y Timmer 2003). Se ha observado que las plantas muy
fertilizadas y, por tanto, con concentracion y contenido de nutrientes elevados en los tejidos
presentan mayores tasas de supervivencia y crecimiento que las plantas poco fertilizadas y, por
tanto, con un estado nutricional pobre (van den Driessche 1988; Malik y Timmer 1996; Puértolas
et al. 2003; Salifu y Timmer 2003). Una elevada concentracion de nitrégeno (N) puede traducirse
en mayores tasas fotosintéticas (Jose et al. 2003; Gough y Seiler 2004). Ademas, un mayor
contenido de N permite una mayor removilizaciéon de este nutriente para apoyar el crecimiento
de los nuevos 6rganos (Millard 1996; Silla y Escudero 2003; Oliet et al. 2009b). No obstante, un
exceso de nutrientes puede ser perjudicial para las plantas (Oliet et al. 2006). Algunos trabajos
sugieren que concentraciones elevadas de N en plantas cultivadas en contenedor producen un
desequilibrio entre la parte aérea y la radical, dificultando su balance hidrico y su supervivencia
(Tan y Hogan 1997; Trubat et al. 2008). A veces también limita la capacidad de aclimatacién
fisiologica al frio y a la sequia (Tan y Hogan 1997; Flgistad y Kohmann 2004).

A pesar de la frecuente relacion positiva existente entre el desarrollo en campo de los plantones
con su tamafo y estado nutricional el conocimiento de los mecanismos ecofisiolégicos subyacen-
tes en estas relaciones es escaso. En este sentido, Villar-Salvador (2003) sugirié que el estable-
cimiento de una planta depende del grado de desarrollo del sistema radical antes del periodo
estival. Aquellas caracteristicas funcionales que favorezcan el potencial productivo de la planta
(mayor follaje y contenido de nutrientes y alta tasa de fotosintesis, entre otras) redundaran en
sistemas radicales mas extensos y, en consecuencia, en una mayor probabilidad de supervivencia
y capacidad de crecimiento. Un modelo similar ha sido propuesto por Luis et al. (2009) para
explicar el establecimiento de Pinus canariensis.

Una buena parte de los estudios que analizan la relacion existente entre el desarrollo post-
transplante de las plantas y sus caracteristicas funcionales provienen de ensayos de fertiliza-
cién. La fertilizacién durante la fase de cultivo en vivero afecta tanto al tamafio como al estado
nutricional de los plantones (van den Driessche 1988; Villar-Salvador et al. 2008; Oliet et al.
2009a). Al recibir mayor fertilizacion las plantan crecen mas, ya que disponen de mas nutrientes
para hacerlo, pero también almacenan mas reservas, incrementando asi la concentracion de
nutrientes en sus tejidos. Dado que la fertilizacion en vivero afecta simultaneamente al tamafio y
a la concentracion de nutrientes de los plantones, no es posible diferenciar cual es la contribucién
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especifica de cada uno de estos atributos en el establecimiento en campo de los plantones. Son,
por tanto, necesarios experimentos que analicen cual es el peso especifico de la morfologia y
la nutricion en la respuesta post-transplante de los plantones.

Compromisos en la asignacién de recursos

La disponibilidad de recursos que las plantas necesitan para sobrevivir es a menudo limitada,
por lo que no pueden atender eficazmente a la vez todas sus funciones basicas (crecimiento,
mantenimiento, metabolismo secundario y reproduccion). Invertir recursos en una funciéon supone
detraer recursos de las demas, lo que implica un coste para la planta y da lugar a compromisos
de asignacion de recursos entre los distintos componentes del ciclo vital o rasgos de vida:
crecimiento, reproduccion y supervivencia (Bazzaz ef al. 1987; Reekie y Bazzaz 1987; Ashman
1994). A pesar de que se considera un principio establecido que las distintas funciones de las
plantas compiten por los mismos recursos, no todas las investigaciones han dado los mismos
resultados, poniendo en duda que la existencia de compromisos entre los distintos rasgos de
vida sea una pauta universal (Fox 1995; Despland y Houle 1997; Antos y Allen 1999).

Ademas, dado que los recursos en el medio son limitados, las plantas se ven obligadas a
compartirlos, lo que da lugar a fenémenos de competencia entre los individuos. Algunos autores
han demostrado que los fendmenos de competencia pueden desencadenar cambios en los
patrones de asignacion de recursos. En escenarios de competencia por la luz, las plantas suelen
invertir mas recursos en el crecimiento de la parte aérea para una mayor captacion de luz, y
aumentan la asignacion de recursos a los tallos a expensas de hacerlo a hojas y raices (Nilsson
y Hallgren 1993; Maliakal et al. 1999; Watt et al. 2003). Cuando la competencia es por los
recursos del suelo, las plantas aumentan la inversién en el sistema radical y disminuye el
crecimiento de la parte aérea (Giordano y Hibbs 1993). Los compromisos de asignacion de
recursos entre érganos o funciones pueden, por tanto, variar segun las condiciones ambientales
en las que vive la planta. Es probable, asi mismo, que estos patrones de asignacién varien
segun los recursos almacenados en la planta.

Préacticas culturales en la restauracion de la vegetacion

Las numerosas marras existentes en los proyectos de revegetacion o repoblacion forestal de
ambientes mediterraneos (Castro et al. 2004; Navarro Cerrillo et al. 2006), hacen necesaria la
aplicacion de técnicas culturales que incrementen la supervivencia de los plantones y aseguren el
éxito de las plantacién como la provision de sombra y el riego (Rey Benayas 1998; Bainbridge
2002; Jiménez et al. 2007), la disminucion de la competencia con las hierbas (Navarro Cerrillo et
al. 2005; Rey Benayas et al. 2005) y la preparacion del suelo (Querejeta et al. 2001), entre otras.
Estas practicas, sin embargo, suelen elevar el coste de la revegetacion, por lo que es necesaria
la busqueda de alternativas que garanticen la supervivencia de la plantacion a bajo costo y
reducido impacto ambiental.
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En la naturaleza las plantas interaccionan entre si, ejerciendo sobre sus vecinos tanto efectos
positivos como negativos (Maestre et al. 2009). Cuando el resultado de este balance es positivo,
una planta favorece el establecimiento de otras que crecen préximas a ella, lo que se denomina
facilitacion o efecto nodriza (Callaway 1995). Varios autores proponen utilizar este efecto nodriza en
la restauracion de la vegetacion (Gomez-Aparicio et al. 2004; Padilla y Pugnaire 2006) (Cuadro 2).

La facilitacion puede ser directa, cuando una planta genera cambios ambientales sensu lato bajo
su dosel (mejora en las condiciones microclimaticas y/o edaficas) que favorecen el desarrollo de
otra planta (Callaway 1995; Pugnaire et al. 1996a; Pugnaire et al. 2004), o indirecta, cuando
interactuan tres 0 mas organismos y como resultado uno de ellos se ve beneficiado (proteccién
frente a herbivoros, atraccion de polinizadores o supresion de un competidor comun) (Miller
1994; Levine 1999; Callaway 2007). El papel que tiene la facilitacion directa en el reclutamiento
de especies lefiosas ha sido muy estudiado (Callaway 1992; Barnes y Archer 1999; Kitzberger
et al. 2000; Maestre et al. 2001; Oakley et al. 2006). Sin embargo, el papel de la facilitacion
indirecta ha recibido menos atencién. Dentro de los estudios que abordan la facilitacién indirecta
la mayoria se centran en la proteccion frente a la herbivoria (Garcia y Obeso 2003; Boulant et
al. 2008; Gémez-Aparicio et al. 2008) o a la atraccion de polinizadores y/o dispersadores de
propagulos (Verdu y Garcia-Fayos 2003; Aerts et al. 2006), mientras que los estudios que
demuestran facilitacion indirecta en un mismo nivel tréfico son muy escasos (Li y Wilson 1998;
Siemann y Rogers 2003; Kunstler et al. 2006).

Los procesos de facilitacion directa han sido muy documentados en matorrales mediterraneos
(Castro et al. 2004; Gomez-Aparicio et al. 2004; Castro et al. 2006; Smith et al. 2008). Sin embago,
hasta donde conocemos, ningun estudio ha abordado la existencia de facilitacién indirecta entre
plantas. Una de las especies nodriza mediterranea mas estudiada es Retama sphaerocarpa
(retama), un arbusto que promueve bajo su copa el desarrollo de una abundante y diversa
comunidad herbacea (Pugnaire et al. 1996b; Moro et al. 1997; Rodriguez-Echeverria y Pérez-
Fernandez 2003; Pugnaire et al. 2004) y de otras especies lefiosas de etapas medias y tardias
en la sucesion (Tovar 2009). Muchos trabajos han demostrado la existencia de facilitacion directa
bajo retama (Pugnaire et al. 1996b; Moro et al. 1997; Rodriguez-Echeverria y Pérez-Fernandez
2003), mientras que ninguno ha demostrado la posible existencia de facilitacion indirecta.

El resultado de la interacion entre dos organismos (facilitacion o competencia) depende de las
especies consideradas (Gémez-Aparicio et al. 2004; Liancourt et al. 2005; Padilla y Pugnaire
2009). Sin embargo, dentro de una misma especie, los individuos poseen distintas caracteristicas
funcionales, lo que puede determinar su establecimiento tal como se explicé anteriormente. Asi,
por ejemplo, las plantulas relativamente grandes, como las crecidas a partir de semillas grandes,
tienen mas posibilidades de sobrevivir que las plantulas pequefas cuando crecen en un
ambiente estresante como el provocado por la competencia con hierbas o el estrés hidrico y
luminico (Cook 1980; Leishman y Westoby 1994). Hasta el momento ningun trabajo ha anali-
zado si a escala intraespecifica el resultado de la interacién entre plantas depende de las
caracteristicas funcionales de los individuos facilitados.
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Cuadro 2.

El uso de plantas nodrizas como técnica de revegetacion

Tradicionalmente, antes de reforestar una zona se eliminaba la vegetacion existente para evitar la
posible competencia entre ésta y los plantones que iban a ser introducidos. En los ultimos arios, sin
embargo, se ha observado que en algunos casos, especialmente en ambientes poco productivos, la
vegetacion existente facilita el establecimiento de plantulas y plantones lefiosos gracias al micro-
ambiente favorable que genera bajo su dosel (Fig. 2): menor desecacion del suelo (Pugnaire et al.
2004; Gomez-Aparicio et al. 2008), disminucién de la irradiacién (Franco y Nobel 1989), menor
temperatura del aire y del suelo (Castro et al. 2002; Gomez-Aparicio et al. 2005), mayor disponibilidad
de nutrientes en el suelo (Pugnaire et al. 1996a; Moro et al. 1997) y mayor proteccion frente a los
herbivoros (Boulant et al. 2008), principalmente. Este fenomeno se ha observado sobre todo bajo la
copa de arbustos (Castro ef al. 2004; Gomez-Aparicio et al. 2004; Smith et al. 2008; Gomez-Aparicio
2009), pero también bajo la de arboles (Siemann y Rogers 2003; Maestre et al. 2004) e incluso
herbaceas (Maestre et al. 2001). En este contexto, algunos autores sugieren emplear la facilitacion
entre plantas para la introduccion de especies lefiosas forestales en los proyectos de revegetacion
(Castro et al. 2004; Gémez-Aparicio et al. 2004; Padilla y Pugnaire 2006).

Las interacciones positivas entre plantas son mas frecuentes en ambientes sometidos a gran estrés
abidtico (Bertness y Callaway 1994, ver discusion en Maestre et al. 2005, Lortie y Callaway 2006 y
Maestre et al. 2006), por lo que es de esperar que la aplicacion de la facilitacién como técnica de
revegetacion sea mas exitosa en ambientes estresantes, por ejemplo, en ecosistemas aridos o
semiaridos, que en ambientes muy productivos, como humedales o bosques humedos templados
(Gomez-Aparicio 2009). En estos ultimos, las plantas compiten fuertemente por la adquisicion de los
recursos esenciales (luz, agua y nutrientes) y la cercania espacial de los vecinos tiene generalmente
un resultado neto negativo (Choler et al. 2001; Pages et al. 2003).

La utilidad del uso de plantas nodrizas en la restauracién
de la vegetacién ha sido demostrado en multiples
ambientes: montafias mediterraneas (Castro et al. 2004;
Goémez-Aparicio et al. 2004), estepas semiaridas
(Maestre et al. 2001; Gasque y Garcia-Fayos 2004),
bosque seco tropical (Aerts et al. 2006), bosque tropical
humedo (Ashton et al. 1997), pastizales (Huber-Sannwald
y Pyke 2005; King y Stanton 2008) y campos abandonados
en ambientes semiaridos (Padilla y Pugnaire 2009).

Figura 2. Individuo de Juniperus oxycedrus reclutado de forma
natural bajo el dosel de Retama sphaerocarpa en un retamar
mediterraneo.
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Seguimiento y evaluacién de la restauracion de la vegetacion

El seguimiento y evaluacion de un proyecto de revegetaciéon permite medir su éxito e identificar
las acciones correctivas necesarias a medio y largo plazo (Vallauri et al. 2005). Ademas, permite
conocer su efecto en la restauracion del ecosistema. La mayoria de los trabajos evaltan el éxito
de la restauracion segun tres grupos de caracteristicas ecosistémicas: 1) la estructura de la
vegetacion, por ejemplo el porcentaje de la cubierta vegetal alcanzada, densidad, biomasa, etc.
(Cooper y MacDonald 2000; Ward et al. 2000; Young 2000); 2) la diversidad, por ejemplo la
riqueza y abundancia de organismos, tanto de plantas como de animales (Longcore 2003;
Martin et al. 2005; Cayuela et al. 2008; Ndour et al. 2008); y 3) los procesos ecolégicos, como
son las interacciones bioldgicas, el ciclo de nutrientes, el secuestro de carbono y la regulacién
hidrolégica (Harden y Mathews 2000; Silver et al. 2000; Meyer y Sisk 2001; Smal y Olszewska
2008). La recuperacion de la estructura de la vegetacion o de la diversidad es valorada en la gran
mayoria de trabajos de restauracion, ya que su medicidn es rapida y sencilla y se considera un
paso necesario para la posterior recuperacion de ciertas propiedades y procesos ecosistémicos
(Young 2000; Ruiz-Jaen y Aide 2005). Por el contrario, el seguimiento del reestablecimiento de
procesos ecosistémicos es menos frecuente debido principalmente a que es un proceso mas lento
(Kindscher y Tieszen 1998; Camill et al. 2004) y a que su evaluacion requiere multiples medidas,
lo que incrementa el coste y duracion del proyecto de restauracion (Ruiz-Jaen y Aide 2005).

Seguimiento de la revegetacion: respuesta a la interrupcién de las practicas culturales

Las practicas culturales que facilitan el establecimiento de los plantones (riego, sombra,
enmiendas organicas, control de la vegetacion herbacea, etc.) son costosas, por lo que
generalmente se aplican durante un periodo de tiempo reducido hasta garantizar el estableci-
miento de las plantas. Tras la interrupcion del manejo inicial, los plantones se enfrentan a un
ambiente muy diferente al existente durante su establecimiento. De ahi que sea importante
evaluar su respuesta una vez que los cuidados cesan, ya que la respuesta presente de los
organismos esta influenciada no sélo por las condiciones ambientales actuales sino también
por las condiciones ambientales previas (Metcalfe y Monaghan 2001; Relyea 2002; Cayuela et
al. 2008). La forma en que las plantas reparten los recursos entre sus diferentes funciones
(crecimiento, mantenimiento, metabolismo secundario y reproduccion) estd determinada
genéticamente, pero son capaces de modificarla para optimizar la captacion de recursos segun
su disponibilidad y las condiciones ambientales en que se encuentren (Bloom et al. 1985).

Evaluacion del impacto de la revegetacion en las propiedades ecosistémicas: cambios en las
propiedades quimicas del suelo

La agricultura influye de forma significativa en las propiedades quimicas del suelo, aumentando
el pH, disminuyendo la concentracion de carbono e incrementando la concentracién de fosforo
y potasio, entre otras muchas (Koerner et al. 1997; Compton y Boone 2000). Estudios previos
han demostrado que la revegetacion con especies lefiosas forestales de campos agricolas
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incrementa el secuestro de carbono y de nutrientes en la biomasa aérea (Garten 2002; Uri et al.
2007). Sin embargo, su efecto en la acumulaciéon de carbono (Garten 2002; Vesterdal et al.
2002; Smal y Olszewska 2008) y nutrientes (Ritter et al. 2003; Wall y Hytonen 2005; Falkengren-
Grerup et al. 2006) en el suelo no es tan claro. Estos y otros trabajos indican que la cantidad de
nutrientes en el suelo y sus propiedades quimicas dependen no sélo del uso previo del suelo,
sino también de las condiciones ambientales, la microfauna edafica y la vegetacion asociada
(Aerts y Chapin 2000; Paul et al. 2003).

Dentro de una misma region climatica, la cantidad y calidad de la hojarasca juega un papel
fundamental en la descomposicion de la materia organica y el ciclo de nutrientes (Vinton y
Burke 1995; Cornelissen et al. 1999). Asi, por ejemplo, Gallardo y Merino (1993) demostraron
que en ambientes mediterraneos la tasa de descomposicion de la hojarasca depende de su
contenido en carbono, lignina y cutina. Algunas caracteristicas funcionales de las plantas como
son su patrén de asignacién de biomasa, la composicion quimica de sus tejidos o su ciclo de
vida pueden, por tanto, influir de forma significativa en las propiedades quimicas del suelo
(Hooper y Vitousek 1998; Carrera et al. 2009).

En ambientes mediterraneos, los campos agricolas sujetos a sucesién son inicialmente colonizados
por una abundante y diversa comunidad herbacea que persiste durante afios hasta que, si es
posible, se establecen especies lefiosas (Bonet y Pausas 2004), mientras que en parcelas
restauradas de forma activa la introduccion de especies lefiosas es directa (Fig. 3). Dado que el
tipo de cubierta vegetal juega un papel importante en las propiedades quimicas del suelo (Gallardo
y Merino 1993; Vinton y Burke 1995; Cornelissen ef al. 1999), es esperable que la restauracion
pasiva y la activa de la vegetacion influyan de forma diferente en las propiedades edaficas.

Figura 3. Campo agricola mediterraneo abandonado bajo sucesion secundaria o restauracion pasiva (izquierda) y
campo agricola restaurado de forma activa con Quercus ilex (derecha).

Los efectos de la restauracion activa de la vegetacion en la recuperacion de las propiedades
quimicas del suelo pueden ser tanto positivos como negativos si los comparamos con los de la
sucesion secundaria. Por un lado, la introduccidn de especies lefiosas supone un aporte continuo
de materia organica (Gallardo 2003; Moreno et al. 2007) y genera un microclima mas favorable
para la actividad microbiana y la descomposiciéon de la materia organica (Muscolo et al. 2007;
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Sariyildiz 2008). No obstante, en el caso de especies esclerdfilas o resinosas (las mas utilizadas
en proyectos de restauracion), esta materia organica es de baja calidad debido a su alto contenido
en metabolitos secundarios tales como lignina y tanina, lo que ralentiza su descomposicion
(Aerts y Chapin 2000; Satti et al. 2003). Ademas, la vegetacion lefiosa dificulta el crecimiento de
las hierbas bajo su copa, que aportan una materia organica de elevada calidad (Carrera et al.
2009). Cabe, por tanto, preguntarse ¢cual es el balance en las propiedades quimicas del
suelo?
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Objetivos de la Tesis Doctoral

Esta Tesis Doctoral se enmarca dentro del proyecto Restauracion ecolégica de areas degradadas
en ambientes mediterraneos continentales. Optimizacion del uso del agua (M.E.C. Ref.
CGL2004-00355/BOS). El objetivo general de esta Tesis es mejorar la restauracion de campos
agricolas abandonados en ambientes mediterraneos continentales, donde el déficit hidrico es el
principal factor limitante para el establecimiento de las especies lefiosas. La hipotesis de partida
es que la utilizaciéon de plantas de calidad y de técnicas que faciliten el establecimiento de los
plantones incrementara el éxito de la restauracion de estos campos. En cuanto a la calidad de
planta, es de esperar que a escala intraespecifica los fenotipos productivos presenten mayor
supervivencia y crecimiento que los fenotipos xeromorfos y que esta diferencia dependa del
nivel de estrés durante el periodo de establecimiento. En ambientes de estrés hidrico leve o
moderado, los fenotipos productivos presentaran mayor supervivencia y crecimiento que los
xeromorfos, mientras que en condiciones severas de estrés hidrico fenotipos xeromorfos, con
menor consumo de agua, seran los que se establezcan mejor (Fig. 4).

En esta Tesis el proceso de restauracion se aborda desde un enfoque multiescala ya que
1) existen varias fases en un proyecto de restauracion de la vegetacion, tal como se ha men-
cionado previamente y 2) los niveles de organizacién implicados son diferentes, incluyendo la
respuesta ecofisiolégica de las plantas introducidas, su supervivencia y crecimiento, las
interacciones de facilitacion y competencia entre plantas, la estructura de la comunidad "res-
taurada" y la funcién ecosistémica.

© Fenotipo productivo
g8 .g Fenotipo productivo
g g
> E
) o
g e
”3) O
Fenotipo xeromorfo X[ | TENCUPOXEOMONO .
Nulo Moderado Severo Nulo Moderado Severo
Estrés hidrico Estrés hidrico

Figura 4. Hipodtesis de trabajo relativa a la influencia que tendran las caracteristicas funcionales de las plantas en su
supervivencia y crecimiento en funcion del nivel de estrés hidrico del lugar de plantacion. Fenotipo productivo hace
referencia a plantas de parte aérea grande, y con una proporcion entre la masa aérea y radical y concentracion de
nutrientes elevada dentro del rango de variacion potencial de la especie a una edad concreta, mientras que fenotipo
xeromorfo hace referencia a plantas con los atributos funcionales contrarios.
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Los objetivos especificos que permiten abordar el objetivo general propuesto son los
siguientes:

1. Estudiar los mecanismos ecofisiolégicos que explican por qué las plantas grandes y con gran
contenido de nitrégeno se establecen mejor en ambientes mediterraneos que plantas con los
atributos contrarios.

2. Analizar la interaccion entre las caracteristicas funcionales de los plantones (tamafio y estado
nutricional) y el nivel de estrés del ambiente de plantacion.

3. Analizar la utilizacion de Retama sphaerocarpa como arbusto nodriza en proyectos de
restauracion y evaluar el papel que la facilitacion indirecta juega en el establecimiento de
especies lefiosas en retamares mediterraneos.

4. Estudiar la respuesta de las encinas introducidas a la interrupcién del manejo aplicado durante
los primeros anos tras su establecimiento.

5. Conocer los efectos que la restauracién pasiva y la revegetacion de tierras agricolas tiene en
las propiedades quimicas del suelo.

Las especies elegidas para realizar esta investigacion han sido la encina, Quercus ilex, y el pino
carrasco, Pinus halepensis. Se han seleccionado estas especies por varias razones. Por un
lado, son especies dominantes en muchos ecosistemas forestales mediterraneos y han sido las
especies mas utilizadas para la restauracién de campos agricolas abandonados en zonas
mediterraneas (Zavala et al. 2000; MAPA 2006). Por otro lado, estas especies representan
tipos funcionales contrastados, con diferentes estrategias para afrontar el estrés hidrico. La
encina es una especie de crecimiento lento, caracteristica de etapas tardias de la sucesion,
tolerante a la sombra y que resiste la sequia por medio de una estrategia de "derroche" de agua
(sensu Levitt 1980), por lo que presenta grandes variaciones en su potencial hidrico. El pino
carrasco, sin embargo, es una especie pionera de crecimiento rapido, intolerante a la sombra y
que resiste la sequia por medio de una estrategia de "ahorro" del agua, por lo que muestra poca
variacion en su potencial hidrico (Zavala et al. 2000; Baquedano y Castillo 2006). Es esperable
que dos especies con estrategias fisioldgicas contrastadas respondan de forma diferente a
la restauracién activa.
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Estructura de la memoria de la Tesis Doctoral

Esta memoria comprende ocho capitulos. Tras este capitulo introductorio (capitulo 1), se
presentan cinco capitulos con los resultados de cuatro experimentos y un estudio observacional
(capitulos 2-6). Estos capitulos se corresponden con articulos cientificos publicados o en
revision en revistas cientificas internacionales, por lo que su estructura se ha mantenido fiel a
la version para su publicacion (se presentan en inglés con sus correspondientes apartados de
Resumen, Introduccién, Material y métodos, Resultados, Discusion y Bibliografia). Cada uno de
estos capitulos se acompafia también de un resumen en espanol. A continuacion, se desarrolla
una discusion que integra los resultados de toda la investigacion (capitulo 7) y, para terminar,
se presentan las conclusiones mas relevantes de esta Tesis Doctoral (capitulo 8).

En el capitulo 2: § Por qué las plantas grandes, ricas en nitrégeno resisten mejor condi-
ciones estresantes durante el establecimiento? Un andlisis fisiologico en dos especies
forestales mediterraneas de caracteristicas funcionales contrastadas se estudia la super-
vivencia, crecimiento y comportamiento fisiolégico de plantones de Q. ilex y P. halepensis de
morfologia y estado nutricional contrastados en dos escenarios de competencia herbacea
(objetivos especificos 1 y 2). La hipétesis de trabajo es que las plantas grandes y elevada
concentracion de nutrientes presentan mayor supervivencia y crecimiento que las plantas con
caracteristicas opuestas debido a un mayor crecimiento radical, potencial hidrico, intercambio
gaseoso y uso del N.

En el capitulo 3: Crecimiento radical y su interferencia con la elongacién aérea en plantones
de pino carrasco (Pinus halepensis Mill.): efectos del tamafio de planta y la concentracion
de nitrégeno se analiza el efecto del tamafio de planta y la concentracion de N en la dinamica
radical en campo y su interferencia con la elongacién aérea en plantones de P. halepensis Mill.
(objetivo especifico 1). Las hipdtesis de partida son 1) que tanto el tamafio como la concentracién
de N tienen un efecto positivo en la masa, longitud, profundidad y velocidad de crecimiento
del sistema radical, y 2) el compromiso en la asignacion de recursos entre parte aérea y parte
radical sera menor en los individuos con mayor tamafio inicial y mayor concentracion de N.

En el capitulo 4: La facilitacion de encinas en matorrales mediterraneos esta explicada
por interacciones directas e indirectas mediadas por hierbas se aborda la interaccion entre
un arbusto facilitador (Retama sphaerocarpa), la vegetacién herbacea y plantones de Q. ilex de
caracteristicas funcionales distintas (tamafo y estado nutricional) (objetivos especificos 1, 2
y 3). Las hipdtesis planteadas fueron: 1) la facilitaciéon indirecta junto con la facilitaciéon directa
juega un papel importante en el establecimiento de especies lefiosas mediterraneas bajo retama,
y 2) en un escenario de facilitacion las diferencias de supervivencia y crecimiento entre plantones
de distinta calidad seran menores que en un escenario de no facilitacion.

En el capitulo 5: Los rasgos de vida en la encina responden de forma diferente a ambientes
expereimentales previos estudia la supervivencia, crecimiento y produccion de semillas en una
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antigua plantacion experimental de Q. ilex de 13 afios, en la que durante los tres primeros
afios se aplicaron tratamientos facilitadores (una combinacién de sombra artificial y riego en
verano) que fueron interrumpidos posteriormente. Se compararon los efectos directos del manejo
previo con los efectos indirectos de la competencia intraespecifica y los compromisos del reparto
de biomasa entre distintas funciones basicas de las plantas (objetivo especifico 4). Las hipdtesis
de trabajo fueron: 1) los tratamientos facilitadores aplicados durante el establecimiento de Q. ilex
mejoran su éxito futuro, aunque la respuesta al ambiente pasado puede ser diferente segun el
rasgo de vida analizado; 2) el crecimiento radical y el crecimiento aéreo estan sujetos a compro-
misos de asignacion de recursos, debido al caracter limitado de los recursos; y 3) la asignacion de
recursos al crecimiento o a la reproduccién supone un compromiso para las plantas por lo que los
individuos reproductores creceran menos que los individuos no reproductores.

En el capitulo 6: Restauracion de las propiedades quimicas del suelo en un campo
agricola mediterraneo abandonado tras la sucesién secundaria y la reforestacién se
comparan las propiedades quimicas del suelo en un cultivo activo, una parcela bajo sucesién
secundaria durante 13 afios, una parcela reforestada de forma activa con Q. ilex hace 13 afios
(la misma que en el capitulo 5) y un encinar maduro de referencia. Se analiza ademas el efecto
que las condiciones ambientales previas y actuales tienen sobre las propiedades quimicas del
suelo (objetivo especifico 5). Las hipotesis planteadas fueron tres: 1) las propiedades quimicas
edaficas de las parcelas restauradas (tanto de forma activa como pasiva) se encuentran en una
posicion intermedia entre las mismas propiedades del cultivo activo y el encinar de referencia; 2) la
restauracion activa acelera la recuperacion de las propiedades quimicas del suelo en comparacién
con la sucesion secundaria o restauracion pasiva; y 3) las propiedades quimicas del suelo
estan determinadas tanto por las condiciones ambientales previas como por las condiciones
actuales.
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éPor qué las plantas grandes, ricas en nitrégeno resisten mejor condiciones
estresantes durante el establecimiento? Un analisis fisiolégico en dos
especies forestales mediterraneas de caracteristicas funcionales contrastadas

Este capitulo reproduce integramente el texto del siguiente manuscrito:

Cuesta, B., Villar-Salvador, P., Puértolas, J. Jacobs, D. and Rey-Benayas, J.M. Why do large, nitrogen rich
seedlings better resist stressful transplanting conditions? A physiological analysis in two functionally
contrasting Mediterranean forest species. En revision en Forest Ecology and Mangement.

Resumen

Se analiza la base fisioldgica que explica por qué los plantones grandes y los plantones con gran
concentracion de nitrégeno (N) tienen frecuentemente mayor supervivencia y crecimiento que los
plantones pequefios en plantaciones forestales mediterraneas. Se introdujeron plantones grandes de
pino carrasco (Pinus halepensis Mill.) y encina (Quercus ilex L.) con gran concentraciéon de N (L+) y
plantones pequefios tanto con alta (S+) como con baja (S-) concentracion de N en dos sitios con
diferente intensidad de competencia herbacea y, por tanto, condiciones de estrés contrastadas. Se
midi6 la supervivencia, el crecimiento, el intercambio gaseoso, la remobilizacion (Ng) y absorcion
(Ny) de Ny el potencial hidrico de los plantones durante la primera estacién de crecimiento. Las
hierbas redujeron la supervivencia y el crecimiento, pero la respuesta de los plantones varié entre
fenotipos y entre especies. Al final de la primera estacion de crecimiento, los plantones de pinos L+
sobrevivieron mas que los dos tipos de plantones pequefos en presencia de hierbas, pero no se
observaron diferencias en ausencia de hierbas. Las diferencias de mortalidad entre fenotipos
ocurrieron en primavera pero no en verano. Los pinos L+ crecieron mas que los pinos pequefios
independientemente de la competencia herbacea. Ningun plantdn de encina sobrevivié en presen-
cia de hierbas y no se observaron diferencias de mortalidad entre fenotipos en ausencia de hierbas,
aunque los plantones de encina L+ crecieron mas que los plantones pequefios. Las diferencias de
mortalidad y crecimiento estuvieron ligadas a diferencias fisiolégicas. Los fenotipos de pino presen-
taron importantes diferencias fisioldgicas, mientras que las diferencias entre los fenotipos de encina
fueron pequefias. Los pinos L+ tuvieron mayor crecimiento radical, intercambio gaseoso, Ng y Ny,
que los plantones pequefios independientemente de su concentracién de N. Concluimos que las
diferencias funcionales entre plantones tuvieron consecuencias diferentes para el establecimiento en
el campo de ambas especies. El mejor establecimiento de los pinos L+ en comparacion con los
pequenos estuvo ligado a un mayor intercambio gaseoso, crecimiento radical y uso del N. El tamafio
de los plantones tuvo un papel mas importante en el establecimiento de los plantones que la
concentraciéon de N.

Palabras clave: competencia, conductancia estomatica, crecimiento radical, fotosintesis, Pinus
halepensis, potencial hidrico, Quercus ilex, removilizacion de N, supervivencia.
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Why do large, nitrogen rich seedlings better resist stressful transplanting
conditions? A physiological analysis in two functionally contrasting
Mediterranean forest species

Barbara Cuesta', Pedro Villar-Salvador®. Jaime Puértolas2.3, Douglas Jacobs* and José M?
Rey-Benayas

1 Departamento de Ecologia, Universidad de Alcala. 28871 Alcala de Henares (Madrid), Spain
2 C.N.R.G F. "El Serranillo", Ministerio de Medio Ambiente y Medio Rural y Marino. 19080 Guadalajara, Spain
3 Current address: Fundacion CEAM, Universidad de Alicante, 03080 Alicante. Spain
4 Hardwood Tree Improvement and Regeneration Center, Purdue University, West Lafayette. IN 47907-2061, USA

Abstract

We analysed the physiological basis that explain why large and high nitrogen (N)
concentration seedlings frequently have improved survival and growth relative to
small seedlings in Mediterranean woodland plantations. Large seedlings of Aleppo
pine (Pinus halepensis Mill.) and holm oak (Quercus ilex L.) with high N concentration
(L+), and small seedlings with either high (S+) or low (S-) N concentration, were plan-
ted on two sites of different herb competition intensity that created contrasting stress
conditions. Seedling survival, growth, gas exchange, N remobilisation (Ng) and uptake
(Ny), and water potential were assessed through the first growing season. Herbs redu-
ced survival and growth, but seedling response varied among phenotypes and between
species. At the end of the first growing season, L+ pine seedlings survived more than
both small seedling types in presence of herbs but no differences were observed in
absence of herbs. Mortality differences among phenotypes occurred in spring but not
in summer. L+ pines grew more than small pines independently of herb competition.
No oak seedling type survived in presence of herbs and no mortality differences
among phenotypes where observed in absence of herbs, although L+ oak seedlings
grew more than small seedlings. Mortality and growth differences were linked to
physiological differences. Pine phenotypes had marked physiological differences
while differences were small in oak phenotypes. L+ pines had greater root growth, gas
exchange, Ni and N, than small seedlings, irrespective of their N concentration. We
conclude that the functional differences among seedlings had different consequences
for transplanting performance in both species. Improved transplanting performance in
large pine seedlings relative to small plants was linked to greater gas exchange, root
growth and N cycling. Seedling size had a greater role in the performance of trans-
planted seedlings than N concentration.

Key words: competition, nitrogen remobilisation, Pinus halepensis, photosynthesis,
Quercus ilex, root growth, stomatal conductance, survival, water potential.
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Introduction

Water stress caused by herb competition and
summer drought are major factors that limit
establishment of planted seedlings in abando-
ned Mediterranean croplands (Rey Benayas et
al. 2005). Seedling transplanting performance
also depends on seedling morphological and
physiological attributes, which can be deter-
mined to a great extent by cultivation practices
in the nursery (van den Driessche 1991a;
Villar-Salvador et al. 2004). Much evidence
indicates that, for a given species, large seedlings
frequently have improved survival and growth
relative to small seedlings in Mediterranean
environments (Puértolas et al. 2003; Villar-
Salvador et al. 2004; Tsakaldimi et al. 2005;
Navarro et al. 2006; Villar-Salvador et al. 2008;
Luis et al. 2009; Oliet et al. 2009). Similar
trends have also been reported in boreal and
humid temperate environments, where large
seedlings are more competitive against herbs
than small seedlings (Lamhamedi et al. 1998;
Noland et al. 2001; South et al. 2005).
However, large seedlings in some instances
may have lower performance than small
seedlings in very dry reforestation sites (Rose
et al. 1993; Trubat et al. 2008). Several studies
have also reported a positive correlation between
transplanting performance of forest species
and plant nitrogen (N) concentration (van den
Driessche 1988; Puértolas et al. 2003; Villar-
Salvador et al. 2004; Oliet et al. 2009). This
indicates that seedling nutrient composition
can play an important role in transplanting
performance (Malik and Timmer 1996; Salifu
and Timmer 2003), probably due to remobilisa-
tion of internal N reserves (Millard et al. 2001;
Silla and Escudero 2003).

The above-mentioned relationships provide
some insights into potential physiological
mechanisms involved in the greater trans-
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planting performance of large or high N con-
centration seedlings. As far as we know,
however, no published studies have addressed
the physiological mechanisms underlying such
relationships. Based on the transplant shock
model of Burdett et al. (1990), Villar-Salvador
(2003) proposed a conceptual model to
explain the influence of initial plant size and N
concentration on seedling survival in
Mediterranean environments. This model
suggests that large seedlings and seedlings
with high N concentration have higher net carbon
gain because they have greater photosynthetic
surface and photosynthesis rate (Field and
Mooney 1986; Jose et al. 2003), respectively,
than small seedlings or plants with low N
concentration. Increase in carbon gain stimu-
lates root growth (van den Driessche 1991b)
during the wet season, allowing seedlings to
extract water and nutrients from a greater soll
volume during the dry season. This allows
plants to maintain high water potential and
positive carbon balance (Burdett et al. 1983),
which is critical to ensure plant survival during
the dry season (Padilla and Pugnaire 2007).
Thus, optimal seedling attributes for
Mediterranean dry environments should pro-
mote high photosynthesis and nutrient remo-
bilisation during the wet season to ensure suita-
ble water and carbon balance during the dry
season.

The general objective of this study was to
study the physiological mechanisms underlying
the higher transplanting performance of large
seedlings and seedlings with high N concen-
tration in Mediterranean reforestation sites.
Specifically, we compared the physiological
performance of Aleppo pine (Pinus halepensis
Mill.) and holm oak (Quercus ilex L.) seedlings
of contrasting size and N concentration trans-
planted into two environments that differed in
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stress conditions. Distinct stressful transplan-
ting conditions were achieved by manipulating
herb density, which induced marked differences
in soil water availability. Seedling survival,
growth and physiological performance were
assessed in late spring at the end of the esta-
blishment period when drought stress was low,
and in mid-summer when drought stress was
pronounced. We selected P. halepensis and Q.
ilex, which are widely used in afforestation in
the Mediterranean basin, to test if the perfor-
mance of contrasting seedling phenotypes
differed between species that have different
functional strategies to deal with environmental
stresses. The oak is a shade-tolerant and slow
growing species characteristic of late forest
successional stages that closes stomata at low
tissue water potential (W) thereby tolerating
low tissue relative water content (RWC). By
contrast, the pine is a fast growing shade-
intolerant pioneer species that closes stomata
at high tissue ¥ and does not tolerate low tissue
RWC (Zavala et al. 2000; Baquedano and
Castillo 2006).

Material and methods

Seedling cultivation

Seeds originating from inland Spain provenan-
ces (Alcarria-Serrania de Cuenca and Alcarria
for Q. ilex and P. halepensis, respectively)
were sown in Plasnor 190/300-45 trays (45
cavities of 300 ml per tray; Plasnor, Legazpi,
Spain) with unfertilized Sphagnum peat
(Vapopeat XL, Vapo, Jyvaskyla, Finland). We
cultivated 1080 seedlings of three phenotypes
in both species that differed in their morphology
and N concentration (Table 1): (1) large seedlings
with high N concentration (L+), (2) small seedlings
with high N concentration (S+), and (3) small
seedlings with low N concentration (S-). These

differences were achieved by varying the
length of the growing period and fertilization
rate. L+ seedlings were sown on December
15, 2004 and fertilized twice weekly with a
fertilizer solution of 100 ppm N from late May
to mid December 2005. Small seedlings were
sown on March 21, 2005 and fertilized weekly
with 100 ppm N from late May until mid July
2005. Subsequently, fertilization of small
seedlings was withheld for three weeks until
early August and resumed until the end of
October 2005, with seedlings being fertilized
fortnightly with 50 ppm N. Half of the seedlings
sown in March then received no fertilization
until the end of the cultivation (S- seedlings)
while the remainder were heavily fertilized
once per week with 200 ppm N (S+ seedlings).
Fertilization was done with a Peters
Professional® 20-7-19: N-P,05-K,0 fertilizer
(Scotts, USA). Furthermore, L+ and S+ seedlings
were weekly sprayed with a foliar fertilizer (N-
P-K: 8-8-6, Wuxal AA, Schering Espafia, S.A.,
Madrid, Spain) at a 250 ml I-* concentration for
three weeks in December 2005. Plants were
arranged in space in four random blocks. To
avoid frost damage, plants were initially grown
in a glass greenhouse in which temperature
ranged from 4 to 25 °C and radiation was
approximately 50% of that outside. In mid May
2005, seedlings were moved outside. Plants
were kept well watered according to their
requirements by irrigating them every 1-3
days. Cultivation was completed in the third
week of December 2005.

Morphology and N concentration measurements
following cultivation

At the end of the cultivation period, 12 and 16
plants per phenotype in P. halepensis and Q.
ilex, respectively, were randomly sampled and
their shoots were cut at the cotyledon insertion
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point and root plugs were cleaned from the
peat. Shoot height was measured as the
length of the stem while shoot diameter was
measured as the stem thickness at the cotyle-
don insertion point. Then, all plant parts were
washed with tap water, rinsed in distilled water
and dried in a ventilated oven at 60°C for 48 h
to measure their mass.

To assess tissue N concentration, plants were
randomly distributed into four groups and their
shoots and roots were pooled separately and
finely ground. N concentration was determined
by Kjeldahl analysis with K-SeSO,-Se,Cu, as
catalyst in a Tecator DS-40 digestion system
(FOSS Tecator, Sweden) and a SAN ++ auto-
analyser (Skalar, Netherlands).

Field study site and plantation experimental
design

The field study site was located in Guadalajara,
central Spain (40°39° N, 3°10" W) at 650 m
a.s.l. on a flat river terrace with a poorly deve-
loped Entisol soil from alluvium material. The
climate is Mediterranean continental with mean
annual precipitation and temperature of 400
mm and 13.4 °C, respectively. Winter mean air
temperature is < 6.5 °C. Spring (from March to
late May) is usually mild and wet. Mean spring
rainfall and mean temperature of the last 10
years were 118 mm and 12.4 °C, respectively.
A pronounced dry and hot season occurs from
June to mid September, where total rainfall is
47 mm and mean maximum temperatures is
31°C. Spring rainfall and mean air temperature
in the study year (2006) were 119 mm and
12.8 °C, respectively, while summer rainfall
and mean maximum air temperature were
51 mm and 31.5 °C, respectively.

Seedlings were transplanted to the field on late
December 2005. The experimental design
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consisted of a split-plot with five blocks. Each
block was split into two plots or main plots,
which were randomly assigned to each herb
competition treatment (presence and absence
of herbs). In the herb treatment plot, the natural
herb community was allowed to develop while
in the other plot herbs were removed with
herbicide (Oxifluorfen 24%, lteike TradeCorp,
Spain) at planting and at mid-summer along
with manual hoeing when necessary. In each
main plot, we randomly differentiated six
subplots in which six treatments resulting from
the combination of two species x three seedling
phenotypes were randomly assigned. In each
subplot, we planted a row of 12 seedlings per
treatment. Distance between seedlings within
a row was 1 m and distance between subplots
was 2 m. Soil was subsoiled to 50 cm in depth
before planting. Dominant species in the herb
plots were Avena sterilis, Bromus spp.,
Capsella bursa-pastoris, Chenopodium album,
Hordeum murinum, Papaver rhoeas, Portulaca
oleracea, Rapistrum rugosum, Salsola kali,
and Taeniathezum caput-medusae.

Effect of herbs on seedling microclimate

Incident photosynthetic active radiation at
seedling mid-height was measured at midday
in May on a clear day using a quantum
photo/radiometer (HD 9021, Delta OHM,
Casselle Di Selvazzano, Italy) in three seedlings
per treatment and block. Air vapour pressure
deficit (VPD) was quantified in late spring and
in mid-summer from the air relative humidity
and temperature measures taken next to five
seedlings per treatment using a portable gas
exchange system (LCpro+ System, ADC
BioScientific, Hoddesdon, UK). Soil water
content in the 0-60 cm soil profile was measu-
red monthly from April to September by Time
Domain Reflectometry (TDR, Tektronix,
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Beauverton, CO, USA) according to methodo-
logy in Cassel et al. (1994). We made one
measurement per herb treatment and block. In
late May, when flowering of the herbaceous
community was completed, we measured herb
height and aboveground mass contained in
three 50 x 50 cm quadrants per block after
drying at 50 °C for two days.

Transplant mortality and shoot growth

Seedling mortality and shoot growth was
recorded at the end of spring (last week of
May) and after summer drought (last week of
October) of 2006. We measured the spring
(from February to June), summer (from June
to October) and total first growing season
(from February to October) seedling mortality
and seedling shoot growth. Shoot growth was
measured as the stem volume increase and
calculated as the difference between the
stem volume at the end and at the beginning
of each experimental period (spring and
summer). Stem volume was calculated from
the height and diameter of the stem assuming
that the stem of the seedling is a cone.
Diameter was measured at the cotyledon
insertion point.

Gas exchange and water potential measure-
ments in the field

We compared the net photosynthesis rate (A),
stomatal conductance to water vapour (gy),
and ¥ of seedling phenotypes in spring (late
May), before summer drought onset, and in
mid-summer (late July), the hottest and driest
moment of the year, of 2006. In spring after the
first shoot flush of growth and when leaves
were mature, A and g, were measured in the
morning and at midday (from 9:00 to 11:00 h and
from 12:00 to 14:00 h solar time, respectively)

on current year shoots. ¥ was measured at
pre-dawn and at midday on current year leaves
(in oak) or twigs (in pine). In summer, we could
not measure all treatments because no oak
seedling survived in the herb plot. In plots with
absence of herbs, pre-dawn ¥ was measured
only in P. halepensis, while midday ¥ was
measured in both species. In the herb plots,
summer A and g, in the morning and at midday,
and midday ¥ in P. halepensis were only
measured in L+ and S+ phenotypes due to low
number of surviving S- seedlings. Gas exchange
was measured with a portable gas exchange
system (LCpro+ System, ADC BioScientific,
Hoddesdon, UK). Shoots were enclosed in the
conifer chamber-type until measurement stabi-
lisation, which usually took 3-4 minutes. ¥
was measured with a Scholander-type pressure
chamber. In all cases, we made measurements
in one randomly selected plant per treatment
and block (six plants per treatment). In spring,
air temperature and VPD at measuring time
were 29.3 £ 0.4 °C and 3.1 = 0.11 KPa
(mean = 1 SE) in the morning and 37.1 £ 0.5 °C
and 5.5 £ 0.12 KPa at midday. In summer, air
temperature and VPD were 29.3 + 0.5 °C and
3.0 £ 0.16 KPa in the morningand 41.0+0.5°C
and 6.8 = 0.22 KPa at midday.

Root growth and N cycling

In late May 2006, the plants used for gas
exchange measurements were extracted by
carefully digging a 50 cm deep hole using an
excavator with a 0.04 m3 bucket. Plants were
separated into old and new shoots and roots
and senescent leaves, washed with tap water,
rinsed in distilled water, and dried in a ventilated
oven at 60 °C for 48 h for organ mass determi-
nations. Most seedlings had no senescent
leaves, or if present they remained attached to
the stem in both species. Roots protruding out
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of the root plug were designated as new roots
while those in the root plug were classified as
old roots.

Plant fractions were finely ground and N concen-
tration was determined by Kjeldahl analysis
with K-SeS0O,-Se,Cu, as catalyst in a Tecator
DS-40 digestion system (FOSS Tecator,
Sweden) and a SAN ++ auto-analyser
(Skalar, Netherlands). The N content of each
fraction was calculated as the product of the
N concentration and the mass of the fraction.
The N remobilised (Ng) from old tissues and
net N uptake (N,) from soil was estimated
following similar methodology in Silla and
Escudero (2003). Briefly, Ng was calculated as

(mg) (1)

where N, N, and N are the plant N content
at the end of the cultivation, N content in old
roots and shoots, and N content in senescent
leaves, respectively. N, was quantified as

Ng =N, - N, - N

NU = (No + Nn) - Np - Ns (mg) (2)

where N, is the N content in new shoots and
roots.

Standardization of N by plant N content at
planting was used as a measure of N remobi-
lisation efficiency.

Data analysis

Although the experimental design included
species as a factor, we performed statistical
analyses separately for each species due to
strong heterogeneity of variance, which could
not be corrected by data transformation. The
effect of herb competition and seedling type in
irradiance were analysed by two-way ANOVA,
and the effect of herb competition in air tempe-
rature and VPD were analysed by one-way
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ANOVA. Soil water content was analyzed by
repeated measures ANOVA. Differences in
seedling attributes at the end of nursery culti-
vation were analysed by one-way ANOVA.
Spring (February to late May), summer (June
to late October) and cumulative (February to
late October) mortality were analysed using a
generalized linear model with a binomial distri-
bution and a logit link function. Block, herb
treatment and seedling type were the factors.
Seedling shoot growth were analysed by a
split-plot analysis with measures over time
(Gomez and Gomez 1984). New root production,
N remobilization and N uptake in both species
were analysed by split-plot analysis (Gémez
and Gomez 1984). A, g,, and ¥ of both species
in spring (May) and of P. halepensis in summer
were analysed by a split-plot analysis with
measures over time. In summer, as no S- pine
seedling was measured in the herb competition
plots, seedling type was nested to herb com-
petition for P. halepensis. Oak A and g in
summer were analysed by repeated measures
ANOVA, whereas midday ¥ was analysed by
two-way ANOVA. Data were checked for nor-
mality and homogeneity of variances, and
were transformed when necessary to correct
deviations from these assumptions. All statistical
analyses were performed with the Statistica
6.0. Package (StatSoft, Inc., Tulsa, OK, USA).

Results

Functional characteristics of phenotypes
following cultivation

Shoot height and diameter in L+ P. halepensis
seedlings were 2.4 and 1.4 times higher, res-
pectively, than in S+ and S- seedlings, which
did not differ between them. Similarly, shoot
and root mass in L+ seedlings were four and
two times higher, respectively, than in S+ and
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Table 1. Morphological attributes, N concentration and N content of the three seedling phenotypes of P. halepensis and
Q. ilex at planting. Data are means + 1 SE; n=16 for morphological attributes and n=4 for N data. L+: large seedlings
with high N concentration, S+: small seedlings with high N concentration, and S-: small seedlings with low N concentra-
tion Seedling phenotypes with different letter indicate significant differences at P < 0.05 after a post-hoc Tukey's test.

P. halepensis Q. ilex
L+ S+ S- L+ S+ S-

Plant height (cm) 18+1.6° 7.5¢0.3° 7.5+0.4° 15+¢1.1%  1120.7° 11.5£0.9°
Plant diameter (mm) ~ 3.130.1* 2.2¢0.1° 2.2+0.1°  4.0+0.2° 3.3x0.2° 3.5:0.3"
Shoot mass (g) 4.0+0.3* 0.9+0.1° 1.1x0.1° 1.9+0.2°  1.1%0.1° 1.120.2°
Root mass (g) 2.640.3% 1.0+0.1° 1.3+0.1° 2.140.2° 1.3:0.2° 1.8+0.3%
(Pn'nag”;.'}‘)conce“"a”°” 2241.2°  19+0.8°  9+0.2" 18£0.3"  13:0.3°  9+0.5°
Plant N content (mg) ~ 154+10° 373" 22+2° 71£9° 32+3° 27+2°

S- seedlings, which did not differ between
them. N concentration of L+ seedlings was
similar to that of S+ seedlings but it was 2.3
times higher than that of S- seedlings. S+
seedlings had twice the N concentration of S-
seedlings (Table 1).

Seedling microenvironment in the field

Mean height and aboveground biomass of the
herbaceous vegetation was 65 £+ 5 cm and
0.22 + 0.02 kg m-2, respectively. Herbs reduced
incident photosynthetic active radiation by
25%, but reduction in irradiation did not differ
among seedling types (data not shown). Air
temperature was lower in presence than in
absence of herbs (36.7 + 0.4 vs. 40.1 £ 0.9,
respectively, in spring and 37.7 £ 0.5 °C vs.
41.3 + 0.5 °C, respectively, in summer), but
these differences were not statistically signifi-
cant. Herbs did not modify VPD neither in spring
(4.3+0.18 and 4.4 £ 0.19 KPa in presence and
absence of herbs, respectively) nor in summer
(4.5 £ 0.55 and 5.0 £ 0.29 KPa in presence

and absence of herbs, respectively). Soil water
content in mid-spring was 13% and diminished
through summer until 9% (P < 0.001). Herbs
reduced soil water content by ca. 50% in spring
and early summer but differences between
herb and control plots dissipated in mid-
summer (date x herb competition interaction,
P < 0.001).

Transplant mortality and shoot and root growth

Seedling mortality was lower in pine than in
oak and it was lower in spring than in summer.
In both species, herb competition strongly
increased mortality in spring (P < 0.001 for
both, pine and oak) and in summer (P < 0.001
for both, pine and oak) (Fig. 1). All oak seedlings
died in the herb plots in summer. In pine, L+
and S- plants had the lowest and highest
spring mortality, respectively, having S+ plants
intermediate values (P < 0.001). No differences
were observed in mortality among pine seedling
phenotypes in summer. Cumulative mortality in
L+ pine seedlings during the whole first growing
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Figure 1. Mortality of P. halepensis (above) and Q. ilex (below) seedlings transplanted with herb and without herb
competition during spring, summer and the whole first growing season (cumulative). In Q. ilex, no seedling survived in
the herb plots during summer. Data are means + 1 SE. L+: large seedlings with high N concentration, S+: small seedling
with high N concentration, and S-: small seedlings with low N concentration.

season was lower than either S+ or S- plants
in presence of herbs, whereas no difference
among seedling types was found in absence
of herbs (seedling type x herb competition
interaction, P = 0.013). In oak, no differences
in mortality were observed among seedling
phenotypes in spring, in summer or in
cumulative mortality during the first growing
season.

Pine seedlings grew more than oak seedlings.
Both species grew more in summer than in
spring (P = 0.04 for pine and P < 0.001 for
oak). Herbs reduced seedling growth in both
species (P = 0.042 for pine and P = 0.02 for
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oak) (Fig. 2). L+ pines grew more than small
pine seedlings, and this difference was greater
in absence than in presence of herbs (seedling
type x herb competition interaction, P = 0.003).
L+ oak seedlings grew more than small oaks
in absence of herbs, but no differences
among seedling types was observed in presen-
ce of herbs (seedling type x herb competition
interaction, P = 0.005). Oak seedlings showed
negative growth in spring in presence of herbs.
In absence of herbs, L+ oak seedlings grew
more than small oaks in summer but no diffe-
rence was observed in spring (seedling type x
season interaction, P < 0.001). In both species,
S+ plants had greater growth than S- seedlings
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but differences were not statistically significant.
In pine, L+ seedlings produced more new roots
in the field than either S+ or S- seedlings, and
this difference was greater in presence than
in absence of herbs (seedling type x herb
competition interaction, P = 0.04; Fig. 2). Neither
herb competition nor seedling phenotype
affected new root growth in oak.

Seedling physiological performance in the field

Herbs reduced gas exchange and ¥ in both
species (P < 0.05, Fig. 3). For instance, pre-
dawn ¥ in spring without herbs was higher than
-0.8 MPa in both species, but it was -2.3 £ 0.3

P. halepensis

and -3.3 + 0.3 MPa (mean + 1 SE) for pine and
oak, respectively, in the herb plot. In pine,
reduction in A and g, by herbs was greater at
midday than at morning in summer but not in
spring (time of measure x herb competition
interaction, P < 0.03). Midday A was negative
in summer and in presence of herbs. In spring
and in presence of herbs, L+ pine seedlings
had higher A and g, than S+ and S- seedlings,
which did not differ between them. However, in
absence of herbs seedling types did not differ
in gas exchange (seedling type x herb compe-
tition interaction, P < 0.04). By contrast, L+
pines in summer had higher A and g, than
small pines in absence of herbs, but in their

Q. ilex
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Figure 2. Shoot growth, measured as the stem volume increment, during spring and summer (above) and new root
growth in the field (below) during spring of P. halepensis (left) and Q. ilex (right) seedlings, transplanted with and without
herb competition. Data are means + 1 SE; n=5. L+: large seedlings with high N concentration, S+: small seedlings with
high N concentration, and S-: small seedlings with low N concentration.
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Figure 3. Morning and midday net photosynthesis rate (A), stomatal conductance to water vapour (gg) and water
potential (‘') in both spring and summer in three P. halepensis seedling phenotypes, transplanted with and without herb
competition. Data are means + 1 SE; n=5. L+: large seedlings with high N concentration, S+: small seedlings with high
N concentration, and S-: small seedlings with low N concentration.

presence seedling types did not differ in gas
exchange (Fig. 3). Neither in spring nor in
summer did ¥ differ among pine seedling
types. In oak, seedling types did not differ in ¥
or gas exchange, both in spring and in summer.

N, was greater than Ng in absence of herbs
in both species, especially in S+ and L+
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seedlings, but in presence of herbs Ni was
greater than N, (Fig. 4). This variation was
due to a reduction in N by herbs in both spe-
cies (P < 0.001 for pine and P = 0.07 for oak)
with no changes in Ni. N uptake by L+ pine
seedlings was higher than N, by small seedlings,
which did not differ between them. However,
this difference was only evident in absence of
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herbs (seedling type x herb competition interac-
tion, P = 0.03). N; was not affected by herb
presence, but it differed among seedling
types, being highest in L+ plants, lowest in S-
seedlings and intermediate in S+ plants
(P < 0.001). Relative N was similar in L+
and S+ pines, and higher than in S- pines
(P < 0.001). L+ oaks absorbed more N than
small seedlings, which did not differ between
them (P = 0.02). Neither herb competition nor
seedling type affected the absolute or relative
Ng in oak.
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Figure 4. N remobilisation and uptake in three seedling
phenotypes of P. halepensis (above) and Q. ilex (below),
transplanted with (right) and without (left) herb competi-
tion. Data represent means + 1 SE; n = 5. L+: large
seedlings with high N concentration, S+: small seedlings
with high N concentration, and S-: small seedlings with low
N concentration.

In pine, N concentration in new shoots did not
differ among seedling types in absence of herbs
(14+06mgg'in S-to 13+ 0.9 mg g'in S+).
By contrast, in competition with herbs, S+
and S- pine seedlings had highest and lowest
N concentrations in new shoots (15 + 1.5 and
9 + 0.7 mg g1, respectively), whereas L+ plants
showed intermediate values (11 + 1.1 mg g)
(seedling type x herb competition interaction,
P = 0.006). In oak, N concentration in new
shoots did not differ among phenotypes, neither
in presence nor in absence of herbs (data not
shown).

Discussion

Herbs induced strong water stress that impaired
seedling physiological performance and conse-
quently reduced survival and growth in both
species. Similar effects of herbs on forest
species have previously been reported
(Gordon et al. 1989; L&f 2000; Picon-Cochard
et al. 2006). Seedling phenotypes had marked
differences in performance in response to the
stressful conditions created by herbs, and
these differences depended on species. At the
end of the first growing season, large seedlings
had greater survival and growth than small
seedlings (irrespective of N concentration) in
pine, while no oak seedling type could survive.
Results for pine conform with the frequent
improved performance of large seedlings in
Mediterranean woodland plantations (Puértolas
et al. 2003; Villar-Salvador et al. 2004; Tsakaldimi
et al. 2005; Villar-Salvador et al. 2008; Luis et al.
2009; Oliet et al. 2009). By contrast, under low
and mild stress, as in those in plots without
herbs, seedling types did not differ in mortality
but growth was higher in larger than in smaller
plants in both species. Similar findings were
reported in P. halepensis plantations in eastern
Spain (Del Campo Garcia et al. 2007). Mortality
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differences among pine phenotypes in compe-
tition with herbs occurred in spring, but not in
summer, maybe because environmental condi-
tions were too stressful. This result suggests
that better performance of large pine seedlings
relative to small seedlings occurs under low
and moderate stress but not under severe
drought conditions where no phenotype has
any advantage.

Physiological differences among seedling pine
phenotypes after transplanting

Pinus halepensis phenotypes had marked
physiological differences, while differences
among oak phenotypes were very small. Thus,
we focussed this section on pine. Maintenance
of photosynthetic capacity is essential for
surviving under resource limiting conditions
(Johnson and Smith 2005). Large pine seedlings
had higher A and g, than small seedlings,
irrespective of their N concentration, under low
(in spring with herb competition) and moderate
(in summer without herb competition) stress
conditions. This might explain the reduced
spring mortality of large pine seedlings relative
to small pines in herb plots. In contrast, under
severe drought as it occurred in summer in the
herb plots, net photosynthesis rate was very
low or negative and did not differ among pine
phenotypes. Accordingly, summer mortality
was very high in the herb plots and did not differ
among pine phenotypes.

Production of large and deep roots is important
for overcoming water stress (Grossnickle
2005; Padilla and Pugnaire 2007). Large
seedlings produced more new roots than
small seedlings at the onset of summer
drought. Interestingly, herbs stimulated new
root growth in large seedlings but not in small
seedlings, indicating that large pines had greater
capacity to allocated resources to roots in res-
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ponse to stress induced by herbs than small
seedlings. Contrary to our expectations,
however, greater root development did not
provide any advantage in ¥ indicating that
greater g, and A in large pines cannot be
ascribed in this study to either differences in
Y (Kolb and Stone 2000; Luis et al. 2009) or
foliage N concentration (Samuelson et al.
2001; Maier et al. 2002), as large pines did not
have the highest N concentration in current
year shoots. We hypothesize that increased
ds, hence A, in large seedlings compared to
small plants may be attributed to greater
hydraulic conductivity linked to new root
growth (Grossnickle and Russell 1990;
Hubbard et al. 2001; Sayer et al. 2005) or
changes in root specific hydraulic conductance
(Trubat et al. 2006). Teskey et al. (1983) showed
that partial root removal depressed g, in Abies
amabilis independent of leaf water potential.

N remobilisation from storage organs and
uptake support plant growth (Millard 1996;
Salifu and Timmer 2003; Silla and Escudero
2003). Pine phenotypes differed in N cycling,
with large pines remobilising and absorbing
more N than small pines. This is consistent
with greater shoot and root growth of large
plants relative to small ones and highlights the
importance of N cycling for growing in high-
competition or nutrient poor sites. Increased
remobilisation in large seedlings, which con-
tained more N than small seedlings at planting,
and the absence of any effect of herbs on
remobilisation support the contention that N
remobilisation is driven by source rather than
sink strength (Millard et al. 2001). This response
contrasts with that in Picea mariana where
herb competition stimulated N remobilisation
(Malik and Timmer 1996). It is remarkable that
seedlings with high tissue N concentration (i.e.
L+ and S+ plants) remobilised more N than
seedlings with low tissue N concentration not
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only because they had higher N content but
also because they remobilised a higher pro-
portion of their stored N. This might increase N
use efficiency of high N concentration seedlings
in low-fertility transplanting sites. Similar to our
findings, Millet et al. (2005) observed a positive
relationship between N uptake and sapling
size. Differences in N uptake between large
and small plants can be attributed to differences
in the size and architecture of the new root
system (Chapin 1991), growth, which determi-
nes sink strength (Nambiar and Fife 1991), or
transpiration, which determines nutrient mass
flow. Independent of seedling type, herbs
reduced N uptake. Reduction in N uptake in
presence of herbs might be due either to lower
soil N and water availability or to lower seedling
growth, which reduces sink strength (Nambiar
and Fife 1991; Picon-Cochard et al. 2006).

Many fertilization experiments have shown
relationships between transplanting survival
and seedling functional attributes (e.g. van den
Driessche 1988, Villar-Salvador et al. 2004,
Oliet et al. 2009). However, since plant size
and nutrition covary in fertilisation studies, the
specific contribution of morphology and nutrient
concentration on seedling establishment cannot
be disentangled. Both plant size and N concen-
tration can independently determine seedling
transplanting performance by affecting the
carbon and water economy of plants (Field
and Mooney 1986; Lamhamedi et al. 1998),
the concentration of osmotically active com-
pounds (Gebre et al. 1998) or the amount of N
for remobilisation (Millard 1996; Silla and
Escudero 2003). Although our experimental
design is incomplete (due to the lack of large
plants with low N concentration), it provides
two results that support the hypothesis that
seedling size in pine plays a more important
role in seedling post-transplanting performance
than N concentration. Firstly, the two small

seedling types had similar survival, gas
exchange, ¥, shoot, and absolute new root
growth in spite of the two-fold difference in their
N concentration at transplanting. Secondly,
large and small seedlings with the same tissue
N concentration (L+ and S+ plants) showed
remarkable differences in survival, growth, and
physiological performance.

Differences between oak and pine

Whereas pine phenotypes had marked diffe-
rences in physiological and transplanting per-
formance, oak phenotypes showed much
smaller differences. Distinctions between
species in this study might be explained by the
smaller functional differences among oak
phenotypes than in pine phenotypes, which
indicate lower phenotypic plasticity in the former
species. Pioneer species such as P. halepensis
tend to have higher phenotypic plasticity than
late-successional species such as Q. ilex
(Bazzaz 1979; Valladares et al. 2000). Our
results therefore indicate that morphological
and physiological differences among seedlings
within a species may have different consequen-
ces for transplanting performance depending
on species functional and ecological characte-
ristics. Differences in field transplanting
performance among phenotypes are expected
to be greater in species with higher plasticity to
nursery growing conditions and drought
resistance than in species with the opposite
characteristics. Future studies should further
investigate this hypothesis.

Conclusions

Large pine seedlings had greater survival and
growth than small seedlings, while differences
among oak phenotypes were minor. Improved
transplanting survival of large pines seedlings
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depended on the degree of environmental
stress experienced by plants, with large seed-
lings having better performance under low
and moderate stress conditions; however, no
difference may occur between seedling types
under severe conditions. Improved survival
and growth of larger pines was attributed to
higher gas exchange, root growth and N
cycling, but not to water potential. Seedling
size at transplanting had a greater influence on
post-transplanting survival than N concentra-
tion. These findings provide a physiological
basis for understanding differences in survival
and growth of planted stock in Mediterranean
woodland plantations and improve our unders-
tanding of the role of specific functional attributes
on performance of planted seedlings.
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Crecimiento radical y su interferencia con la elongacion aérea en plantones
de pino carrasco (Pinus halepensis Mill.): efectos del tamafo de planta y
la concentracién de nitrégeno

Este capitulo reproduce integramente el texto del siguiente manuscrito:

Cuesta, B., Vega, J., Villar-Salvador, P. and Rey-Benayas, J.M. Root growth and interference with shoot
elongation in Aleppo pine (Pinus halepensis Mill.) seedlings: effects of plant size and nitrogen concentration.
En revisién en Trees-Structure and Function.

Resumen

Las plantas grandes y con gran concentraciéon de nitrdgeno (N) suelen presentar mayor supervi-
vencia y crecimiento en plantaciones forestales mediterraneas que las plantas con los atributos
contrarios. Se cree que ello es debido, en parte, al desarrollo de profundos y extensos sistemas
radicales en el primer tipo de plantas. Este estudio analiza el efecto del tamafio de la planta y la
concentracion de N en la dinamica radical en campo y su interferencia con la elongacion aérea
de plantones de Pinus halepensis Mill. Se cultivaron plantones que difirieron en tamario y
concentracién de N y después se transplantaron en rizotrones. Periddicamente se midi6 el
numero, la tasa de elongacién y la profundidad de las raices, asi como la elongacion aérea.
También se midié el potencial hidrico (V) y la tasa neta de fotosintesis. El crecimiento de las
raices nuevas tras la plantacion aumenté con el tamafio de la planta. Ello se debié a una mayor
proliferacion de raices con baja longitud especifica mas que a una mayor tasa de elongacion de
cada raiz individual. Ni el tamafo de la planta ni la concentracién de N influyeron en la profundidad
radical. Las plantas grandes presentaron menor masa de raices por masa de hojas y menor ¥
al alba que las plantas pequefias, mientras que no se encontraron diferencias en el ¥ medido
al mediodia. La concentracion de N tuvo un efecto aditivo al efecto del tamafo de la planta en
el crecimiento radical pero, de forma general, su efecto fue menor que el del tamafo de los
plantones. La interferencia entre el crecimiento radical y el aéreo disminuyd con el incremento
del tamano de la planta y fue independiente de la concentracién de N. Concluimos que el
tamafio de los plantones tuvo un efecto mayor en el crecimiento radical y en su interferencia con
el crecimiento aéreo que la concentracion de N. El crecimiento radical, pero no su profundidad,
aumento con el tamafio de la planta y la concentracion de N en los tejidos, mientras que la
interferencia entre el crecimiento radical y el aéreo disminuyd con el tamafo de los plantones
de P. halepensis.

Palabras clave: contenido de nitrégeno, crecimiento aéreo, elongacion radical, potencial hidrico,
relaciones sumidero-fuente, rizotron.
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Root growth and interference with shoot elongation in Aleppo pine
(Pinus halepensis Mill.) seedlings: effects of plant size and nitrogen
concentration

Barbara Cuesta’, Jesus Vega', Pedro Villar-Salvador! and José M? Rey-Benayas'

1 Departamento de Ecologia, Universidad de Alcala. 28871 Alcala de Henares (Madrid), Spain

Abstract

Large seedlings and plants with high nitrogen (N) concentration frequently have higher
survival and growth in Mediterranean forest plantations than plants with the opposite
traits. It has been hypothesized that this is, in part, due to the development of deeper
and larger roots systems in the former type of seedlings. This study assessed the
effect of plant size and N concentration on root growth dynamics in the field and its
interference with shoot elongation in Pinus halepensis Mill. seedlings. We cultivated
seedlings that differed in size and N concentration that were subsequently transplan-
ted into rhizotrons. The number, elongation rate and depth of roots as well as shoot
elongation rate were periodically measured. We also measured net photosynthetic
rate and twig water potential (¥). New root growth after transplanting increased with
seedling size, which was attributed to a greater proliferation of roots with low specific
length rather than to a higher elongation rate of individual roots. Neither plant size nor
N concentration affected root depth. Large seedlings had lower new root mass per unit
of leaf mass and pre-dawn ¥ than small seedlings but no differences existed in midday
Y. N concentration had an additive effect on plant size on root growth but its overall
effect was less important than seedling size. The interference between root and shoot
growth decreased with increase in seedling size and was independent on N concen-
tration. It is concluded that seedling size had a greater effect on root growth and on its
interference with shoot growth than N concentration. Root growth but not rooting
depth in P. halepensis seedlings was increased by plant size and tissue N concentra-
tion, while root-shoot growth interference was reduced with plant size.

Key words: nitrogen content, rhizotron, root elongation, shoot growth, sink-source
relations, water potential.
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Introduction

Abiotic and biotic factors have a profound
influence on root growth and structure
(Andersen et al. 1986; Lopushinsky and Max
1990; Lyr 1996; Munro et al. 1999; Alvarez-
Uria and Korner 2007). Root growth and struc-
ture also varies across plant species and
are linked to species functional and ecological
characteristics (Schenk and Jackson 2002;
Comas and Eissenstat 2004). By contrast, fewer
studies have analysed how plant functional
characteristics affect root growth and structure
in a given species. Present growing conditions
may determine future root growth and archi-
tecture of plants. For instance, root restriction
in plants cultivated in containers affects root
properties after transplanting (Halter and
Chanway 1993; Lindstrom and Rune 1999).
Similarly, the capacity to produce new roots
under optimal growing conditions in a green-
house in several forests species is positively
related to shoot size and N concentration (van
den Driessche 1992; Villar-Salvador et al. 2004).

New root growth after transplanting is essential
for seedling survival in forest plantations
(Ritchie and Dunlap 1980; Burdett et al. 1983;
Burdett 1990; Grossnickle 2005) as new roots
allow seedlings to access soil water and mineral
nutrients in the surrounding soil (Lyr and
Hoffmann 1967; Grossnickle 2005; Padilla and
Pugnaire 2007). Villar-Salvador (2003) sugges-
ted that higher root growth after transplan-
ting might explain the frequently improved
survival and growth of large seedlings and
seedlings with high N concentration relative to
seedlings with the opposite traits in
Mediterranean plantations (Puértolas et al.
2003; Villar-Salvador et al. 2004; Tsakaldimi et
al. 2005; Villar-Salvador et al. 2008; Luis et al.
2009; Oliet et al. 2009). To our knowledge, no
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study has analysed the influence of seedling
size and N concentration on root growth
dynamics in the field.

Plants usually have limited resources to
simultaneously support their main physiologi-
cal processes (growth, defence, maintenance,
storage, and reproduction) (Chapin 1990; Herms
and Mattson 1992; Obeso 2002). Interference in
resource allocation among organs or functions
increases as environmental conditions become
limiting and varies with the considered organ
(Thaler and Pagées 1996b; Obeso 2002). Root
and shoot growth may compete for the same
pool of available resources and, therefore,
occur at the expense of the other. In agreement
with this hypothesis, some studies have
observed that roots and shoots alternate their
growth through time suggesting interference
between both organs (Langlois et al. 1983;
Thaler and Pagés 1996a; Willaume and Pagés
2006). Other studies, however, have reported
that root and shoot growth do not interfere
each other and overlap through time (Lyr and
Hoffmann 1967; Harmer 1990; Corchero-de la
Torre et al. 2002). These differences among
studies suggest different sink/source relations
among species or individuals within a species.
Consistently with this argument, defoliation of
Quercus pubescens seedlings amplified the
decrease in root growth concomitant with leaf
expansion (Willaume and Pagés 2006).
Therefore, it can be expected that individuals in
a given species that have high photosynthetic
capacity or high amount of stored nutrients to be
remobilised will have less interference between
plant functions.

The general objective of this study was to
analyse the influence of seedling size and
tissue N concentration on root growth and its
interference with shoot growth in Aleppo
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pine (Pinus halepensis Mill.) seedlings under
field conditions. Root growth dynamics for this
pine in the field has been previously described
(Leshem 1965; Corchero-de la Torre et al.
2002). We assessed the hypothesis that large
seedlings and plants with high N concentration
produce larger and deeper root systems and
their root growth interferes less with shoot
growth than the plants with the opposite
attributes. To test this hypothesis, we trans-
planted into transparent methacrilate tubes
seedlings that strongly differed in size and
tissue N concentration and periodically
measured root and shoot growth. We selected
P. halepensis because it is a structural species in
many types of woodland throughout the
Mediterranean basin and it is commonly used in
reforestation projects.

Material and methods
Seedling nursery cultivation

Seeds from an inland Spain provenance were
sown in Plasnor 190/300-45 trays (45 cavities
of 300 ml per tray; Plasnor, Legazpi, Spain)
with unfertilized Sphagnum peat (Kekkila BO,
Tuusula Finland). We cultivated 270 seedlings
of six phenotypes that differed in size (small,
medium and large types) and N concentration
(high-fertilized and low-fertilized types). To
achieve differences in plant size we varied
seeding date, which determined the length of
the growing season. Seeds were sown on
December 15, 2005 (small seedlings), March
13, 2006 (medium seedlings) and May 23, 2006
(large seedlings). After emergence, seedlings
were initially fertilized weekly with a 100 ppm N
fertilizer solution until September 27, 2006.
Fertilization started in May 10, June 2 and
August 2 for the seedlings sown in December,
March and May, respectively. Subsequently,
half of the seedlings were fertilized weekly

with 200 ppm N until mid December 2006
(high-fertilized seedlings, N*). The remainder
half was not fertilized any more (low fertilized
seedlings, N°). Fertilization was done with a
Peters Professional® 20-7-19: N-P,05-K,0
fertilizer (Scotts Professional, Geldermalsen,
The Netherlands).

Morphology and N concentration measurements
following cultivation

Fifteen plants of each of the six phenotypes
were randomly sampled at the end of the nursery
cultivation for morphology and N concentration
determinations. Shoots were cut at the cotyledon
insertion point and root plugs were cleaned
from the peat. All plant parts were then washed
with tap water, rinsed in distilled water, and
dried in a ventilated oven at 60 °C for 48 h to
measure their mass.

To assess tissue N concentration, plants were
randomly distributed into three groups and
finely ground. N concentration was determined
by Kjeldahl analysis with K-SeSO,-Se,Cu, as
catalyst in a Tecator DS-40 digestion system
(FOSS Tecator, Sweden) and a SAN ++ auto-
analyser (Skalar, Netherlands).

Experimental design and field measurements

The experiment was carried out in Guadalajara,
central Spain (49° 39" N, 3° 10" W) at 650 m
a.s.l. on a flat plot. The climate is Mediterranean
continental with mean annual precipitation and
temperature of 400 mm and 13.4 °C, respectively.
A pronounced dry and hot season occurs from
June to late September and frosts in winter are
frequent.

Six seedlings per nursery treatment were
transplanted into transparent methacrylate

tubes (here after rhizotrons) in April 2007. One
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seedling was planted in each rhizotron.
Rhizotrons were 1 m in length, 13.5 cm in exterior
diameter, and had a wall thickness of 0.5 cm.
Rhizotron bottom end was closed with a perfo-
rated PVC lid, which drainage holes were
covered with a mesh to prevent substrate loss.
The bottom of the rhizotron was filled with
gravel (ca. 10 cm in height) and the remainder
was filled with washed and sieved sand.
Subsequently, we planted the seedlings placing
the root plug against the rhizotron wall.
Rhizotrons were inserted into the soil to main-
tain roots as close as the plot soil temperature.
To facilitate periodic extraction, each rhizotron
was inserted into a second opaque plastic tube
1.1 min length and 15 cm in interior diameter
that was buried in the soil with a 30° inclination
to force root growth against the rhizotron wall.
As the top of the opaque tube and of the rhizotron
protruded 10-15 cm from the ground, we
wrapped an insulating sheet around the pro-
truding portion of the opaque tube to prevent
rhizotron overheating. Seedlings were thoroughly
irrigated at planting and then again on April 23,
May 10 and May 18 but with 200 ml per plant
to simulate standard spring rainfall at the
experimental site. During the rest of the experi-
ment, seedlings were not irrigated to simulate
the summer drought typical of Mediterranean
climate.

When most seedlings had visible roots, we
measured root elongation and depth as well as
shoot height every 6-12 days from April 30 to
July 11. On each date, all new roots were
drawn on the same acetate sheet, which was
placed over the rhizotron wall on identical posi-
tion, and their length were measured after
correcting for root curvatures. We counted the
number of new growing roots. The roots that
stopped their growth for at least 15 days were
not counted. The mean root elongation rate
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was calculated as the mean elongation of each
individual root per time unit. We also calculated
the total root elongation rate of a plant as the
sum of elongations of all individual roots per
time unit, which estimates plant effort to
expand its root system. Root depth was measu-
red as the vertical distance from the plug bottom
to the tip of each drawn root. Shoot height was
measured as the distance between the cotyledon
insertion point and the shoot apex, and shoot
elongation rate was calculated as the differences
in seedling height between two dates. We also
measured the stem diameter at the cotyledon
insertion point with a calliper in the first day of
the field experiment to calculate the initial stem
volume assuming the stem to be a cone. Stem
volume was highly correlated with plant mass
(r=0.92, P <0.001, n = 36) and we used it as
a proxy of initial seedling size.

On the last day of the field experiment, we
measured the twig water potential at predawn
(Wpe) @and at midday (V) in all seedlings with
a pressure chamber.

In spring (late-May 2007) we measured the net
photosynthesis rate (A) of seedling phenotypes.
As the measurement of gas exchange in conifers
is partially destructive, we measured A in a
different set of individuals than those planted in
the rhizotrons and that were randomly selected
from the same nursery population of rhizotron
plants. These seedlings were planted in
February 2007 on an adjacent plot to that of
the rhizotrons. A was measured in 12 seedlings
per phenotype on June 21 and 22, 2007.
Measurements were made at mid-morning
and at midday (9:00 to 11:00 h and 12:00 to
14:00 h solar time, respectively) on current
year shoots, using a portable gas exchange
system (LCpro+ System, ADC BioScientific,
Hoddesdon, UK). Photosynthetic photon flux
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density during measurements was > 1000 mol
m-2 s-1 and air temperature ranged from 22 and
28 °C. Seedling Y4 varied from -1.4 to -1.5
MPa.

Morphological analyses following the field
experiment

At the end of the field experiment, seedlings
were extracted from the rhizotrons and separated
into leaves, stems and old and new roots,
which were washed with tap water and dried in
a ventilated oven at 60 °C for 48 h to measure
dry mass. Roots protruding out of the root plug
were designated as new roots while those in
the root plug were classified as old roots.
Standardization of new root mass by leaf mass
(NR/L) was used as a proxy of water balance
potential of the plant. Before drying the new
roots, we measured new root length according
to methodology proposed in Marsh (1971). We
estimated the specific root length (SRL) as the
new root length to mass ratio.

Data analysis

Differences in seedling attributes following
nursery cultivation were analysed by two-
factorial ANOVA, with sowing date and fertili-
zation as main factors. Seedling morphological
attributes at the end of the field experiment,
Y and A were analysed by ANCOVA, while
mean and total root elongation rate and depth,
and the number of roots were analysed by
repeated measure ANCOVA. In theses analyses
fertilization was the categorical predictor and
the initial seedling size was the covariable.

The degree of interference between root and
shoot growth was measured by calculating the
slope of linear regressions of the standardized
root rate against the shoot elongation rate.
Negative slopes mean that root and shoot

growth interfere, while regressions with zero or
positive slopes mean no interference between
roots and shoots. The effect of fertilization and
plant size on the interference between root and
shoot growth was analysed by ANCOVA. To
assess if the slope values in each seedling
type were different from zero, we carried out a
t-test for single samples.

Data were checked for normality and homoge-
neity of variances and were transformed when
necessary to correct deviations from these
assumptions. In ANCOVA, we also checked
the homogeneity of slopes between the covaria-
ble and dependent variables, and in all cases,
treatment slopes were similar. All statistical
analyses were performed with the Statistica 6.1.
Package (StatSoft, Inc., Tulsa, OK, USA). For
simplicity, we will represent the results of the
effect of the covariable stem volume with bar
diagrams, classifying plants into three size
categories according to sowing date in the nur-
sery (small, medium and large) (see Table 1).

Results
Seedling attributes following nursery cultivation

Seedling mass decreased with the delay in
sowing date (F = 116.1, P < 0.001). Plants sown
in December were 1.5 and 6.3 times larger than
plants sown in March and in May, respectively,
while plants sown in March were 4.3 times
larger than those sown in May. By contrast,
seedling mass did not differ between fertiliza-
tion treatments (Table 1). Seedling shoot/root
ratio was close to 1 and did not differ among
sowing dates, but it was lower in N- than in N*
seedlings (F = 7.1, P = 0.009).

Fertilization increased seedling N concentration
(F = 53.4, P < 0.001), which was on average
35% higher in N* than in N- seedlings. Delay
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in sowing date also increased seedling N
concentration (F = 15.3, P < 0.001); seedlings
sown in May had 26 and 30% higher N con-
centration than those sown either in March or
in December, respectively. Both sowing date
(F =81.5, P<0.001) and fertilization (F = 23.5,
P < 0.001) affected seedling N content, being
highest and lowest in seedlings sown in
December and May, respectively, while
seedlings sown in March had intermediate
values. N content was 30% higher in N* than
in N~ seedlings.

Root and shoot growth in the field

Mean and total root elongation rates and root
number increased through time (Table 2, Fig. 1).
Over all dates, mean root elongation rate of
individual roots was not affected by seedling
size. This occurred because seedling size
increased mean root elongation rate during the
first weeks but it reduced it at the end of the
experiment (time x initial stem volume interac-
tion; Table 2). Fertilization reduced mean root
elongation, being 25% lower in N* plants than
in N- plants. Total root elongation rate increa-
sed with seedling stem volume, but there were
no differences between large and medium
plants at the end of the study (time x initial stem

volume interaction; Table 2). Fertilization did not
affect total root elongation rate. The number of
roots increased with initial seedling stem volu-
me, except in the first measurement date (time x
initial stem volume interaction; Table 2). Nursery
fertilization increased the number of roots, N*
and N- plants having 20.2 £+ 1.3 and 145+ 1.4
roots (mean = 1SE), respectively. Mean and
maximum root depth increased through time;
they ranged from 32 to 37 cm and from 51 to 61
cm, respectively, at the end of the experiment.
Neither initial seedling size nor fertilization affec-
ted mean or maximum root depth (data not
shown).

At the end of the experiment, both initial
seedling stem volume and nursery fertilization
increased new root mass and length (Table 2,
Fig. 2). New root mass was 29% higher in
N* seedlings than in N- seedlings, and 52%
and 48% lower in small seedlings than in the
large and medium seedlings. New root
length was 7.9 + 0.92 and 5.6 + 0.54 m
(mean = 1 SE) in N* and N- seedlings, res-
pectively, whereas large, medium and small
seedlings had 8.0 £+ 1.03, 8.1 + 0.89 and
4.2 £ 0.52 m of new roots, respectively. Seedling
stem volume and fertilization significantly enhan-
ced growth of both shoot and old root mass.

Table 1. Morphology and N concentration content of Pinus halepensis seedlings that were sown at three dates and
cultivated at two fertilization rates. Data are means + one SE. n=15. Seedling types with different letter indicate significant

differences at P < 0.05 after Tukey’s post-hoc test.

December March May
N’ N* N’ N* N’ N*
Plant mass (g) 67+05° 59+03" 43+03° 44202 1.0+02° 1.0£0.1°
Shoot / Root ratio 11+01% 1.1+01® 1.1+0.05" 1.0£0.1® 1.1+£01° 08+0.1°
Plant N concentration (ngg”’)  6+0.3% 10+1.1*° 7+02% 10+09° 9+06" 14+06°
Plant N content (mg) 42+25" 56+36° 30+1.9° 45+47® 9+21% 15+1.8°
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Figure 1. Variation of mean shoot elongation rate, mean and total root elongation rate and number of growing roots in

Pinus halepensis seedlings of three size types along the experiment. Data are means + one SE. n=6.
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Increase in seedling stem volume significantly
diminished NR/L and SRL, although in the
latter the effect was marginal (P = 0.065).
Medium and large seedlings had 22% and
30% lower NR/L, respectively, than small
seedlings. Nursery fertilization did not affect
either SRL or NR/L.

Mass of new roots was positively related to
seedling N content (Fig. 3), plant size (r2= 0.53,
P =0.065, n=6) and number of roots (r2 =0.32,
P < 0.001, n = 36) at the end of the experi-
ment, but not with mean root elongation rate
(rz = 0.050, P =0.19, n = 36).

Interference between root and shoot growth,
seedling water potential and net photosynthetic
rate

The slope of the regression of root elongation
rate against shoot elongation rate was signifi-
cantly and positively related to stem volume
while fertilization had no effect (Table 2 and
Fig. 4). Similarly, no interaction between fertiliza-
tion and initial stem volume on the slope of the
regression between these rates was observed
(F =0.18, P = 0.68). Slopes of small seedlings
were significantly lower from zero (-0.26 + 0.046
[mean £ 1SE], t = -5.63, P < 0.001). On the

Table 2. ANCOVA of the effects of initial stem volume (covariable), fertilization and time (sowing date) on root and
shoot growth variables, twig water potential (W) and net photosynthetic rate (A) in Pinus halepensis seedlings. Data
are F ratios. *** P< 0.001, ** P < 0.01, * P < 0.05, ¥ P < 0.07.

Initial stem Fertilization Time Initial stem Fertili;ation
volume volume x Time  x Time
Shoot elongation rate 9.98*** 0.074 4.24*** 6.64*** 0.79
Average root depth 1.76 0.01 116*** 0.42 0.18
Maximum root depth 2.00 1.57 137*** 1.18 1.46
Mean root elongation rate 0.32 3.49" 16.4*** 2.66* 0.73
Total root elongation rate 17.51*** 0.09 6.44** 4.44** 1.65
New root number 29.72% 4.91* 2.32* 6.40™** 1.24
New root mass 23.11%** 4.42* . . .
New root mass / leaf mass 0.41 4.44* _ . .
New root length 11.43* 4.67* . _ e
New root specific length 351" 0.14 _ o o
Root-shoot growth interference 19.52%** 0.01 . . .
Old root increment 25.33*** 3.99" . . e
Shoot increment 25.52%** 10.28** _ . .
v 5.08* 3.64" 580*** 5.61* 0.04
A 0.74 1.32 10.1** 0.35 0.27
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Figure 2. Old root and shoot mass increment (left) and new root production and new root mass to leaf mass ratio
(right) at the end of the rhizotron experiment in Pinus halepensis seedlings that differed in size at transplanting and
were cultivated with contrasting fertilization rate in the nursery. Data are means * one SE. n=6.

13
. y=00097x 0621 § M
z 111 r?=0.90; P=0.003 TN+
(0]
£
8 0.9 1
%% SN-
0.71 SN+
0.5 T T T T T .
0 10 20 30 40 50 60
N content (mg)

Figure 3. Relationship between new root mass and N
content in Pinus halepensis seedlings. Data are
means + one SE. S (small seedling), M (medium seedling),
L (large seedling), N~ (low fertilization) and Nt (high
fertilization).

contrary, the slope of large plants was signifi-
cantly greater than zero (0.20 £ 0.089, t = 2.25,
P = 0.045), whereas the slope of medium
seedlings did not significantly differ from zero
(0.12 £ 0.09, t=1.30, P = 0.22).

Seedling ¥4 was higher than ¥.,4. Stem volume
reduced W4 whereas it did not affect ¥4 (time
x initial stem volume interaction, Table 2). ¥
for large, medium and small seedlings was
-1.21 £ 0.04, -1.05 + 0.04 and -0.96 + 0.04 MPa,
respectively, whereas ¥4 was -2.53 + -0.08,
-2.53 + 0.08 and -2.48 + 0.08 MPa, respecti-
vely. Nursery fertilization did not affect either
Woq Or Yrg Seedling A was greater at mid-
morning than at midday (data not shown). A
ranged between 11.8 umol m-2 s-1 in small size
and low fertilized seedlings and 8.4 umol m-2 s-
in medium size and high-fertilized seedlings
but neither stem volume nor nursery fertilization
significantly affected it.
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Figure 4. Relationship between the slope of the regressions of shoot against root elongation rates and seedling size
in high (N *) and low (N -) fertilized plants. Seedling size was measured as the initial stem volume. Each point

represents an individual seedling.

Discussion
Root growth and structure

In agreement with our hypothesis, large
seedlings produced larger root systems than
small seedlings. Similar results were found in
the conifer Juniperus thurifera under field
conditions (Martinez-Sanz 2006) and in root
growth capacity tests performed in greenhouse
(van den Driessche 1992; Villar-Salvador et
al. 2004). Root systems were greater in large
seedlings than in small seedlings because
they produced higher number of roots rather
than because individual roots had higher
elongation rate. Contrary to our results,
Martinez-Sanz (2006) found differences in
elongation rate of individual roots among
seedlings of different size in J. thurifera.

Seedling survival in dry ecosystems depends
on the development of large and deep root
systems since they determine seedling water
and nutrient absorption capacity (Burdett et al.
1983; Grossnickle 2005; Padilla and Pugnaire
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2007). Greater root systems of large seedlings
could explain their frequently improved post-
transplanting performance relative to small
seedlings in Mediterranean plantations
(Tsakaldimi et al. 2005; Villar-Salvador et al.
2008; Luis et al. 2009; Oliet et al. 2009).
Contrary to our expectations, we did not find
differences in root depth among seedlings
phenotypes, which differs with the result found
for J. thurifera seedlings, where roots of large
seedlings grew deeper than those of small
seedlings (Martinez-Sanz 2006). Absence of
differences in root depth among Aleppo pine
seedling types is consistent with lack of diffe-
rences among seedling types in mean elonga-
tion rate of individual roots. Padilla and
Pugnaire (2007) did not find any relationship
between initial species size and either root
elongation rate or maximum root depth in a
comparison of several Mediterranean woody
species. This suggests that functional processes
occurring across species may not coincide with
those occurring at the intraspecific level.
Accordingly with our hypothesis, high-fertilized
seedlings also produced greater root systems



Crecimiento radical y su interferencia con el crecimiento aéreo

than low-fertilized plants. Nevertheless, root
elongation rate of individual roots was just
slightly higher in low fertilized seedlings than in
high-fertilized seedlings, which can explain the
similar total root elongation rates between
fertilization regimes.

Specific root length depends on root thickness
and/or density and varies widely among species,
although it usually has low variation in response
to environmental conditions such as tempera-
ture or nutrient availability (George et al. 1997;
Reich et al. 1998; Pregitzer et al. 2002;
Alvarez-Uria and Korner 2007). We found that
at the intraespecific level, small seedlings tended
to have higher SRL than large seedlings; this
suggests that the former produced thinner
and/or less dense roots, which have lower
construction and maintenance cost than low
SRL roots (Pregitzer et al. 2002). Higher SRL
in larger seedlings also contributed to their
greater root mass relative to smaller seedlings.

NR/L provides an idea of the potential balance
between the water transpiration and water
uptake capacity in a plant. High NR/L may
confer greater capacity of plants to maintain
high water potential under drought conditions.
Large seedlings in our study were similarly
water balanced than small seedlings in spite of
having lower NR/L. This argument is supported
by the lack of differences in midday ¥ among
seedlings of different size. Higher root density
(mass of new roots per soil volume unit) and
enhanced root hydraulic conductance in larger
plants (Wan et al. 1996; Chirino et al, 2008) in
comparison to smaller plants could explain
why large seedlings, in spite of having lower
NL/R, had similar water potential at midday
than small seedlings. Small seedlings had
lower pre-dawn ¥ than large seedlings, which
indicates that small plants can get rehydrated

more rapidly at night than large seedlings.
This response, however, might be a conse-
quence of their smaller shoot rather than
improved water balance.

Seedling size had greater effect on root growth
than nursery fertilization, as much variables
were affected by seedling size than by fertiliza-
tion, and when both variables were significant,
seedling size was more significant than fertiliza-
tion (Table 2). Differences in size among seed-
ling phenotypes were higher than differences in
N concentration, explaining the greater effect of
seedling size on root growth. As root growth in
P. halepensis and other conifers strongly relies
on current photosynthesis (van den Driessche
1987; Moreno 2003), an increase in root growth
with seedling size might be attributed to higher
photosynthesis in larger plants than in small
plants. Greater photosynthesis in larger plants
in our study was due to greater foliage, but not
to greater A. Remobilisation of stored N also
supports growth of new organs and this mecha-
nism is usually dependant on the amount of
stored N (Malik and Timmer 1996; Millard 1996;
Dyckmans and Flessa 2001; Salifu and Timmer
2003). In our study, large plants had also higher
N content than small seedlings. Nursery fertili-
zation, which increased plant N concentration
without promoting growth, had an additive effect
over the effect of plant size on root growth (see
Fig. 3). N concentration can stimulate growth
by increasing the amount of remobilisable N
and/or enhancing photosynthetic rate (Field and
Mooney 1986). As fertilization treatments did
not differ in A, the positive effect of tissue N
concentration on root growth was probably
related to higher availability of remobilisable N.
In agreement with this argument, the root
mass-N content relationship was tighter than
the root mass-plant mass relationship (see
Puértolas et al. 2003).
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Interference between root and shoot growth

As resources become limited, investment of
resources to root growth can reduce shoot
growth or reproduction and vice versa (Bloom
et al. 1985; Chapin 1990). Interference between
root and shoot growth differs among species
and organs (Lyr and Hoffmann 1967;
Riedacker 1976; Reich et al. 1980; Harris et al.
1995; Thaler and Pages, 1996a). However, we
demonstrate that root and shoot growth inter-
ference also varies among individuals of con-
trasted size in Aleppo pine. Accordingly to our
hypothesis, root and shoot growth did not inter-
fere in large seedlings but it did in the small
ones. Willaume and Pagés (2006) found that
reduction of photosynthesis capacity by defo-
liation increased the interference between root
and shoot growth in Quercus pubescens, high-
lighting the importance of carbohydrate
sink/source relations in this interference. The
absence of N fertilization effects indicates no
additive effects of N concentration over the
plant size effects on the interference between
root growth and shoot growth. This suggests
that differences in photosynthetic capacity due
to distinct amount of foliage N rather than
differences in stored N is the main mechanism
underlying the differences in shoot-root growth
interference.

Conclusions

Large seedlings developed denser but not
deeper root systems than small seedlings
due to greater proliferation of new roots with
lower specific root length in the former.
Seedling size had greater influence on root
growth than N concentration, which had an
additive effect over plant size. Root and
shoot growth interfered in small seedlings,
whereas it did not occur in large seedlings.
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These findings provide insights for unders-
tanding root growth differences and trans-
planting performance among Aleppo pine
stock-types in Mediterranean woodland planta-
tions.
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Capitulo 4

La facilitacion de encinas en matorrales mediterraneos se explica por
interacciones directas e indirectas mediadas por hierbas

Este capitulo reproduce integramente el texto del siguiente manuscrito:

Cuesta, B., Villar-Salvador, P., Puértolas, J., Rey Benayas, J.M., and Michalet, R. En prensa. Facilitation of
oaks in Mediterranean shrubland is explained by both direct and indirect interactions mediated by herbs.
Journal of Ecology.

Resumen

Las interacciones de competencia y facilitacion determinan el funcionamiento de la comunidad de
plantas. La importancia de estas interacciones varia a lo largo de gradientes de estrés y depende de
las especies consideradas, de su etapa en el ciclo de vida y de las interacciones con otros vecinos.
Mientras que la competencia y la facilitacion directa han sido ampliamente estudiadas en ambientes
secos, la facilitacion indirecta entre plantas ha recibido poca atencion. Investigamos la importancia
relativa de la facilitacion directa e indirecta mediada por |la supresién de hierbas en un matorral
mediterraneo en dos afios consecutivos. La planta nodriza fue la leguminosa arbustiva Retama
sphaerocarpa (retama) y la especie facilitada fue la encina (Quercus ilex), una especie tardia en la
sucesion. También estudiamos si el resultado de la facilitacion depende del tamafio de los plantones
de encina. Se llevé a cabo un experimento factorial en condiciones de campo para evaluar el efecto
de 1) la posicién de los plantones de encina con respecto al dosel del arbusto (bajo el arbusto o
claro), 2) la competencia herbacea (presencia o ausencia), y 3) el tamafio del plantén de encina. El
primer afio fue pluviométricamente normal mientras que el segundo afio tuvo una primavera mucho
mas humeda y un verano mas seco que el primero. En ambos afnos, el arbusto nodriza redujo
la mortalidad de los plantones de encina mientras que la hierba la incrementé. En el afo pluvio-
métricamente normal la mortalidad de encinas bajo los arbustos no se vio afectada por la presencia
de hierbas mientras que en los claros fue significativamente mayor en presencia de éstas. Ello
indica que el arbusto nodriza facilitd indirectamente a los plantones de encina suprimiendo la
capacidad competitiva de las hierbas. Por el contrario, la facilitacién fue predominantemente
directa durante el afio de primavera humeda y verano seco, ya que las hierbas redujeron la
supervivencia de los plantones de forma similar bajo el arbusto nodriza y en los claros. El arbusto
nodriza facilité directamente a las encinas reduciendo la radiacion y la temperatura y, por tanto, la
foto-inhibicion y estrés hidrico de los plantones. La mejora de las condiciones ambientales por
la retama beneficio a los plantones pequerios pero no a los grandes ya que el arbusto nodriza
redujo la mortalidad de los plantones pequefios en relacién con los claros pero esto no ocurrié en
el caso de los plantones grandes. Ello indica que los individuos dentro de una poblacién de
plantones pueden tener una respuesta diferente a la facilitacion. Concluimos que tanto la facilitacion
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directa como la facilitacion indirecta son mecanismos importantes para la regeneracion de encinas
en los retamares y su importancia parece variar con las condiciones climaticas. La facilitacién
indirecta por supresion de la competencia herbacea es importante en afios de primaveras secas
cuando la competencia entre el arbusto nodriza y las hierbas es grande, mientras que la facilitacion
directa por amortiguacién de la severidad microclimatica aumenta con la aridez estival.

Palabras clave: competencia herbacea, fluorescencia de la clorofila, potencial hidrico, Quercus
ilex, Retama sphaerocarpa, tamafio del planton.
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Abstract

Competitive and facilitative interactions shape plant communities. Their importance
varies along stress gradients and depends on the species, life cycle stages, and interactions
with other neighbours. Whereas a number of studies have addressed competition and
direct facilitation among plants in dry ecosystems, indirect facilitation among plants
has received little attention. We investigated the relative importance of direct facilitation
and indirect facilitation mediated by herb suppression in a Mediterranean shrubland in
two consecutive years. The nurse plant was the leguminous shrub Reftama sphaerocarpa
and the target species was the late-successional oak Quercus ilex. We also studied
whether the facilitation outcome depended on the size of the facilitated oak seedlings.
A factorial field experiment was carried out to test 1) position of oak seedling with respect
to shrub canopy (under shrubs or in gaps), 2) herb competition (presence or absence
of herbs), and 3) oak seedling size. The first year was an average rainfall year while
the second year had a much more humid spring and a dryer summer than the first
year. In both years, nurse shrubs reduced oak seedling mortality whereas herbs
increased it. In the average rainfall year, oak mortality under shrubs was unaffected by
herb presence whereas in gaps it was significantly higher in presence of herbs. This
showed that the nurse shrub indirectly facilitated the oak seedlings by suppressing the
competitive capacity of herbs. Conversely, facilitation was predominately direct during
the humid spring and dry summer year since herbs hindered seedling survival similarly
under the nurse shrub and in gaps. The nurse shrub directly facilitated the oaks by
reducing irradiance and leaf temperature, and therefore, seedling photo-inhibition and
water stress. Improvement of environmental conditions by Retama benefited smaller
seedlings but not larger seedlings since the nurse shrub reduced mortality of smaller
seedlings relative to that in gaps but this effect was not observed for larger seedlings.
This indicates that individuals within a seedling population may not have the same
response to facilitation. We concluded that both indirect and direct facilitation are
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important mechanisms for oak regeneration in Retama shrubland and their importance
seems to vary with climatic conditions. Indirect facilitation by release of herb competition
under nurse shrubs is important in years of dry springs when competition between
nurse shrubs and herbs is high, whereas direct facilitation mediated by microclimate
amelioration increases with summer aridity.

Key words: chlorophyll fluorescence, herb competition, Quercus ilex, Retama
sphaerocarpa, seedling size, water potential
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Introduction

Biotic interactions are major drivers of the
structure and dynamics of plant communities
(Lortie et al. 2004). Competition has traditionally
been considered as the major interaction that
structures plant communities (Grime 1974).
However, in the last decade, an increasing
number of studies have also emphasised the
importance of facilitative or positive interactions
(Bertness and Callaway 1994; Callaway
1995; Brooker et al. 2008). Positive and negative
interactions among organisms act simulta-
neously, and the net balance of these interac-
tions determines the community organization
and composition (Callaway and Walker 1997;
Holmgren et al. 1997; Brooker et al. 2008). The
balance of plant-plant interactions is context-
dependent, varying in response to abiotic
stress, disturbance, life cycle stage, species
identity, and interactions with other neighbours
(Callaway 2007).

Facilitation can be direct, i.e. one species
increases the performance of a second species
by ameliorating the abiotic environment
(Callaway 1995; Pugnaire et al. 1996a;
Pugnaire et al. 2004). Facilitation may also be
indirect, when a third species mediates interac-
tions between the nurse species and the target
species. Thus, some plants protect other
plants from herbivores, attract pollinators,
concentrate propagules of other species, or
enhance mycorrhizae and soil microbial activity
(Callaway 1995, 2007). The occurrence of a
third plant species may also convert the
competition between two species into indirect
facilitation via suppression of a shared compe-
titor (Miller 1994; Levine 1999; Callaway and
Pennings 2000). Levine (1999) predicted that
indirect facilitation mediated by a third compe-
titor would mainly occur in a system in which

the three species compete for different
resources or use different mechanisms to
acquire them. This argument is supported by
previous studies (Siemann and Rogers 2003;
Kunstler et al. 2006).

In contrast to direct facilitation and competition,
indirect facilitation has received less attention.
Most studies assessing indirect facilitation
have focused on interactions between different
trophic levels, such as those analysing defence
against herbivory (Boulant et al. 2008; Gémez-
Aparicio et al. 2008; Anthelme and Michalet
2009) or concentration of progagules of other
species (Verdu and Garcia-Fayos 2003; Aerts
et al. 2006). Experimental field studies investi-
gating indirect facilitation within the same trophic
level are much less frequent (Brooker et al.
2008). Most studies of indirect facilitation
among plants have been performed in productive
or moderately productive environments;
whereas some of them documented indirect
facilitation (Levine 1999; Callaway and
Pennings 2000; Siemann and Rogers 2003;
Kunstler et al. 2006), others failed to detect
this process (Pagés and Michalet 2003;
Pagés et al. 2003). To our knowledge, no
experimental field study to date has explored
the importance of indirect facilitation in semi-
arid or arid systems.

Direct facilitation is a recognised recruitment
mechanism for plants in Mediterranean envi-
ronments (Verdd and Garcia-Fayos 2003;
Goémez-Aparicio et al. 2005a), but the impor-
tance of indirect facilitation remains to be
assessed in this system. Refama sphaerocarpa
(Retama) is one of the most studied
Mediterranean nurse species. It promotes
the development of a diverse herbaceous
community due to changes in microclimate
and soil fertility under its canopy (Pugnaire et
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al. 1996b; Pugnaire et al. 2004). Although
herbs compete with the seedlings of woody
species and impair woodland regeneration
(Nambiar and Zed 1980; Rey Benayas et al.
2005), mid and late-succession woody species
such as Quercus ilex (holm oak) develop
under Retama (Tovar 2009). Several studies
have demonstrated the direct facilitative
effect of Retama on the plant community
developed under its canopy, but no study has
assessed its potential indirect facilitative
effect (Pugnaire et al. 1996a; Pugnaire et al.
1996b; Rodriguez-Echeverria and Pérez-
Fernadndez 2003; Pugnaire et al. 2004).

Evidences that the response to facilitation and
that the facilitating ability of nurse species are
species-specific are being increasingly reported
(Gémez-Aparicio et al. 2004; Liancourt et al.
2005; Padilla and Pugnaire 2009). However, to
our knowledge, no study has tested whether
the response to facilitation varies among
individuals of the same species. Individuals
within the same species may have distinct
functional traits that may determine their
performance. For example, holm oak seedlings
produced by different mother trees exhibit
significant size differences that influence their
performance (Leiva and Fernandez-Alés
1998). Seedling size can affect survival, with
large seedlings having a greater chance of
survival than small seedlings under stressful
conditions (Cook 1980; Leishman and
Westoby 1994).

In the present study, we addressed the following
questions: 1) is indirect facilitation mediated by
herbs, in addition to direct facilitation, an
important mechanism for Q. ilex regeneration
in Retama shrubland? 2) Does the response of
oak seedlings to facilitation depend on their
size? To answer these questions, we conducted
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a factorial field experiment in two consecutive
years. We measured the performance of holm
oak seedlings of contrasting size planted
under Retama canopy and in gaps, as well as
in presence and absence of herbs.

Material and methods
Study site and species studied

The study site is located in La Mancha, central
Spain (38° 38" N, 3° 28" W), at an altitude of
714 m a.s.l. The climate is continental
Mediterranean, with a mean annual precipita-
tion of 370 mm and a mean annual temperature
of 15.2 °C. Summer is hot and dry and lasts for
three to five months, while winter is cold with
frequent frosts. The soil is a poorly developed
Inceptisol with relatively high clay and quartzite
content. The experiment was performed on a
flat abandoned wheat cropland that was
planted with R. sphaerocarpa, Pinus pinea,
and Q. ilex in 2000. Each of these three species
had the same density, and individuals were
randomly planted in a 3 x 4 m regular pattern.
At the start of the experiment, pines and
oaks were more than 2 m and 1m-high, res-
pectively, while Retama shrubs were 2 m-high
approximately. The understorey vegetation was
composed of an herbaceous community,
which emerges in the autumn, flowers in
spring, and senesces during early summer.
Annuals such as Avena barbata, Bromus spp.,
Hordeum murinum, Lolim rigidum, Taeniathezum
caput-medusa, and Rapistrum rugosum and
several Trifolium species dominated this
community.

The nurse species R. sphaerocarpa is a legumi-
nous, broom-like deep-rooted shrub that is
native to the Iberian Peninsula and northwest
Africa, where it forms shrublands that have
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been managed for sheep grazing and hunting.
In the last decades, this shrub has colonised
large areas of abandoned cropland, and it has
been used for subsidised plantation programs.
The target benefactor species was Q. ilex
(holm oak), an evergreen late-successional
oak tree native to the western Mediterranean
Basin. It comprises most of the community
biomass in areas where it thrives. However,
holm oak seedlings display low survival rates
in forest plantations compared with other
Mediterranean forest species (Baeza et al.
1991).

Experimental design

A factorial field experiment was performed
with three factors: 1) position with respect to
the Retama canopy (under or outside), 2) herb
abundance (presence or absence) and 3) oak
seedling size. The experiment was conducted
in 2006 and 2007. In 2006, the rainfall and
mean temperature during the experimental
period (February-September) were 255 mm
and 19.2 °C, respectively, while in 2007 they
were 352 mm and 17.7 °C, respectively. The
mean historical rainfall (over a 70-year
period) and temperature (over a 55-year
period) during the same period were 256 mm
and 17.5 °C, respectively. Thus, 2006 can be
considered as an average rainfall year and
2007 as a humid year. Differences between
years mainly occurred in spring (February to
May), which was much more humid in 2007
than in 2006 (150 and 267 mm in 2006 and
2007, respectively). However, summer (June
to September) was more humid in 2006 than
in 2007 (105 and 85 mm in 2006 and 2007,
respectively).

We randomly selected 30 Retama shrubs
with an average canopy height and diameter

of 2 and 2.3 m, respectively, and 30 gaps
located 1.5-2 meters outside of the shrub
canopies, where the ground was not shaded
during most of the day. Each Retama was
separated from its neighbour 3-4 m. The
distribution of the experimental Retama
shrubs and gaps was not paired, i.e. a particular
Retama was not associated with a particular
gap in the field. In each position (under shrub
and gap), we distinguished two herb abun-
dance levels (presence or absence). In the
microsites with absence of herbs, herbaceous
vegetation was removed with herbicide in an
area of 0.55-0.6 m2 (Oxifluorfen 24%, lteike,
TradeCorp, Spain) at the beginning of the
experiment in both years. Finally, in each of
these four microsites, oak seedlings were planted
in 30 cm-deep holes made with a mechanical
auger, minimising the disturbance of the herba-
ceous community at the herb presence micro-
sites. Planting was performed in February in
both years. The experimental plot was fenced
to exclude medium and large herbivores.

We planted seedlings that largely varied in size
in both years. In 2006, to promote seedling size
differences, we varied 1) the seeding sown
date in the nursery, which affected emergence
time and, therefore, the length of the growing
period (14 months vs. 11 months), and 2) we
used different nitrogen fertilization rates. In
2007, we did not apply any cultivation treatment
and randomly selected the plants from a
standard nursery crop that had a high variation
in seedling size. In 2006, the 10th and 90th
percentiles of plant height were 9 and 22 cm,
respectively, while in 2007 they were 12 and
28 cm, respectively. The seedlings were culti-
vated following standard nursery cultivation
methods (Villar-Salvador et al. 2004). The
acorns used to grow seedlings were of the
same provenance in both years.
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Microclimate, soil and herb community
characteristics

To analyse the effect of the nurse shrub on the
environmental conditions under its canopy and
on the characteristics of the herb community,
we measured several abiotic and biotic variables
under theRetama canopy and in the gaps.
Incident photosynthetic photon flux density at
seedlings' mid-height was measured using a
quantum photo/radiometer (HD 9021, Delta
OHM, Casselle Di Selvazzano, Italy) for all of
the planted seedlings. Measurements were
done in May of both years on clear days between
12:00 and 14:00 h solar time. The relative
humidity and the temperature in the air and
leaf temperature were measured in spring of
2006 under the canopy of nine shrubs and in
nine gaps. The former were measured in both
presence and absence of herbs with a thermo-
hygrometer (HI 9065, HANNA Instruments,
Eibar, Spain). The leaf temperature was only
measured in the microsites with herbs using a
thermocouple inserted under a dry average-
sized oak leaf, which was held horizontally
during the measurements.

Soil samples excluding litter and stones were
collected 5-10 cm-deep under the canopy of
nine shrubs and in nine gaps for nutrient
analyses. After air-drying, the samples were
sieved through a 2 mm sieve and finely
ground. The organic matter was analysed
using the method proposed by Walkley and
Black (1934). The total N concentration was
determined by Kjeldahl analysis with SeSO,-
K,SO, as the catalyst, while the K concentration
was measured with an Optic PLASMA ICP
(Perkin-Elmer, model 4300 DV, USA), according
to MAPA (1986). The soil pH was determined
for a 1:2.5 mass to volume soil and water
suspension. The soil temperature at a 5 cm
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depth was recorded with a digital thermometer
in May 2006 in both presence and absence of
herbs in a set of nine Retama shrubs and nine
gaps. Finally, the soil water contentin a 0-30 cm
soil profile was measured in all planted seed-
lings in late spring (May 25th in 2006 and May
30th in 2007) and in mid-summer (July 18t in
2006 and July 15t in 2007) using Time
Domain Reflectometry (TDR, Tektronix,
Beauverton, CO, USA) according to Cassel et
al. (1994). Two stainless-steel rods 35 cm in
length were inserted one month after planting
at a 5-10 cm distance from plants.

In late May of both years, when flowering of
the herbaceous community was ending, we
visually recorded the percentage of herb cover
around each oak seedling, as well as the
specific composition and abundance of herbs
under nine nurse shrubs and in nine gaps
using a 50 x 50 cm quadrat. Herb species were
classified as graminoids and non-graminoids.
In early June, when the herbaceous community
started to wither, the above-ground herb biomass
contained in a 50 x 50 cm quadrat was measured
in nine Retama shrubs and nine gaps after
drying at 50 °C for two days. The Retama
shrubs and gaps used to measure the air
relative humidity and air, leaf and soil tempera-
ture were randomly selected among the
shrubs used to plant the oaks, whereas the
Retama shrubs and gaps used to determine
the soil nutrient concentration and herb mass
were randomly selected among shrubs and
gaps that were not used to plant the oaks.

Holm oak seedling performance

The mortality of Q. ilex seedlings was recorded
at the end of spring (last week of May) and at
the end of the summer (last week of
September) in both years. We measured the
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spring (from February to June), summer (from
June to September) and all first growing season
(from February to September) seedling morta-
lity. Seedling growth was measured as the
stem volume increase and calculated as the
difference between the seedling stem volume
at the end of the summer and at the planting
date. Stem volume was calculated from the
height and diameter of the stem, assuming that
the stem of the plant was a cone. The diameter
was measured immediately above the cotyledon
insertion points. We measured the maximum
photochemical efficiency of photo-system I
(F,/F,,) and the leaf water potential () in mid
summer of both years (July 7th in 2006 and
July 2nd in 2007) in 3-8 seedlings per treatment
to assess the physiological performance of oak
seedlings. F,/F,, is a good indicator of plant
photo-inhibition caused by stress factors such
as drought, high radiation and frost (Maxwell
and Johnson 2000), whereas ¥ is a measure
of the water status of plants (Flexas et al.
2004). F,/ F,, was measured with a portable
fluorometer (Hansatech Instruments, Norfolk,
England) at predawn and midday (between
12:00 and 14:00 h solar time) after 30 minutes
of dark adaptation. ¥ was determined at mid-
day using a pressure chamber; it was measu-
red at midday because it usually reflects the
maximum water stress experienced by the
plant within a day. We only measured ¥ once a
day to prevent distorting the water and carbon
economy of seedlings.

Data analysis

Differences among microsites in 2006 with
regard to air relative humidity and leaf tempe-
rature were analysed with two-way ANOVA,
where the main factors were position (under
Retama canopy vs. gaps) and herb abundance
(absence vs. presence of herbs). The differences

between the nurse shrub and the gaps, both in
presence of herbs, in soil nutrient concentra-
tion and pH, and leaf temperature in 2006
were analysed with Student's t-test. Differences
in irradiance among treatments were analysed
with ANOVA where the main factors were year
(2006 vs. 2007), position and herb abundance.
Soil water content was analysed with repeated
measures ANOVA where between-effects
were year and position and the within-effect
was season (spring vs. summer). Total herba-
ceous mass was analysed with ANOVA, where
the main factors were year and position.
Differences in the floristic composition of the
herbaceous community were analysed with
semi-parametric MANOVA, where dependent
variables were the cover of every herb species.
Graminoid and non-graminoid covers were
analysed with ANOVA in which the main factors
were year, position, and herb guild (graminoid
vS. non-graminoid).

Seedling survival was analysed using a gene-
ralised linear model with a binomial distribution
and a logit link function that included an herb
competition surrogate (see below) and seedling
stem volume at the planting date as co-variables.
Seedling stem volume was highly correlated
with plant mass (r = 0.92, P < 0.001, n = 30).
Growth and F,/F,, in both years were analysed
using ANCOVA. The factors in these analyses
were year and position; as in the previous
analysis, the surrogate of herb competition and
seedling stem volume at the planting date
were co-variables. We used an herb competi-
tion co-variable instead of a qualitative factor
(absence vs. presence of herbs) in these
analyses because the herb community under
Retama and in gaps had a different floristic
composition and aboveground biomass
(Table 1), which can lead to a distinct compe-
tition capacity of herbs at each position. The
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herb competition co-variable values were
calculated for each planted seedling in the
spring (late May) and summer (mid July) using
the factor scores obtained from a Principal
Component Analysis on herb cover, soil volu-
metric water content and photon flux density
around the seedlings. The values of soil water
content and irradiance were relative values
from field measurements taken under each
Retama and in each gap; they were calculated
as the relative reduction in soil humidity and
irradiance in the microsite with herbs with
respect to the adjacent microsite without
herbs. This removes the effect of the nurse
shrub. As the ¥ of many of the plants exceeded
the measurement limit of the pressure chamber
(6.8 MPa) in both years, data were grouped
into W classes, and the effect of year, position,
herb competition and initial seedling volume
was analysed by an ordinal multinomial lineal
model with a generalised logit link.

Data were checked for normality and homoge-
neity of variance, and were transformed when
necessary to correct deviations from these
assumptions. All statistical analyses were
performed with the Statistica 6.0. Package
(StatSoft, Inc., Tulsa, OK, USA), except the
semi-parametric MANOVA that was performed
with R.2.8 (R Development Core Team, 2008).

Results

Microclimate, soil and herb community
characteristics

Herbs and the Retama canopy reduced
irradiance similarly in both years (statistical
results not shown). The Retama canopy reduced
irradiance by 33%. The reduction of irradiance
by herbs was greater in gaps than under the
Retama canopy (position x herb competition
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interaction, Table 1). The Retama canopy with
herbs was the microsite with the lowest
irradiance. Leaf and soil temperature were
significantly lower under the Retama canopy
than in gaps. Neither soil chemical properties
nor relative humidity or temperature of the air
significantly differed among the four microsites
(Table 1).

Overall microsites, soil water content in
spring was 14% higher in 2007 than in 2006,
while in summer it was 16% lower in 2007
than in 2006 (year x season interaction;
F1302 = 45.63, P <0.001) (Fig. 1). Soil water
content was lower under the Retama canopy
than in gaps, but this difference was only
observed in spring and not in summer (position
x season interaction; F4 30, = 5.87, P=0.016).
Herbs reduced soil water content both under
the Retama canopy and in gaps, although this
reduction was statistically significant in spring
but not in summer (herb competition x season
interaction; F,30, = 8.61, P = 0.004). Soil
water content under the Retama canopy with
herbs in spring was 20 % lower in 2006 than
in 2007.

Herb mass was lower in 2006 than in 2007
(F157 = 12.22, P = 0.01) and under Retama
canopy than in gaps ( F4 57 = 11.78, P =0.02)
(Table 1). However, the relative reduction of
herb mass under Retama compared to gaps
was higher in 2006 than in 2007 (38% vs.
18%, respectively). The composition of the
herbaceous community under the Retama
differed from the composition detected in
gaps in 2006 but not in 2007 (year x position
interaction; F, 35 = 4.54, P < 0.001). In 2006,
the non-graminoid cover was significantly
lower under the Retama than in gaps, whereas
the graminoid cover did not differ significantly
between positions. By contrast, the cover of



Facilitacion directa e indirecta en matorrales mediterraneos

Table 1. Microclimate features, soil properties, herb biomass and the cover of graminoids and non-graminoids herbs in
the four studied microsites. Microclimatic and soil variables were measured in 2006. Values are mean + one SE. Means
with different superscript letters are significantly different at P < 0.05 after a Tuckey post-hoc test. *P < 0.05, **P < 0.01,
***P < 0.001. 1 Statistical data are reported in the text.

Microsites F
Under Retama Gap Herb
i Position iti
Variables Without ~ With ~ Without  With P) C°”(‘|f’|‘ét)'“°“ P x CH
herbs Herbs herbs herbs

'([',;o"")d'ance 38+£1.2°  28+0.9° 100£0.0° 46+1.5° 430 2257 19.9
ﬁ‘,}:)re'at've humidity 191408 0.8:07 100:10 9.8:08  0.04 008  0.007
f‘é{,;emperature 36.2:05 36.0:05 36.1#0.5 37.4%+0.5 1.4 125  0.02
?C"J; temperature  30441.1° 282:05° 41.4:06° 39.5¢1.0° 1797 582" 0.1
'(-%a)f temperature 43.142.6° 49.6+1.4° t=6.82"
Soil organic matter 1.140.07 1.1+0.05 t = -0.40
) 1+0. 1+0. .
Sail N - 0.80.05 0.840.1 t=-0.98
(mg kg ™)
SoilK 193+41.2 186+46.5 t=-0.32
(mg kg )
Soil pH 5.7+0.2 5.8+0.5 t=0.49
Herb mass in 2006 42+3° 67+4° T
(9) - -
Herb mass in 2007 67+7 8146 +
(9 - B
Graminoid cover in
2006 (%) 315 27+5 T
Non-graminoid cover b a
in 2006 (%) 4£2.0 49+7 +
Graminoid cover in
2007 (%) 1946 2044 t
Non-graminoid cover 19+4.9 2646 t

in 2007 (%)
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Figure 1. Soil water content at the four microsites in 2006
(above) and 2007 (below). Data represent mean values +
one SE.

both groups of herbs was similar under the
Retama and in gaps in 2007 (year x position
x herb guild interaction; F, ¢, =9.02, P=0.004).

Holm oak seedling performance

Seedling mortality of the introduced plants at
the end of the experiment was 83.3% in 2006
and 76.9% in 2007, but these differences were
not statistically significant (Table 2). Significant
mortality occurred in the spring of 2006, but not
in the spring of 2007 (Fig. 2). Seedling mortality
was lower under the Retama canopy than in
the gaps and in the absence of herbs than in
their presence in both years (Table 2 and Fig. 2).
However, the negative effect of the herbaceous
community differed between years. Herbs
increased seedling mortality in gaps but not
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under Retama canopy in 2006 and this effect
was already apparent in spring. In contrast,
herbs similarly increased seedling mortality at
both positions in 2007 and it occurred later, in
summer (year x herb competition x position
interaction, Table 2). Plant size negatively
affected oak seedling mortality (Fig. 3); however,
this effect was only observed in gaps but not
under the Retama canopy (position x seedling
size interaction in Table 2). None factor influen-
ced seedling growth (data not shown).
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Figure 2. Mortality rate of Quercus ilex seedlings at the
four microsites during spring, summer and the whole first
growing season in 2006 (above) and 2007 (below). Data
represent means * one SE.
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Table 2. Results of the ANCOVA models used to test the effects of year, position, herb competition, and seedling size on Q.
ilex seedling mortality. The year x position, year x herb competition x position, year xseedling size x position, and year x
position x herb competition x seedling size interactions were not analyzed in spring because there was no mortality under

Retama canopy in May 2007.

Spring Summer Qumulative
Factor (spring + summer)
1’ P 1’ P 1’ P
Year (Y) 57.8 <0.001 0.13 0.71 2.02 0.15
Herb competition (HC) ~ 26.5 <0.001 3.62  0.057 6.95  0.008
Seedling size (SS) 1.72 0.19 0.005 0.94 0.03 0.86
Position (P) 960 0002 1135 <0001 146  <0.001
Y x HC 051 047 135 024 0309 058
Y x SS 0.27 0.60 0.003 0.96 0.005 0.95
YxP 1.03 0.31 0.62 0.43
HC x SS 0.34 0.58 0.0004 0.98 0.016 0.90
HC x P 0.40 0.53 4.04 0.044 4.82 0.028
SSxP 0.09 0.77 3.79 0.051 3.85 0.049
Y x HC x SS 0.59 0.44 0.87 0.35 1.16 0.28
YxHC xP 3.6 0.057 3.96 0.047
YxSSxP 0.56 0.45 0.52 0.47
HC xSS x P 0.19 0.66 0.002 0.96 0.0003 0.99
Y x HC x SS x P 2.9 0.087 2.45 0.12
1.0
A Under Retama F,/ F,, was higher under the Retama canopy
0od an e Gap than in gaps in both years (F, 74 = 5.03, P = 0.027,
..A-.A,_A Fig. 4) and in 2006 than in 2007 (F, ;5 = 5.28,
g . 'A..A’-A, P =0.024). F,/F,, tended to be higher at mid-
2 'A'-A. day than at predawn, although this was only
£ Ad A dasaaaanad observed in 2007 but not in 2006 (measurement
= 071 ° time x year interaction, F; ;6= 3.79 P = 0.052).
Neither herb competition (F4 75 = 0.02, P =0.89)
06 nor seedling size (Fy,= 0.10, P = 0.75)
0.0 | affected F,/F,,.
0 1 2 3 4 5 6 7

Seedling stem volume (ml)

Fig. 3. Mortality probability of Q. ilex seedling as a function
of seedling size under the Refama canopy and in gaps
across the two years. Lines are the fitted logistic regres-
sions. oo and B parameters of the logistic regression were
2.2773 and -0.227 for the gap and 1.0087 and 0.0101
under the Retama.

¥ was higher in 2006 than in 2007 (y2= 28.6,
P < 0.001). The frequency of oak seedlings
with higher (less negative) W was greater
under the Retama canopy than in gaps. This
difference was more apparent in 2006 than in
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Figure 4. Photochemical efficiency (F, / F,,) of photo-
system Il of Q. ilex seedlings planted at the four microsites
in 2006 and 2007. Data represent the average between
morning and midday data. Values are means + one SE.
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Figure 5. Frequency of Q. ilex seedlings according to
midday leaf water potential classes under the Retama
canopy and in gaps in 2006 (above) and in 2007 (below).
The number of sampled plants under the Retama canopy
and in gaps in 2006 was 12 and 10, respectively, whe-
reas 24 plants per position were sampled in 2007.
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2007 (year x position interaction, y2 = 6.20,
P = 0.045; Fig. 5). Neither herb competition
(x2=0.13, P = 0.94) nor plant size (¥2= 5.00,
P = 0.08) had any effect on W.

Discussion

Retama sphaerocapa facilitated Q. ilex seed-
lings, which is consistent with greater recruitment
of this oak under the canopy of the Retama
than in the gaps observed in other Retama
shrublands (Tovar 2009). This study provides
further evidence for the role of facilitation in
the secondary succession of Mediterranean
ecosystems (Maestre et al. 2001; Gdémez-
Aparicio et al. 2004). However, the mechanism
underlying facilitation in this system is complex
since it differed between years and depended
on seedling size.

Temporal variation in the relative importance of
direct and indirect facilitation

In both years, Retama facilitated oak seedling
survival, whereas herbs reduced it, demonstra-
ting that herbs competed with oak seedlings.
However, the effects of Retama and herbaceous
vegetation on seedling survival differed between
years. Herb competition started earlier in the
growing season in the average rainfall year
than in the humid year as indicated by early
higher spring mortality that occurred in the
former relative to the latter year. This can be
explained by the dryer spring of the average
rainfall year in comparison to the humid year.
Our results suggest that there is a link between
the prevailing facilitation mechanism and climate
conditions. Facilitation was predominantly
indirect in the average rainfall year, when
spring was drier than in the humid year. By
contrast, facilitation was direct in the humid year,
when summer was drier than in the average
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rainfall year. This assertion is supported by the
following results. First, herbs increased oak
mortality in gaps but not under the Retama
canopy in the average rainfall year (Fig. 2).
The lower herb mass found under Retama as
compared to the gaps, specially in the average
rainfall year, suggests that the nurse shrub
reduced the competitive capacity of the herbs,
and hence indirectly improved seedling survival,
as previously reported in other studies (Li and
Wilson 1998; Siemann and Rogers 2003;
Kunstler et al. 2006). Additionally, species
composition of the herbaceous community
differed between years. In the average rainfall
year, graminoids predominated over non-
graminoids under the nurse shrub, whereas
both herb guilds had similar abundance in
gaps. By contrast, in the humid year, grami-
noid and non-graminoid cover were similar
both under the Retama and in the gaps.
Differences in species composition may affect
the competitive capacity of the community
(Gordon et al. 1989), and graminoids tend to
prevail under drought conditions (Goldberg et
al. 2001). Secondly, seedling mortality in the
absence of herbs did not differ between gaps
and under the nurse shrub in the average
rainfall year, but it did during the humid year.
This demonstrates lack of direct facilitation in
the former case, but the existence of direct
facilitation in the latter case. In the average
rainfall year, resource competition between the
nurse shrub and oak seedlings may have over-
whelmed the direct positive effects of Refama
canopy on oak seedlings (Ludwig et al. 2004;
Maestre and Cortina 2004). Third, the reduction
in oak seedling survival caused by herbs was
similar under the shrub and in the gaps in the
humid year, suggesting a lack of indirect facili-
tation. Consistently, relative differences in herb
mass or in the composition of the herbaceous
community were smaller or non-existent between

positions in the humid year respect to the
average rainfall year.

Thus, in response to our first question, indirect
facilitation may also be an important mecha-
nism for oak regeneration in Mediterranean
shrublands that are mostly known for direct
facilitation (Pugnaire et al. 1996b; Gdmez-
Aparicio et al. 2004; Pugnaire et al. 2004). In
addition, the mechanism underlying facilitation
may vary with climatic conditions. Indirect
facilitation can be important in years of dry
springs where competition for water between
nurse shrubs and herbs is high, resulting in
benefits for oak seedling establishment, whereas
direct facilitation mediated by microclimate
amelioration seems to increase with summer
aridity. Therefore, not only summer drought but
also spring climatic conditions may determine
facilitation interactions. This hypothesis should
be experimentally tested in the future.

Underlying mechanisms of direct and indirect
facilitation

Variations in soil nutrient and water content do
not explain the direct facilitation observed in
our system. Soil fertility did not differ between
positions, probably because our nurse shrubs
were too young to have induced changes in
soil properties (Pugnaire et al. 1996b). Soil
water content was lower or similar under the
Retama canopy in comparison with the gaps,
as documented in other dry environments
(Tielbdrger and Kadmon 2000; Valladares and
Pearcy 2002). Irradiance reduction seemed to
be the main driving force for oak seedling
direct facilitation. The lower irradiation measured
under the shrub explains the lower leaf tempe-
rature found in this microsite, which probably
reduced oak transpiration under Retama
(Smith and Geller 1980). Consequently, oak
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seedlings were less water-stressed and photo-
inhibited under the nurse shrub than in the
gaps, which could explain their higher survival
rate under the shrubs (Baquedano and Castillo
2006; Hikosaka et al 2004). The higher ¥ and
F,/ F,, values found under Retama relative to
gaps support this argument. Therefore, the
physiological results of this study provide a
mechanistic explanation for the role that
moderate shade plays in direct facilitation in dry
environments such as Mediterranean ecosys-
tems (Maestre et al. 2001; Gémez-Aparicio et
al. 2005b). Seedlings were less water stressed
and photo-inhibited (Fig. 4 and Fig. 5) in the ave-
rage rainfall year than in the humid year. The
higher summer rainfall and soil water content in
the former year can explain this difference.

Levine (1999) predicted that indirect facilita-
tion is more probable when different pairs of
competitors compete for different resources
or have different mechanisms to acquire
them. The three competitors of our particular
system are likely to compete for the same
resource, i.e. soil water. We suggest that
nurse shrubs and herbs competed mainly for
soil water because the soil water content
under Retama shrubs in spring was lower
than in gaps in both years. However, Retama
only suppressed herb competitive capacity in
the average rainfall year, probably because
soil water content under the Retama canopy
with herbs in spring was 20% lower than the
soil water content in the spring of the humid
year. The reduction in soil water content
imposed by the Retama under its canopy did
not hinder oak performance probably because
it is more drought tolerant than herbs (Levitt
1980; Larcher 1995).

Many studies have shown that shading by
adults is the main factor responsible for reducing
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the competition of herbs with tree seedlings (Li
and Wilson 1998; Pageés et al. 2003; Siemann
and Rogers 2003; Kunstler et al. 2006). In our
study, shade per se is unlikely to be a major
mechanism of herb suppression because
shrub shade was similar in both years but
shade could have exacerbated the water
stress caused by low soil water content in the
spring of the average rainfall year (Valladares
and Pearcy 2002). In contrast to our results,
some previous studies have found greater
herb biomass under Retama shrubs than in
gaps (Pugnaire et al. 1996b; Rodriguez-
Echeverria and Pérez-Fernandez 2003). This
can be attributed to the extremely dry climate
of some regions, where facilitative interactions
can outweigh the competitive interactions, and
to the fact that these studies were performed
on grazed woodlands, where herbivores may
reduce herb biomass to a greater extent in
open spaces than under shrubs (Osem et al.
2007).

Herbs and oak also competed for water
because herbs reduced water availability for
oak seedlings in spring (Fig. 1) as observed in
previous studies (Rey Benayas et al. 2005;
van der Waal et al. 2009). This can be due to
herb canopy interception of rainfall or by
direct exploitation by roots. Competition for
water has been shown to be a major interac-
tion between herb species and tree seedlings
in water-stressed systems (Knoop and
Walker 1985; Ludwig et al. 2004; van der
Waal et al. 2009), while competition for
nutrients is more commonly involved in
mesic systems (Pagés and Michalet 2003).
Nevertheless, herbs and oaks might also
compete for soil nutrients, and diminution of
herb competition by nurse shrub might have
increased nutrient availability to the oak
seedlings (Pagés et al. 2003).
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Response to facilitation depended on oak
seedling size

The response to facilitation has been demons-
trated to vary among species (Gémez-Aparicio
et al. 2004; Liancourt et al. 2005; Padilla and
Pugnaire 2009). Our study goes a step beyond
and indicates that not all individuals within a
species have the same response to facilitation.
Thus, amelioration of abiotic and biotic condi-
tions by the Retama benefited smaller seedlings
but not larger seedlings since the Retama
reduced mortality of smaller seedlings relative
to gaps but did not for larger seedlings. Large
seedlings frequently have lower mortality than
small seedlings under higher stressful conditions
(Cook 1980; Leishman and Westoby 1994;
Villar-Salvador et al. 2008), such as those found
in gaps. This can be explained on the basis
that large seedlings probably contain more
nutrient and storage compounds (Cook 1980;
Leishman and Westoby 1994; Villar-Salvador
et al. 2008) and have higher photosynthesis
(Cuesta unpublished data) than smaller
seedlings. Differences in seedling size within
a population can be attributed to genetic diffe-
rences among individuals as demonstrated for
Q. ilex (Leiva and Fernandez-Alés 1998), but
also to emergence time or seed size (Jurado
and Westoby 1992; Green and Juniper 2004;
De Luis et al. 2008). We suggest that if oak
seedling size has a genetic basis and determi-
nes mortality probability, nurse shrubs may
contribute to maintain genetic diversity of oak
populations.

Conclusions

Both indirect and direct facilitation are important
processes of oak regeneration in Retama
shrublands. The pioneer shrub R. sphaerocapa
facilitated Q. ilex seedlings both by suppressing

herb competition (indirect facilitation) and/or by
ameliorating microclimatic conditions under its
canopy (direct facilitation). Prevalence of indi-
rect and direct facilitation differed between
years of distinct climatic conditions. Indirect
facilitation seems to be important in years of
dry springs, whereas direct facilitation may
increase with summer aridity. Since large
areas of the Iberian Peninsula have been
planted with or colonised by pioneer shrubs,
and seedling stage is the most critical phase in
Mediterranean woodland regeneration, nurse
shrubs could enhance shrubland conversion
into forests and play an important role in both
passive (i.e. secondary succession) and active
restoration of Mediterranean woodlands
(Padilla and Pugnaire 2006; Rey Benayas et
al. 2008). Furthermore, future studies should
assess the incidence of indirect interactions
among plants in other Mediterranean shrublands,
in which direct positive interactions are known
to drive community structure.

Acknowledgments

We are grateful to J.L. Pefiuelas for permitting
this study to be carried out on his property and
for his assistance with the experimental field
treatments. We thank F. Bustos, J. Cuadrado,
L. Mufoz, J. Oliet, A. Rovere, J. Sanchez, and
L. Tovar for technical support with field expe-
riments and to J. Rejos for helping with the
taxonomic determinations. We thank M. Verdu
for valuable comments on an earlier version of
this manuscript. This study was supported by a
FPI-MEC grant to B. Cuesta, and by projects
CGL2007-60533/BOS, AGL2006-12609-C02-
01/FOR (Spanish Ministry of Science and
Education), and S-0505/AMB/0355-REMEDI-
NAL (Madrid Government).

83



Capitulo 4

References

Aerts, R., Maes, W., November, E., Negussie, A.,
Hermy, M., and Muys, B. 2006. Restoring dry
Afromontane forest using bird and nurse plant
effects: Direct sowing of Olea europaea ssp
cuspidata seeds. Forest Ecology and
Management, 230: 23-31.

Anthelme, F. and Michalet, R. 2009. Grass-to-tree
facilitation in an arid grazed environment (Air
mountains, Sahara). Basic and Applied Ecology,
10: 437-446.

Baeza, M.J., Pastor, A., Martin, J., and Ibafez, M.
1991. Mortalidad post-implantacién en repobla-
ciones de Pinus halepenesis, Quercus ilex,
Ceratonia siliqua y Tetraclinis articulata en la
provincia de Alicante. Stvdia Oecologica, 8:
139-146.

Baquedano, F.J. and Castillo, F.J. 2006.
Comparative ecophysiological effects of drought
on seedlings of the Mediterranean water-saver
Pinus halepensis and water-spenders Quercus
coccifera and Quercus ilex. Trees, 20, 689-700.

Bertness, M.D. and Callaway, R.M. 1994. Positive
interactions in communities. Trends in Ecology
and Evolution, 9: 191-193.

Boulant, N., Navas, M.L., Corcket, E., and Lepart, J.
2008. Habitat amelioration and associational
defence as main facilitative mechanisms in
Mediterranean grasslands grazed by domestic
livestock. Ecoscience, 15: 407-415.

Brooker, R.W., Maestre, F.T., Callaway, R.M., Lortie,
C.J., Cavieres, L.A., Kunstler, G., Liancourt, P.,
Tielbérger, K., Travis, J.M.J., Anthelme, F,
Armas, C., Coll, L., Corcket, E., Delzon, S.,
Forey, E., Kikvidze, Z., Olofsson, J., Pugnaire,
F.I., Quiroz, C.L., Saccone, P., Schiffers, K.,
Seifan, M., Touzard, B., and Michalet, R. 2008.
Facilitation in plant communities: the past, the
present and the future. Journal of Ecology, 96:
18-34.

Callaway, R.M. 1995. Positive Interactions among
Plants. The Botanical Review, 61: 306-349.

Callaway, R.M. 2007. Positive interactions and
interference in plant communities Spinger,
Dordrecht, The Netherlands, 415 pp.

Callaway, R.M. and Pennings, S.C. 2000.
Facilitation may buffer competitive effects: indi-
rect and diffuse interactions among salt marsh

84

plants. American Naturalist, 156: 416-424.

Callaway, R.M. and Walker, L.R. 1997. Competition
and facilitation: a synthetic approach to interac-
tions in plant communities. Ecology, 78: 1958-
1965.

Cassel, D.K., Kachanoski, R.G,, and Topp, G.C.
1994. Practical considerations for using a TDR
cable tester. Soil Technology, 7: 113-126.

Cook, R.E. 1980. Germination and size-dependent
mortality in Viola blanda. Oecologia, 47: 115-
117.

De Luis, M., Verdd, M., and Raventon, J. 2008.
Early to rise makes a plant healthy, wealthy, and
wise. Ecology, 89: 3061-3071.

Flexas, J., Bota, J., Cifre, J., Escalona, J.M.,
Galmes, J., Gulias, J., Lefi, E.K.,, Martinez-
Canellas, S.F., Moreno, M.T., Ribas-Carbo, M.,
Riera, D., Sampol, B., and Medrano, H. 2004.
Understanding down-regulation of photosynthe-
sis under water stress: future prospects and
searching for physiological tools for irrigation
management. Annals of Applied Biology, 144:
273-283.

Goldberg, D.E., Turkington, R., Olsvig-Whittaker, L.,
and Dyer, A.R. 200. Density dependence in an
annual plant community: variation among life
history stages. Ecological Monographs, 71: 423-
446.

Gomez-Aparicio, L., Gémez, J.M., and Zamora, R.
2005a. Microhabitats shift rank in suitability for
seedling establishment depending on habitat
type and climate. Journal of Ecology, 93: 1194-
1202.

Gomez-Aparicio, L., Gébmez, J.M., Zamora, R., and
Boettinger, J.L. 2005b. Canopy vs. soil effects of
shrubs facilitating tree  seedlings in
Mediterranean montane ecosystems. Journal of
Vegetation Science, 16: 191-198.

Gomez-Aparicio, L., Zamora, R., Castro, J., and
Hodar, J.A. 2008. Facilitation of tree samplings
by nurse plants: Microhabitat amelioration or
protection against herbivores? Journal of
Vegetation Science, 19: 161-172.

Gomez-Aparicio, L., Zamora, R., Gémez, J.M,,
Hédar, J.A., Castro, J., and Baraza, E. 2004.
Applying plant facilitation to forest restoration: a
meta-analysis of the use of shrubs as nurse
plants. Ecological Applications, 14: 1128-138.

Gordon, D.R., Welker, J.M., Menke, J.W., and Rice,



Facilitacion directa e indirecta en matorrales mediterraneos

K.J. 1998. Competition for soil water between
annual plants and blue oak (Quercus douglasii)
seedlings. Oecologia, 79: 533-541.

Green, P.T. and Juniper, P.A. 2004. Seed-seedling
allometry in tropical rain forest trees: seed
mass-related patterns of resource allocation and
the 'reserve effect'. Journal of Ecology, 92: 397-
408.

Grime, J.P. 1974. Vegetation classification by refe-
rence to strategies. Nature, 250: 26-31.

Hikosaka, K., Kato, M.C., and Hirose, T. 2004
Photosynthetic rates and partitioning of absor-
bed light energy in photoinhibited leaves.
Physiologia Plantarum, 121: 699-708.

Holmgren, M., Scheeffer, M., and Huston, M.A.
1997. The interplay of facilitation and competi-
tion in plant communities. Ecology, 78: 1966-
1975.

Jurado, E. and Westoby, M. 1992. Seedling growth
in relation to seed size among species of arid
Australia. Journal of Ecology, 80: 407-416.

Knoop, W.T. and Walker, B.H. 1985. Interactions of
woody and herbaceous vegetation in a southern
African savanna. Journal of Ecology, 73: 235-
253.

Kunstler, G,, Curt, T., Bouchaud, M., and Lepart, J.
2006. Indirect facilitation and competition in tree
species colonization of sub-Mediterranean
grasslands. Journal of Vegetation Science, 17:
379-388.

Larcher, W. 1995. Physiological Plant Ecology.
Springer, Berlin, 506 pp.

Leishman, M. and Westoby, M. 1994. The role of
seed size in seedling establishments in dry soll
conditions: experimental evidence from semi-
arid species. Journal of Ecology, 82: 249-258.

Leiva, M.J. and Fernandez-Alés, R. 1998. Variability
in seedling water status during drougth within a
Quercus ilex subsp. ballota population, and its
relation to seedlings morphology. Forest
Ecology and Management, 111: 147-156.

Levine, J.M. 1999. Indirect facilitation: evidence and
predictions from a riparian community. Ecology,
80: 1762-1769.

Levitt, J. 1980. Responses of plants to environ-
mental stresses. Volume Il. Water, radiation,

salt, and other stresses Academic Press, New
York. 607 pp.

Li, X. and Wilson, S.D. 1998. Facilitation among

woody plants establishing in an old field.
Ecology, 79: 2694-2705.

Liancourt, P., Callaway, R.M., and Michalet, R.
2005. Stress tolerance and competitive-response
ability determine the outcome of biotic interac-
tions. Ecology, 86: 1611-1618.

Lortie, C.J., Brooker, R.W., Choler, P., Kikvidze, Z.,
Michalet, R., Pugnaire, F.I., and Callaway, R.M.
2004. Rethinking plant community theory.
OIKOS, 197: 433-438.

Ludwig, F., Dawson, T.E., Prins, H.H.T., Berendse,
F., and Kroon, H. 2004. Below-ground competi-
tion between trees and grasses may overwhelm
the facilitative effects of hydraulic lift. Ecology
letters: 7, 623-631.

Maestre, F.T., Bautista, S., Cortina, J., and Bellot, J.
2001. Potential for using facilitation by grasses
to establish shrubs on a semiarid degraded
steppe. Ecological Applications, 11: 1641-1655.

Maestre, F.T. and Cortina, J. 2004. Do positive
interactions increase with abiotic stress? A test
from a semi-arid steppe. Proceedings of the
Royal Society of London. Series B
(Supplement), 271: S331-S333.

MAPA 1986. Métodos oficiales de analisis.
Ministerio de Agricultura, Madrid, Spain.

Maxwell, K. and Johnson, G.N. 2000. Chlorophyll
fluorescence. A practical guide. Journal of
Experimental Botany, 51: 659-668.

Miller, T.E. 1994. Direct and indirect species interac-
tions in an early old-field plant community.
American Naturalist, 143: 1007-1025.

Nambiar, E.K.S. and Zed, P.G. 1980. Influence of
weeds on the water potential, nutrient content
and growth of young radiata pine. Australian
Forest Restoration, 10: 279-288.

Osem, Y., Perevolotsky, A., and Kigel, J. 2007.
Interactive effects of grazing and shrubs on the
annual plant community in semi-arid
Mediterranean  shrublands.  Journal of
Vegetation Science, 18: 869-878.

Padilla, F.M. and Pugnaire, F.I. 2006. The role of
nurse plants in the restoration of degraded envi-
ronments. Frontiers in Ecology and the
Environment, 4: 196-2002.

Padilla, F.M. and Pugnaire, F.I. 2009. Species iden-
tity and water availability determine establishment
success under the canopy of Retama sphaero-
carpa shrubs in a dry environment. Restoration
Ecology: 17, 900-907.

85



Capitulo 4

Pages, J.-P. and Michalet, R. 2003. A test of the indi-
rect facilitation model in a temperate hardwood
forest of the northern French Alps. Journal of
Ecology, 9: 932-940.

Pages, J.-P., Pache, G, Joud, D., Magnan, N., and
Michalet, R. 2003. Direct and indirect effects of
shade on four forest tree seedlings in the French
Alps. Ecology, 84: 2741-2750.

Pugnaire, F.I., Armas, C., and Valladares, F. 2004.
Soil as mediator in plant-plant interactions in a
semi-arid community. Journal of Vegetation
Science, 15: 85-92.

Pugnaire, F.l., Haase, P., and Puigdefabregas, J.
1996a. Facilitation between higher plant species
in a semiarid environment. Ecology, 77: 1420-
1426.

Pugnaire, F.I., Haase, P., Puigdefabregas, J.,
Cueto, M., Clark, S.C., and Incoll, L.D. 1996b.
Facilitation and succession under the canopy of
a leguminous shrub, Retama sphaerocarpa, in a
semi-arid environment in south-east Spain.
OIKOS, 76: 455-464.

R Development Core Team 2008. R: A language
and environment for statistical computing. R
Foundation for Statistical Computing, Vienna,
Austria.

Rey Benayas, J.M., Bullock, J.M., and Newton, A.C.
2008. Creating woodland islets to reconcile eco-
logical restoration, conservation, and agricultu-
ral land use. Frontiers in Ecology and the
Environment, 6: 329-336.

Rey Benayas, J.M., Navarro, J., Espigares, T,
Nicolau, J.M., and Zavala, M.A. 2005. Effects of
artificial shading and weed mowing in reforesta-
tion of Mediterranean abandoned cropland with
contrasting Quercus species. Forest Ecology
and Management: 212, 302-314.

Rodriguez-Echeverria, S. and Pérez-Fernandez,
M.A. 2003. Soil fertility and herb facilitation
mediated by Retama sphaerocarpa. Journal of
Vegetation Science, 14: 807-814.

Siemann, E. and Rogers, W.E. 2003. Changes in
light and nitrogen availability under pioneer trees
may indirectly facilitate tree invasions of grass-
lands. Journal of Ecology, 91: 923-931.

Smith, W.K. and Geller, G.N. 1980. Leaf and envi-
ronmental parameters influencing transpiration:

86

Theory and measurements. Oecologia, 46: 308-
313.

Tielborger, K. and Kadmon, R. 2000. Temporal envi-
ronmental variation tips the balance between
facilitation and interference in desert plants.
Ecology, 81: 1544-1553.

Tovar, L. 2009. Reclutamiento de plantas lefiosas
en retamares. Una aproximacion multiescala.
Senior Sciences Thesis, University of Alcala,
Alcalad de Henares, Madrid, Spain.

Valladares, F. and Pearcy, R.W. 2002. Drought can
be more critical in the shade than in the sun: a
field study of carbon gain and photo-inhibition in
a Californian shrub during a dry El Nifio year.
Plant, Cell, and Environment, 25: 749-759.

van der Waal, C., de Kroon, H., de Boer, W.F,,
Heitkonig, I.M.A., Skidmore, A.K., de Knegt,
H.J., van Langevelde, F., van Wieren, S.E.,
Grant, R.C., Page, B.R., Slotow, R., Kohi, E.M.,
Mwakiwa, E., and Prins, H.H.T. 2009. Water and
nutrients alter herbaceous competitive effects on
tree seedlings in a semi-arid savanna. Journal of
Ecology, 97, 430-439.

Verdu, M. and Garcia-Fayos, P. 2003. Frugivorous
birds mediate sex-biased facilitation in a dioecious
nurse plant. Journal of Vegetation Science, 14:
35-42.

Villar-Salvador, P., Planelles, R., Enriquez, E., and
Pefuelas Rubira, J.L. 2004. Nursery cultivation
regimes, plant functional attributes, and field
performance relationship in the Mediterranean
oak Quercus ilex L. Forest Ecology and
Management, 196: 257-266.

Villar-Salvador, P., Valladares, F., Dominguez-
Lerena, S., Ruiz-Diez, B., Fernandez-Pascual,
M., Delgado, A., and Pefuelas Rubira, J.L.
2008. Functional traits related to seedling trans-
planting performance in the Mediterranean legu-
minous shrub Retama sphaerocarpa: insights
from a provenance, fertilization and rhizobial
inoculation study. Environmental and
Experimenal Botany, 64: 145-154.

Walkley, A. and Black, A.L. 1934. An examination of
the Degareff method for determining soil organic
matter and a proposed modification of the
chromic acid titration method. Soil Science, 37:
29-38.



Somoy privilegiados por tener libertad
paraw perseguiv nuestros suenos.
EL mundo- se mervece nuestro mejor sovwiso.

Enrique de la Montaia Andiés

Capitulo- 5







Capitulo 5

Los rasgos de vida en la encina responden de forma diferente a ambientes
experimentales previos

Este capitulo reproduce integramente el texto del siguiente manuscrito:

Rey Benayas, J. M., Cuesta, B., Villar-Salvador, P. and Jaudregui, P. 2008. Life-history traits in an evergreen
Mediterranean oak respond differentially to previous experimental environments. Web Ecology 8: 74-83.

Resumen

Los seres vivos responden tanto al ambiente presente como al ambiente pasado, lo que puede
tener importantes consecuencias en la dinamica de poblaciones. Sin embargo, hay pocas
evidencias experimentales basadas en estudios de campo a largo plazo que analicen el efecto
que el ambiente previo tiene en el desarrollo de los individuos. Testamos la hipétesis de que los
arboles que se establecen bajo condiciones ambientales distintas responden de forma diferente
a las mismas condiciones post-transplante. La especie estudiada fue la encina, Quercus ilex
subsp. rotundifolia, una especie mediterranea de crecimiento lento. Analizamos el efecto del
ambiente previo, de la competencia intraespecifica y de los compromisos entre rasgos de vida
(supervivencia, crecimiento y reproduccion). El establecimiento de los plantones durante los tres
primeros afios fue facilitado reduciendo el estrés abidtico mediante riego estival y sombra artificial
en 12 parcelas experimentales, mientras que cuatro parcelas se dejaron como parcelas control.
Posteriormente, estos tratamientos fueron interrumpidos durante 10 afios. Los plantones bajo
condiciones ambientales suavizadas sobrevivieron y crecieron mas durante el establecimiento
inicial. Durante el periodo post-manejo, los tratamientos previos 1) no tuvieron ningun efecto en
la supervivencia, 2) disminuyeron el crecimiento aéreo, 3) redujeron el crecimiento radical como
indico la reflectividad de un Sistema Georadar, 4) incrementaron la produccion de bellotas
principalmente por un mayor volumen del dosel y 5) aumentaron el esfuerzo de produccion de
bellotas. Los arboles experimentaron una combinacion de efectos relacionados con la aclimata-
cion al estrés abidtico y de efectos relacionados con la competencia intraespecifica. De acuerdo
con nuestra hipétesis, el desarrollo de los arboles dependié de las condiciones ambientales
previas, y la respuesta fue diferente para los distintos rasgos de vida. El manejo previo es
recomendado porque incrementa la cobertura vegetal, reduce el tiempo necesario para alcanzar
la madurez sexual e incrementa la produccion de bellotas. Parcelas como las ensayadas en este
trabajo pueden actuar como fuentes de propagulos en paisajes agricolas deforestados, impulsando
el establecimiento natural de nuevas plantas.

Palabras clave: asignacion de recursos, competencia, compromiso, crecimiento, esfuerzo de
produccion de bellotas, Quercus ilex.
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Life-history traits in an evergreen Mediterranean oak respond differentially
to previous experimental environments

José M. Rey Benayas', Barbara Cuesta’, Pedro Villar-Salvador' and Pedro Jauregui?

1 Departamento de Ecologia, Universidad de Alcala. 28871 Alcala de Henares (Madrid), Spain
2 Departamento de Ciencias de la Tierra, Universidad de Alicante. 03080 Alicante, Spain

Abstract

Living organisms respond both to current and previous environments, which can have
important consequences on population dynamics. However, there is little experimental
evidence based on long-term field studies of the effects of previous environments on
the performance of individuals. We tested the hypothesis that trees that establish under
different environmental conditions perform differently under similar post-establishment
conditions. We used the slow-growing, evergreen Mediterranean oak Quercus ilex
subsp. rotundifolia as target species. We analyzed the effects of previous environments,
competition effects and tradeoffs among life-history traits (survival, growth, and repro-
duction). We enhanced seedling establishment for three years by reducing abiotic
environmental harshness by means of summer irrigation and artificial shading in 12
experimental plots, while four plots remained as controls. Then these treatments were
interrupted for ten years. Seedlings under ameliorated environmental conditions
survived and grew faster during early establishment. During the post-management
period, previous treatments 1) did not have any effect on survival, 2) experienced a
slower above-ground growth, 3) decreased root biomass as indicated from reflectivity
of Ground Penetration Radar, 4) increased acorn production mostly through a greater
canopy volume and 5) increased acorn production effort. The trees exhibited a
combination of effects related to acclimation for coping with abiotic stress and effects
of intra-specific competition. In accordance with our hypothesis, tree performance overall
depended on previous environmental conditions, and the response was different for
different life-history traits. We recommend early management because it increased
plot cover, shortened the time to attain sexual maturity and increased the amount of
acorn production. Plots such as those assessed in this study may act as sources of
propagules in deforested agricultural landscapes thus aiding natural establishment of
new plants.

Key words: acorn production effort, competition, growth, Quercus ilex, resource
allocation, trade-off.
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Introduction

While genotype determines the potential
performance of an individual, the multiple
environmental conditions experienced during
development and growth shape the resulting
phenotype. Thus, performance of organisms
can be influenced by both current and previous
environments (Bazzaz 1996; Reekie et al.
1997; Metcalfe and Monaghan 2001; Weinig
and Delph 2001; Relyea 2002; Grether 2005).
However, whereas many basic and applied
studies have addressed the effects of the
manipulation of the current environment on the
performance of organisms (Valladares et al.
2002; Castro et al. 2004; Rey Benayas et al.
2005), there is little experimental evidence of
the effects of previous environments on the
future performance. This type of experiments
is scarce in the scientific literature.

Life-history theory predicts the existence of
tradeoffs among traits, particularly survival,
growth and reproduction, that can have impor-
tant long-term consequences on population
dynamics (Sadras 1996; Silvertown and Dodd
1999; Obeso 2002; Gilbert et al. 2006; Yoshida
2006). Tradeoffs are usually more apparent when
resources are limited (Obeso 2002), as occurs in
Mediterranean ecosystems. To determine the
mechanistic bases of the effects of previous
environments, we analyzed the consistency of
the response for different life-history traits and
their tradeoffs.

Most studies with woody species have focused
on tradeoffs between growth and reproduction
at the shoot level (Newell 1991), and less fre-
quently at the entire plant or stand levels
(Despland and Houle 1997). Further, hardly
any investigations of reproduction costs have
studied how these vary with plant size

92

(Bafiuelos and Obeso 2004; Sakai et al. 20086).
Resources for plant growth can be allocated to
both belowground and aboveground tissues.
Because root biomass of adults is difficult to
estimate, most studies of tree species addressing
belowground growth use young individuals
either planted in pots or grown in the field
(Reich et al. 1998; Canham et al. 1999).

We aim to analyse the responses of several
life-history traits of the slow-growing, evergreen
Mediterranean oak Quercus ilex subsp. rotun-
difolia (Fagaceae) to previous environments in
experimental plots. Moreover, we analyse the
existence of tradeoffs between survival,
growth, reproduction and biomass allocation.
Environmental harshness was mitigated for
three years to favour seedling establishment.
Reduction of light and water stress increased
seedling survival and growth rate (Rey
Benayas 1998). After three years management
ceased and saplings grew for ten years under
natural, more severe environmental conditions.
Previous research highlighted that trees that
established under less stressful environmental
conditions attained sexual maturity earlier than
trees in control plots (Rey Benayas and
Camacho-Cruz 2004). Due to differential survival
and growth during the first three years, these
plots represent a range of intra-specific com-
petition intensities.

We tested the hypothesis that trees that esta-
blished under different environmental conditions
respond differently to homogenous post-
establishment environmental conditions. There
are two possible types of response to the positive
effects provided by previous management:
inertia, i.e. plants retained the ability to respond
favourably to natural environmental harshness,
or reaction, i.e. plants were less capable of
facing later environmental harshness. We
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expected that the type of response would vary
among life-history traits with tradeoffs between
root versus aboveground growth, survival versus
growth, and growth versus reproduction.
Reproductive individuals, which were more
abundant in previously managed plots (Rey
Benayas and Camacho-Cruz 2004), were
expected to grow more slowly. We also expected
that the conflict for the allocation of resources to
growth and reproduction would be more intense
in those plots that have allocated proportio-
nally more resources to roots than to shoots
because of the cost of root maintenance.

We considered two levels of analyses, the indi-
vidual and the plot (aggregates of interacting
individuals). Because observational approaches
often cannot demonstrate causal relationships
as they do not control for environmental effects
(Reznick 1985), experimental approaches are
essential to advance our understanding of how
the interplay between previous and current
environmental conditions influences tradeoffs
among life-history traits. This research has
important applications for the restoration of
Mediterranean woodlands because Q. ilex is a
widespread structural species that comprises
most of the community biomass where it thri-
ves. Thus, we expect to obtain useful insights
for restoration of other woodlands in the world.

Material and methods
Field experiment

The study site was located in central Spain
(40° 3'N, 4° 24'W, 450 m a.s.l.) and has a typical
Mediterranean continental climate. Total
annual precipitation is 480 mm and mean
annual temperature is 15 °C. We conducted
the experiment on a 1 ha plot on previous cro-
pland where a plantation of Q. ilex seedlings

was established in 1993. During the first three
years, seedlings were subjected to one of four
treatments arising from the combination of
summer irrigation (presence or absence) and
artificial shading (presence or absence), with
four replicates per combination. The 16 treat-
ment plots were 10 x 10 m. They were planted
with 50 one-year-old seedlings separated 2 m
from each other with a regular distribution, 800
seedlings in total. Seedlings were previously
cultivated in a nursery from acorns that were
collected in a nearby locality to minimize genetic
variation (Rey Benayas 1998). High plantation
density eventually resulted in intense competi-
tion within plots.

Measurements

Treatments were halted in 1996, after which
trees experienced natural rainfall and light
conditions. At that time sapling density was
different among treatments (Fig. 1) and plants
were pre-reproductive. The plots were revisited
in 2002-2005 to evaluate further performance
of the trees. No other woody plant species
had established in the plots. We measured:
1) mortality, 2) the relative growth rate (RGR)
in tree volume (height x crown projected area),
which was calculated for the periods 1996-2004,
2002-2004 and 2004-2005, 3) canopy volume
in a plot, i.e. the sum of the individual tree volumes,
4) plot ground reflectivity along a 2.2 m depth
profile, a surrogate of plot root biomass, was
measured using Ground Penetration Radar
(GPR, A = 16 cm) (Antunez Aranha et al. 2002;
Butnor et al. 2003). This estimates the volume
of roots 2.5 cm in diameter or greater. The
reflectivity in each plot was based on the sig-
nals of five 10 m tracks per plot and ca. one
radar pulse per cm. To correct for ground signals
other than roots, we measured the ground
reflectivity in four adjacent herbaceous plots,
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and the average signal was subtracted from
signal of the oak experimental plots. We
note, though, that our reflectivity measures
correspond to a fraction of the total roots.
Ground reflectivity was not measured at the
end of the management period, 5) shoot to
root ratio in a plot was estimated as canopy
volume/ground reflectivity, 6) acorn production:
all acorns were collected from all reproductive
individuals in 2004, dried at 80°C for three
days, and weighed. Acorn production effort of
an individual was calculated as the ratio of
acorn biomass and its canopy volume.

Data analysis

Our analytical unit was either the plot (stand
level analysis) or the individual. At the plot
level, we analyzed mortality rates, above- and
belowground growth, and acorn production
effort. We tested the tree response to previous
environmental conditions and competition
intensity by means of two-way ANCOVA
(independent factors were irrigation and sha-
ding) and correlation analyses. Two measures
were used as surrogates of competition
intensity within a plot, tree density and
canopy volume, which were marginally
correlated (r = 0.44, P = 0.091). Tree density
ranged between 18 and 48 individuals per
plot and canopy volume ranged between
50.1 and 342.6 m3 plot-! in 2005. We expected
that tree density and canopy volume of the
plot would influence some life-history traits,
e.g. effects of competition intensity on survival
and growth and of tree size on fecundity.
Therefore, canopy volume was used as a
covariate in the ANCOVA models. We did
not use tree density as a covariate in the
ANCOVA models to avoid redundant hypothe-
sis testing and results. To know if the conflict
for the allocation of resources to growth and
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reproduction would be more intense in plots
with contrasting shoot to root ratios (control
and irrigation treatments), we used an
ANCOVA (the categorical factor was the treat-
ment, the covariate was acorn production
effort) to test for parallelism between this
ratio and the dependent variable (RGR). We
used Turkey's tests for comparisons among
treatments.

At the individual level, we looked at the trade-
offs between aboveground growth and acorn
production effort. Since the individuals were
aggregated in plots, we tested the significance
of the effect variables (sexual maturity, growth
prior to the reproduction event, and growth
subsequent to the reproduction event) in
models with plot as a covariate random fac-
tor by means of GLM. First, we compared
RGR between reproductive trees and non-
reproductive trees. Next, the relationship
between these traits was analysed by
means of linear regression to relate the acorn
production effort in 2004 with prior growth
(2002-2004) and subsequent growth (2004-
2005). We used Spearman's rank correlation
instead of linear regression for cost of prior
growth on reproduction because the residuals
were not normally distributed due to high
dispersion at low RGR values. All statistical
analyses were performed with STATISTICA 6.0
Package (StatSoft, Inc., Tulsa, OK, USA).

Results
Mortality and growth

Treatments reduced mortality while they were
applied, though mortality counts in control plots
were highly variable (Fig. 1). Mortality among
treatments during the post-management
period ranged from 0% in control plots to 4%
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in shaded plots. These differences were not
significant (Table 1) and were not related to
competition intensity (Table 1; correlation between
post-management mortality and density was
r=0.07, P=0.8).

0O 3rd year
50 1 M 13th year

bb
~@
0 T T T

Control  Irrigation Shading Combined

Figure 1. Shaded bars: cumulative mortality of planted
Quercus ilex trees under different combinations of summer
irrigation and artificial shading applied for three years
and an additional 10 year post-treatment period
(F3,1414 =9.32, P=0.0015, r2 = 68.9%). Open bars: mortality
at the end of the treatment period reported by Rey Benayas
(1998). Different letters mean statistical differences
within a year (3™ or 13t) at P = 0.05 according to a
Turkey's test. Data are mean values + SE. Note: mortality
counts during the entire 13 year period are lower than
mortality counts during the first three years in control
plots because resprouting of apparently dead saplings
outweighed additional mortality.

Previous management, particularly artificial
shading and canopy volume caused a decrease
in growth rate during the 1996-2004 post-
management period (Table 1, Fig. 2). Relative
growth rate was also negatively correlated with
current plot tree density (r = -0.76, P < 0.001).
At the end of the experiment, irrigated plots
had greater canopy volumes, but only in non-
shaded conditions (irrigation x shade interaction
F112=95.85, P=0.032). However, the differences
in canopy volume among treatments were
small (F3 1, =2.47, P=0.11). Post-management
mortality and RGR were not correlated (r = -0.21,
P =0.44).

Ground reflectivity was higher in control plots
than in previously managed plots (Table 1,
Fig. 3). It was not related to canopy volume
but it was negatively correlated with tree den-
sity (r = -0.65, P = 0.006).

Previous management increased the shoot to
root ratio at the end of the experiment (Table 1,
Fig. 3). Shoot to root ratio was positively rela-
ted to plot density (r = 0.52, P = 0.04). During
the entire post-management period and during

Table 1. Results of the ANCOVA models used to test for the effects of previous environmental conditions (summer irri-
gation and artificial shading applied for three years) and canopy volume on several performance attributes of Quercus
ilex trees during the post-management period. Error df are 11.

Soures di Mortality Vglcb;lr;e re1$e'::5vity Shocr);tti% roo! prcfg L?(Itr;on

F p F p F p F p F p

Summer Irrigation 1 1.14 0.31 479 0.051 243 0.15 0.70 0.42 1.6 0.23
Artificial Shading 1 0.18 0.68 80.59 0.000 7.37 0.02 8.14 0.016  2.93 0.11
Irrigation*Shade 1 0.98 0.34 852 0.014 353 0.09 4.90 0.04 5,60 0.038
Canopy volume 1 120 029 474 0.052 0.06 081 263.0 <0.001 107.40 <0.001
Model (F, R?%) 4 oo 071 2310 <0001 3% 001 1280, <0001 3055 <0.001
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Figure 2. Relative growth rate in canopy volume of planted
Quercus ilex trees during the post-treatment period after
being previously treated by a combination of summer
irrigation and artificial shading for three years. Different
letters indicate statistical differences at P = 0.05 according
to a Turkey's test. Data are mean values + SE.

the 2004-2005 period, RGR was not correlated
with the shoot to root ratio (r = -0.1, P = 0.81
and r = -0.43, P = 0.096, respectively).

Growth and reproduction

Acorn production in a plot depended on
canopy volume and the irrigation and shading
interaction (Table 1); more voluminous canopies
produced more acorn biomass, and previous
irrigation increased acorn production only in
full-light plots. Acorn production effort and the
shoot to root ratio were positively correlated
(Fig. 4). Relative growth rate in the treatments
with the most contrasting shoot to root ratios
(i.e. control plots and irrigated plots) was not
affected by the interaction between treatment
and the acorn production effort (P = 0.37);
this means that the slopes of RGR vs acorn
production effort were similar in the contras-
ting plots.

GLM individual-based models including the plot
as a random factor indicated significant effects
of sexual maturity on growth (P =0.001) and of
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Figure 3. Ground reflectivity (above) and shoot-to-root
ratio (below) in plots of planted Quercus ilex trees after 13
years having previously been treated by a combination
of summer irrigation and artificial shading for the first
three years. Different letters above the bars indicate sta-
tistical differences at P = 0.05 according to a Turkey's
test. Data are mean values + SE.

14
—_ r = 0.55; P= 0.026
%12 .

C

[

= O 10

0~ .

32, .

95 o

Q95 6 .

£ > . :

[0} .

8o 4 . .

¢t ~
o 2 .

Q

0
0 20 40 60 80 100 120 140 160 180 200 220 240
Shoot to root ratio

Figure 4. Relationship between acorn production per
canopy volume unit and shoot-to-root ratio in plots of plan-
ted Quercus ilex trees after 13 years (n = 16).
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previous growth on reproduction (P < 0.001),
but not of reproduction on subsequent growth
(P =0.37). Reproductive trees in 2004 (n = 242)
grew more slowly than non-reproductive trees
(n = 399) (mean 2004-2005 RGR + SD were
0.24 £0.22 m3yr1'and 0.32 £ 0.27 m3 yr-1, res-
pectively; t = - 4.24, P < 0.001). The individual
acorn production effort was negatively correlated
with the growth in the previous two years (Fig.
5). This figure highlights low acorn production
effort for high previous growth, whereas there
is a range of acorn production effort for low to
medium previous growth. Similarly, growth
after the reproduction event (2004-2005) was
negatively correlated with acorn production
effort during 2004 (r = -0.15, P < 0.001, n = 583).
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Figure 5. Relationship between current acorn production
per tree volume and previous relative growth rate in
canopy volume (2002-2004) in plots of planted Quercus
ilex trees after 13 years (n = 635).

Discussion
Tree response to previous environments

Mitigation of stress due to high light and low
water resulted in lower mortality and higher
growth rate (Rey Benayas 1998). At that time,
competition between saplings within a plot was

negligible. In accordance to our hypothesis, trees
that established under different environmental
conditions overall responded differently to
homogenous post-establishment environmental
conditions, and the response was different for
different life-history traits.

Previous environmental conditions did not affect
subsequent mortality, an inertia response (Fig. 1).
Many studies have demonstrated that the first
year is critical for seedling establishment (Castro
et al. 2004; Villar-Salvador et al. 2004; Verdu
and Traveset 2005). Under stressful conditions,
survival usually follows a type-lll or Weibull
model, whereas under less stressful conditions
survival follows a linear-hazard or type-Il expo-
nential model (Rey Benayas et al. 2005). There
was little mortality in the post-establishment
years after stress mitigation ceased. Low post-
establishment mortality may be due to the
development of deep roots that allowed trees to
avoid drought and to aerial growth that made
trees less sensitive to herb competition.

Post-management aerial growth was higher in
control plots; the saplings that grew faster
during establishment slowed down their growth
later, a reaction (‘pay later') response. This
response was clear for previously shaded plots,
and marginally significant for previously irrigated
plots, coinciding with low mortality but little
above-ground growth in established seedlings
during the treatment period (Rey Benayas
1998). This result suggests that growth is a
flexible trait regulated at optimal rates rather
than at maximal rates (Edenius et al. 1993;
Arendt 1997). We attribute the reduction in
growth to a combination of different processes.

First, plants grow more slowly as they become

larger (van den Driessche 1992) because the
proportion of photosynthetic tissues and the
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net assimilation rate declines with plant size
(Walters et al. 1993). Secondly, there was
higher intra-specific competition among trees
in plots with previously ameliorated environ-
mental conditions, as indicated by the negative
relationships between RGR and canopy volume
and density. Higher growth compensated for
the high mortality due to abiotic stress in control
plots; trees grew more at lower competition
intensity than at higher competition intensity
(Shabel and Peart 1994; Poorter et al. 2005).
Third, after removing the effect of intra-specific
competition, we still detected negative effects
of previous management on growth, which
may be a consequence of acclimation to cope
with higher abiotic stress (photo-inhibition,
water shortage) after management interruption
(Hikosaka et al. 2004). Fourth, previous
management accelerated growth and trees
in control plots achieved sexual maturity later
(Rey Benayas and Camacho-Cruz 2004). This
experiment demonstrated that reproductive
individuals grew more slowly than non-
reproductive individuals. Fifth, there was a
tradeoffs between aboveground growth and
reproduction.

Tradeoffs between life-history traits

Tradeoffs for resource allocation also explain
the observed effects of previous environments.
Root mass, as estimated by ground reflectivity,
was higher in control plots in spite of the lower
density. Root mass and canopy volume were
not correlated, pointing to little competition for
resources between roots and shoots
(Willaume and Pageés 2006). The differences
among treatments in shoot to root ratio are
explained only by root growth as little differen-
ces existed in canopy volume. The diversion of
resources to root growth is a well-documented
mechanism of plant adaptation to water
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stress that allows the use of resources more
effectively (Chapin et al. 1993; Canham et al.
1996; Cornelissen et al. 1996; Sadras 1996).
Allocation to roots also may be related to car-
bohydrate storage (Sadras 1996; Naidu and
De Lucia 1997; Cherbuy et al. 2001; Drexhage
and Colin 2001). However, a higher allocation
of resources to roots can reduce RGR (Chapin
1990; Lambers and Poorter 1992; Antunez et
al. 2001). RGR and absolute growth in Q. ilex
seedlings have been found to be positively
correlated with the shoot to root ratio (Leiva
and Fernandez-Alés 1998; Villar-Salvador et
al. 2004). RGR and shoot to root ratio were
not correlated in this particular experiment,
suggesting that the growth and maintenance of
roots did not impair aerial growth. A possible
explanation is a better water status in plants
with higher amount of root biomass that
compensates for the costs of root maintenance
(Leiva and Fernandez-Alés 1998). In contrast,
shoot to root ratio explained a significant
amount of the variation in acorn production
effort (Fig. 4). We interpret this result as a
consequence of the high maintenance cost
related to a low shoot to root ratio (Mooney
1972).

We found that non-reproductive trees grew
faster than reproductive trees and that acorn
production and growth was traded off. This
suggests that vegetative and reproductive
functions compete for common resources. The
cost of prior growth on subsequent reproduction
at the individual level was mostly a conse-
quence of slow growth in plants with high
reproductive investment (Fig. 5). These results
are consistent with those of Newell (1991),
Houle (2001), Obeso (2002) and Bafuelos and
Obeso (2004) with other woody species.
However, other authors have reported an
absence of reproduction costs (Fox 1995;
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Despland and Houle 1997). Observational
studies mostly report absence of tradeoffs or
positive correlations between growth and
reproduction, whereas manipulative studies
highlight more easily the existing tradeoffs
(Méndez pers. comm.).

Growth and survival during the post-management
period were not related. Thus, growth did not
have a density-dependent demographic cost
yet. However, individuals grew more slowly in
denser plots (Table 1, Fig. 2) or if they had a
high acorn production effort (Fig. 5). This indi-
cates that demographic costs (self-thinning)
of early increased growth due to favoured
establishment and possibly of reproduction
may appear soon, as it has been demonstrated
for other tree species (Hoffmann and Alliende
1984; Weiner 1990; Fox 1995; Sadras 1996;
Silvertown and Dodd 1999).

Application to plantation management

Abandoned cropland and other deforested
areas can be planted with native shrubs and
trees to reduce soil erosion, increase biological
diversity and create carbon sinks. However,
the environmental conditions of these areas
differ largely from those of the sites where
natural regeneration of trees occurs (Rey
Benayas et al. 2002), and the success of re-
vegetation projects requires appropriate mana-
gement. Since management is expensive, it is
usually applied during a limited period after
plantation takes place. Then, management is
interrupted and the seedlings face a diffe-
rent environment than when they were first
established.

Our results have important applications for tree
species used for reforestation programs such
as Q. ilex, an exemplary structural species in

many forest communities of the central and
western part of the Mediterranean basin. A
benefit pursued by any restoration practitioner
is to attain the highest re-vegetation cover in
the shortest time. Consequently, we recommend
early management because it increased plot
cover (though this benefit was diluted with
the age of plantation once management was
halted), shortened the time to attain sexual
maturity and increased the amount of acorn
production. Plots such as those assessed in
this study may act as sources of propagules in
deforested agricultural landscapes thus aiding
natural establishment of new plants
(Chambers 2000; Robinson and Handel 2000;
Rey Benayas et al. 2008).

Conclusions

Current performance of organisms may be at
least partially a consequence of previous
environments. The interruption of the ameliora-
tion of environmental harshness during a
three year establishment period did not have
any effect on tree survival ten years later,
decreased RGR, a response due to both
previous treatments and competition effects,
levelled-off canopy volume across treatment
plots as a consequence of the combined inertia
in mortality and reaction in aboveground
growth, increased the shoot to root ratio
through a diminished root growth, and lastly,
increased acorn production effort whereas
acorn biomass was tightly linked to tree size.
We detected a tradeoff between growth and
reproduction but not between these traits and
survival and between above- and belowground
growths. Long-term experiments under field
conditions, like the one presented here, will be
very valuable as a mean of optimizing resource
investment in active restoration of woodland
ecosystems of the world (Hooper et al. 2002).
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Capitulo 6

Restauracién de las propiedades quimicas del suelo en un campo agricola
mediterraneo abandonado tras la sucesion secundaria y la reforestacion

Este capitulo reproduce integramente el texto del siguiente manuscrito:

Cuesta, B., Rey Benayas, J. M., Gallardo, A., Villar-Salvador, P. and Gonzalez-Espinosa, M. Restoration of
soil chemical properties in abandoned Mediterranean cropland after secondary succession and woodland
reforestation. En revisiéon en Restoration Ecology.

Resumen

Se analizo la respuesta de las propiedades quimicas del suelo a la restauracion pasiva o sucesion
secundaria (herbazal) y a la restauracion activa mediante la plantacién de Quercus ilex (encinar
restaurado) en un campo agricola abandonado hace 13 afios, y se compararon con las propie-
dades en un cultivo agricola activo y un encinar maduro de referencia cercanos. El pH del suelo
fue mayor en el cultivo activo y menor en el encinar maduro, que mostrdé una mayor concentracion
de C que los otros tres usos del suelo. La concentracion de N total no difirié entre usos del suelo.
La mayor concentracion de P,O5 y K se encontré en el cultivo activo, y la menor en el encinar
maduro, mientras que el encinar restaurado y el herbazal presentaron valores intermedios. La
disponibilidad de N mineral fue mayor en el encinar restaurado que en el herbazal, mientras que
no se observaron diferencias significativas en las tasas de mineralizacién ni en la disponibilidad
de PO,3--P. Se analizé también la importancia del manejo previo de la restauracion (riego estival
y sombra) y de las condiciones ambientales actuales en las propiedades quimicas edaficas del
encinar restaurado. Tanto el ambiente previo, principalmente el riego, como las condiciones
ambientales actuales, principalmente la comunidad herbacea, afectaron a estas propiedades.
Se confirma que la dinamica de la composicion quimica del suelo en ecosistemas mediterraneos
es lenta, lo que resulta en pequefias variaciones de ésta en un cultivo agricola restaurado hace
13 afos. No obstante, la restauracion activa de bosques nativos puede acelerar la recuperacion
de las propiedades edaficas en comparacion con la sucesion secundaria.

Palabras clave: ambiente previo, ecosistema de referencia, fertilidad edafica, herbazal, plantacion
de arboles.
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Restauracion de las propiedades quimicas del suelo

Restoration of soil chemical properties in abandoned Mediterranean
cropland after secondary succession and woodland reforestation

Barbara Cuesta', José M? Rey-Benayas', Antonio Gallardo?, Pedro Villar-Salvador® and Mario
Gonzalez-Espinosa3

1 Departamento de Ecologia, Universidad de Alcala. 28871 Alcala de Henares (Madrid), Spain
2 Departamento de Sistemas Fisicos, Quimicos y Naturales, Universidad Pablo de Olavide, 41013 Sevilla, Spain
3 Divisién de la Conservacion de la Biodiversidad, ECOSUR, 29290 San Cristdbal de las Casas (Chiapas), Mexico

Abstract

We analyzed the response of soil chemical properties to secondary succession (old
field) and to active restoration with planted Quercus ilex (restored woodland) in a
Mediterranean cropland abandoned 13 years ago, and compared them to the proper-
ties in nearby active cropland and mature Q. ilex woodland. Soil pH was highest in the
active cropland and lowest in the mature woodland, which showed higher C concen-
tration than the other land uses. Total N concentration did not differ among land uses.
P,O5 and K concentration were highest in the active cropland and lowest in the mature
woodland, whereas the restored woodland and the old field had intermediated values.
The availability of mineral N was higher in the restored woodland than in the old field,
with no differences in mineralization rates or available PO,3-P. We also evaluated the
relevance of previous restoration management (summer irrigation and shading) in
addition to current environmental conditions on soil chemistry in the restored woodland.
Both, previous management, particularly irrigation, and current environmental
conditions, mostly herbaceous community, affected soil chemistry. We evidence the
slow dynamics of soil chemistry in Mediterranean ecosystems, which results in little
variation of soil properties in restored cropland after 13 years. However, active
restoration of native woodlands can hasten the recovery of soil properties in comparison
with secondary succession.

Key words: old fields, previous environments, soil fertility, target ecosystem, tree
planting.
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Introduction

Large extents of cropland have been abandoned
in semiarid Mediterranean areas during the
last decades due to a number of ecological
and socio-economic factors (Bakker et al.
2005; Rey Benayas et al. 2007). These areas
can be left undergo into secondary succession
(passive restoration) or subjected to active
restoration that mostly consists on tree and
shrub planting and their management. Overall,
passive restoration has been more successful
and with a lower cost than active restoration
(Rey Benayas et al. 2008a). Nevertheless,
active restoration may be needed when land
degradation is high and natural vegetation
recovery is impeded or takes place slowly (Rey
Benayas 2005).

After cropland abandonment, soil chemical
properties may strongly differ from natural soil
properties due to the previous agricultural
practices such as fertilization, ploughing, and
harvesting (Koerner et al. 1997; Compton and
Boone 2000). Soil nutrients and carbon content
change significantly over time in the abandoned
croplands as secondary succession takes
place. Generally, soil carbon increases with
time after abandonment due to biomass accu-
mulation, whereas available phosphorous
decreases because of its immobilization in the
living plant biomass (Du et al. 2007; Délle and
Schmidt 2009). The dynamics of mineral nitrogen
is controversial; different studies have found
either an increase, a decrease, or no change
in the amount of nitrogen after abandonment
(De Kovel et al. 2000; Hooker and Compton
2003; Ddlle and Schmidt 2009).

In semiarid Mediterranean ecosystems,
secondary succession is usually slow, because

regeneration of woody plants is hindered by
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factors such us extreme climatic conditions,
poor soil fertility, and competition from herba-
ceous vegetation (Rey Benayas 2005; Vallejo
et al. 2006). Mediterranean abandoned crop-
lands under passive restoration are initially
colonized by herbaceous vegetation which
persists for a long time before woody vegeta-
tion is established (Bonet and Pausas 2004).
Thus, restoration of these systems usually
requires active restoration techniques. Soil
chemical properties are expected to be diffe-
rent under these contrasting scenarios of
Mediterranean woodland restoration, as
vegetation recovery differs between them. To
our knowledge, no study has compared the
effect of passive restoration (secondary
succession) vs. active restoration on soil
chemistry after agricultural abandonment in
dry Mediterranean environments.

Several studies have shown that plant species
differ in their capacity to modify soil properties
(Gallardo and Merino 1993; Vinton and Burke
1995; Cornelissen et al. 1999; Jeddi et al.
2009). Plant functional traits such as growth
form, biomass allocation, tissue chemistry,
and lifespan can significantly affect organic
matter decomposition and nutrient dynamics
(Hooper and Vitousek 1998; Carrera et al.
2009). Plants with low growth rates such as
Mediterranean evergreen species exhibit high
concentration of secondary compounds and
chemical defenses against herbivores such
as phenol-protein complexes of low decom-
posability that make difficult its decomposition
(Aerts and Chapin 2000; Satti et al. 2003). By
contrast, plants with high growth rates, such
as herbaceous vegetation, show high N con-
centration in green tissues and low content of
secondary compounds which turn into high
quality litter of rapid decomposition (Carrera
et al. 2009).
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Quercus ilex (holm oak) is one of the species
commonly used for woodland restoration in the
Mediterranean Basin. It is a slow-growing,
sclerophyllous evergreen oak that is a major
structural component of the natural woodlands
in Western European and Northern African
regions. Holm oak produces large amounts of
litter which can potentially incorporate high
quantities of organic matter and nutrients to
the soil (Gallardo 2003; Moreno et al. 2007). In
addition, the micro-climatic conditions genera-
ted under tree canopies in dry climates (lower
soil temperature and higher soil moisture)
enhance microbial activity and increase litter
decomposition and organic matter mineraliza-
tion (Muscolo et al. 2007; Sariyildiz 2008).
Thus, it may be expected to find higher nutrient
availability under the holm oak canopy in
comparison with open spaces dominated by
herbs (Moreno et al. 2007). However, foliage
produced by sclerophyllous species such as
holm oak, which has high tensile strength, is of
low decomposability (Cortez 1998; Fioretto et
al. 2007). Additionally, holm oak canopy redu-
ces irradiation hindering the development of
herbs, which produce higher decomposability
litter (Enriquez et al. 1993; Cornwell et al.
2008). Since the presence of holm oak canopy
may have both positive and negative effects on
soil nutrient dynamics, it is necessary to
analyze its effect on soil chemistry restoration.

In the present study, we analyze the respon-
se of soil chemical properties to secondary
succession (hereafter old-fields) and to active
restoration with Q. ilex (hereafter restored
woodland) in a Mediterranean cropland aban-
doned 13 years ago. We compared the soil
chemical properties in the old-field and in the
restored woodland plots with the soil chemical
properties in a continuously cultivated cropland
(hereafter active cropland) and in mature Q. ilex

woodland used as reference ecosystem (here-
after mature woodland). Our study is part of a
long-term research aiming to investigate the
effects of experimentally manipulated environ-
ments on ecosystem processes in restoration
projects of Mediterranean woodland (Cayuela
et al. 2008; Rey Benayas et al. 2008b). In this
context, we also evaluated the relevance of
previous management in addition to current
environmental conditions on soil chemistry of
the actively restored woodland. We hypothe-
sized that 1) along the gradient from cultivated
cropland to mature woodland, soil chemical
composition of the old-field and of the restored
woodland will be situated at intermediate posi-
tions, 2) nutrient concentration and availability
will be higher in the restored woodland than in
the old-field, and 3) current soil chemical pro-
perties of actively restored woodland reflect
both a carry-over effect of previous manage-
ment and a response to current environmental
conditions. Our experimental approach will
provide useful insights to forecast effects of
active ecological restoration on soil properties
in comparison to passive restoration of aban-
doned cropland, as well as an opportunity to
test how responses to previous environments
affect the current soil chemical properties.

Material and methods
Study site

The study site was located in an abandoned
cropland in central Spain (40° 3'N, 4° 24'W,
altitude 450 m). It has a typical Mediterranean
continental climate, with a mean annual pre-
cipitation of 480 mm and a mean annual tem-
perature of 15 °C. Summer is hot and dry
while winter is cold with frequent frosts. The
soil is a Luvisol type derived from sandstone
arkoses.
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The restored woodland plots were an experi-
mental plantation of Quercus ilex subsp.
ballota established in 1993 in a 1 ha plot
which had been cultivated for grain for four
decades until the oak seedlings were planted
(Rey Benayas 1998). During the first three
years, seedlings were subjected to one of
four treatments from the factorial combination
of summer irrigation and artificial shading
(control, irrigation, shading, and irrigation and
shading), with four replicate plots per treat-
ment. The 16 treatment plots were 10 m x 10
m in size and were planted with 50 one-year-
old seedlings separated 2 m from each other
with a regular distribution. Irrigation was
applied by sprinklers at the peak of the dry
season (60 mm in July and August; 120 mm
in total per year) and added uniformly to the
whole plot area. The shading treatment consis-
ted of a 68% reduction in incident radiation by
placing a black polyethylene net that stood 2
m above ground. The shading and irrigation
treatments were interrupted in the winter of
1996. All plots have experienced natural
rainfall and light conditions ever since then.
The plots were protected from herbivores
(sheep, rabbits and hares).

The old-field plots (four plots of 10 x 10 m)
were located close to the restored woodland
plots and have been subjected to secondary
succession since plantation of restored
woodland plots took place. Additionally, four
plots of 10 m x 10 m were sampled in an
adjacent active cropland and in the most
nearby mature oak woodland. The active
cropland is fertilized following a standard
scheme in the area: application of a fertilizer
with inorganic nitrogen, phosphorous and
potassium (70:35:35, 400 kg ha-') once a year
plus another annual application of just inorga-
nic nitrogen (27% concentration, 150 kg ha-1).
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The mature woodland is a remnant patch that
was located ca. 30 km northwest to the old-
field, restored woodland, and active cropland,
was dominated by holm oaks, but also a few
individuals of Quercus coccifera and Cystus
ladanifer may be found. In the area, there
are not patches of mature woodland closer
to the rest of the studied scenarios since vir-
tually all arable soils on sandstone arkoses
have been transformed into cropland since
long time ago. The climatic conditions
among the four land use types considered
were identical.

Vegetation and litter characterization

Different variables related to vegetation struc-
ture and composition and plant litter were
measured both in the old-field and in the res-
tored woodland plots. In May 2006, five 50 x
50 cm quadrats were set in each plot with a
regular distribution; in these quadrats, herba-
ceous above-ground biomass and herbaceous
and oak litter mass were taken and weighted
after drying at 60 °C for two days. All vascular
plant species were identified and recorded in
nine 50 cm x 50 cm quadrats set at each plot
with a regular distribution. All species were
classified into guilds according to their func-
tional attributes as graminoids, legumes and
forbs. We calculated the mean value of each
measured variable (herb biomass, oak and
herb litter mass, and total herbaceous, gra-
minoid, legume and forb cover) per plot. In
the restored woodland plots, oak canopy
volume was calculated as the sum of the
individual oak tree volumes, estimating
each oak volume as height x crown projected
area in December 2005. Crown projected
area of each oak was estimated as the ellip-
tical surface of the crown projected onto the
ground.
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Soil chemical properties

Soil samples were taken in March 2006 from
the four studied land use types (active cropland,
old-field, restored woodland and mature
woodland). We systematically collected three
20-cm deep soil samples per plot at one of
the plot diagonals; the location of the three
sampling points divided the diagonal in four
segments of similar length. These samples
were combined into one single composite
sample per plot (28 composite samples in
total). Fresh soil composite samples were
sieved to separate plant material and fragments
> 2 mm in size. In each composite sample,
soil pH, carbon (C), total nitrogen (N), phos-
phorous (P,05), and potassium (K) were
measured. Soil pH was determined in a 1:2.5
mass:volume soil and water suspension. C
was analyzed using K,Cr,0O7 in a H,SO,4 envi-
ronment. Total N was determined by Kjeldahl
analysis with SeS0,-K,SO, as catalyst. For
P,O5 we used the method reported by Burriel
and Hernando (1950). K was analyzed accor-
ding to MAPA (1986) using an Optic PLASMA
ICP (Perkin- Elmer, model 4300 DV).

Additionally, ammonium (NH4*-N), nitrate
(NO3--N), total mineral N (NH4*-N + NOS3-N)
concentrations, and the potential rates of
ammonification, nitrification, and mineraliza-
tion were measured only in the old-field and
restored woodland plots. Potential net minera-
lization, nitrification, and ammonification rates
were determined by incubating 5 g of dry sail
of each of the composite sample with 15 g of
pure sand and 6 ml of water for 14 days in the
dark at 30 °C. Mineral N was extracted with
100 ml of KCI 2 N, shaken for 1 h and the
suspension filtered through 0.45 mm millipore
filters. NH4*-N and NO3--N in the extract were
measured by colorimetry (indophenol blue

method), using a microplate reader (Sims et al.
1995). Potential net mineralization rate was
calculated as the difference between the
NH4+-N+NO3--N concentration before and
after the incubation period. Potential net nitrifi-
cation was the difference for NO3--N concen-
tration over the same period. Potential ammo-
nification rate was the difference between
potential net mineralization rate and potential
nitrification rate.

In May 2005, the availability of ammonium
(NH4+-N), nitrate ( NO3--N), total N (NH4*-N +
NO3--N) and phosphate (PO,3--P) in soils were
assessed in the old-field and restored woodland
plots using anionic and cationic exchange
membranes (types I-100 and I-200, Electropure
Excellion, Laguna Hills, California). Resin
membranes were previously conditioned in the
lab by immersing them in demineralised water
at 82-90 °C for 48 h. After conditioning, 2.5 x
2.5 cm resin membranes were glued on a
plastic holder to facilitate insertion into the soil.
A plastic rod joined to the plastic holder helped
to locate the resin membranes in the field. This
design kept the membrane ionic exchange
capacity unaltered (Cain et al. 1999).
Exchange resin membranes were introduced
in the soil at ca. 10 cm-depth during 20 days.
After being removed, the membranes were
taken individually to the lab and dried at
ambient temperature. The attached soil was
removed, the plastic rod was cut and an
extraction was performed with 50 ml of 2 MKCI
by orbital spinning for 1 h at 200 rpm in 125 ml
flasks. These extracts were used to calculate
the quantity of NH4+-N, NO3--N, and total N-
mineral (NH4*-N + NO3-N) by the indophenol
blue method (Sims et al. 1995) and PO,3--P by
the molybdenum blue method (Allen et al.
1986), with a microplate reader. We used two
anion and two cation exchange resin membranes
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that were placed at the two external sampling
points of each plot diagonal explained above
and the mean value per plot was calculated.

Effects of previous and current environmental
conditions

The management treatments (summer irriga-
tion and artificial shading) applied to the refo-
rested woodland plots between 1993 and
1996 were considered as surrogates of the
environmental conditions during the first three
years (i.e. conditions during early establishment
of the introduced Q. ilex seedlings).

We measured different variables to describe
the effect of current environmental conditions
in each of the 16 restored woodland plots. In
addition to oak volume, herbaceous above-
ground biomass and litter mass, we estimated
the canopy openness and soil moisture.
Canopy openness was assessed by means of
hemispherical (or fish-eye) digital photographs
taken just before sunrise with a Nikon Coolpix
4500 camera with a Nikon Fisheye Converter
FC-E8 0.21x and analysed with WinPhot 5.00
software (Hans ter Steege, Utrecht University,
1996). We took photographs at nine sampling
points per plot set with a regular distribution
and the mean value per plot was calculated.
Soil moisture in the first 10 cm was measured
at five sampling points, regularly placed, per
plot with a time domain reflectometer (TDR,
Topp et al. 1980) on three dates (13 May, 23
May, and 7 June 2006), and the mean value
per plot was calculated. To account for the
effect of current environmental conditions, we
used oak canopy volume, herbaceous mass,
and composition of the herbaceous communi-
ties as explanatory variables. Across restored
woodland plots, oak canopy volume was
negatively correlated with canopy openness
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(r = -0.74; P = 0.001; n = 16) and soil water
content (r = -0.52; P = 0.041; n =16), and
positively correlated with oak litter (r = 0.73;
P =0.001; n = 16). Since these four variables
were highly correlated, we just used canopy
volume in the statistical analyses. In order to
reduce the dimensionality of the species com-
position data set into one single variable, a
non-metric multidimensional scaling (NMDS)
was performed and the values for the first axis
were selected as values of species composi-
tion.

Data analysis

Differences in soil pH and C, N, P,Oz, and K
concentration among active cropland, old-field,
restored woodland and mature woodland were
tested by one-way ANOVA. Differences in
mineral N (NH4*-N, NO3--N, and total mineral
N) concentration and availability, PO,3--P
availability, ammonification, nitrification and
mineralization rates, herb biomass and litter
mass, and total, graminoid, legume and forb
cover between old-field and restored woodland
plots were analysed with Student’s t tests. For
comparison among land-use types, we only
used a subset of restored woodland plots, i.e.
the reforested control plots where treatments
for aiding seedling establishment were not
applied.

In the restored woodland plots, differences in
soil chemical properties, vegetation cover and
litter mass among the four previous manage-
ment treatments (control, irrigation, shading,
and irrigation and shading) were analysed by
means of two-way ANOVA, were irrigation and
shading were the factors analysed. Finally, the
variance of the soil properties was partitioned
into different components by means of redun-
dancy analysis (RDA) (Borcard et al. 1992).
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We differentiated: direct effects of previous
management, direct effects of current envi-
ronmental conditions (oak canopy and herba-
ceous community), indirect effect of previous
management through their effect on current
environmental conditions (oak canopy and
herbaceous community), and indirect effect of
oak canopy through its effect on herbaceous
community. The partition of the variance
analysis allows estimating the effect of each
single variable or the effects of a group of
variable; thus, the effect of the herbaceous
community refers to both herb community
composition and biomass. Indirect effect has
no degree of freedom and, therefore, they can
not be tested for significance.

Data were checked for normality and homoge-
neity of variance, and were transformed when
necessary to correct deviations from these
assumptions. Differences between the levels
of significant factors were determined using
post-hoc Tukey’s tests. All statistical analyses
were performed with Statistica 6.0. Package
(StatSoft, Inc., Tulsa, OK, USA) and R 2.8 (R
Development Core Team 2008).

Results

Effect of land use type on soil chemical
composition

Soil chemical properties differed among the
four land use types. Soil pH was significantly
highest in the active cropland (6.30 + 0.21)
than in the mature woodland (5.52 + 0.06),
whereas old-field (5.70 £ 0.16) and restored
woodland (5.71 £ 0.22) had intermediate pH
values (P = 0.045). Mature woodland showed
greater C concentration than the other three
land use types, which did not differ among
them (Fig. 1a). Total N concentration did not

differ among land use types (Fig. 1b). The C:N
ratio increased from 9.35 £ 0.41 in active
crop-land to 16.38 + 0.91 in mature woodland.
Concentration of P,O5 (Fig. 1c) and K (Fig. 1d)
was highest in the active cropland and lowest
in the mature woodland, whereas old-field and
restored woodland had intermediate values.

Old field versus restored woodland

Oak canopy was relatively closed in the restored
woodland (56.1%), whereas in the old-field any
oak was established (Table 1). Thus, whereas
in the restored woodland there was a relatively
high quantity of oak litter, there is not in the old-
field. Herbaceous cover (P = 0.03) and bio-
mass (P = 0.02) were higher in the old-field
than in the restored woodland, which turned
into higher herbaceous litter in the former than
in the latter (P = 0.04, Table 1). Leguminous
(P = 0.113) and graminoid (P = 0.661) cover
were similar in both restoration types but forb
cover was higher in the old-field (P = 0.048,
Table 1).

The concentration of soil NH4*-N was higher
in restored woodland than in the old-field,
whereas no differences were found for the
concentrations of NO3-N or total mineral N
(Fig. 2a). Availability of NH4+-N, NO3--N and
total mineral N were higher in the restored
woodland than in the old-field (Fig. 2b). In
both restoration scenarios, the availability of
NH4+-N was higher than that of NO3--N. Soil
ammonification, nitrification, and mineralization
rates did not differ between the old-field and
the restored woodland (Fig. 2c). No differences
between the old-field and the woodland were
found for available PO,3--P (6.39 + 1.28
and 6.06 £ 0.41 ug dm-2 day, respectively;
P =0.91).
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Figure 1. Soil C (a), total N (b), P205 (c), and K (d) measured in the active cropland (AC), old-field (OF), restored
woodland (RW), and mature woodland (MW). Data are means = 1 SE. Different letters mean statistical differen-

ces at P < 0.05.

Table 1. Vegetation cover and litter mass measured in the old field and in the restored woodland plots. Data are
means + 1 SE. Different letters mean statistical differences at P < 0.05. * These variables have not been statistically
tested since the sample data are always 0 in the old field plots.

Old field Restored woodland
Oak volume (m® ha™') * 0 103.1 £41.1
Oak litter mass (g m?) * 0 66.7 + 24.0
Herbaceous biomass (g m?) 143.9 + 12.35° 82.8+15.6"
Herbaceous litter (g m?) 126.2 + 20.67° 78.1 + 12.59"
Herbaceous cover (%) 62.15 + 4.59° 58.2+4.21°
Legume cover (%) 3.69+£1.14 1.25+£0.77
Graminoid cover (%) 2459 +4.82 24.3 £ 3.64
Forb cover (%) 33.86 + 3.86° 31.4 +2.74°
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Figure 2. Soil ammonium, nitrate and total mineral N concentrations (a), soil ammonium, nitrate and total mineral N
availability (b) and soil potential ammonification, nitrification and mineralization rates (c) measured in the old field and
restored woodland plots. Data are means + 1SE. * mean statistical differences at P < 0.05.

Effects of previous and current environmental
conditions on soil chemical properties in
restored woodland plots

Oak volume did not differ among the restored
woodland plots subjected to different previous
management treatments (Table 2). However,
oak litter in the control plots was lower than in
both irrigated and shaded plots. Herbaceous
biomass and cover was lower in shaded plots,
but there were no differences in herbaceous
litter among the plots subjected to different
previous managements (Table 2). Irrigation
increased legume cover and shading reduced
graminoid cover, but no treatment affected forb
cover (Table 2).

Neither soil C nor total N differed among the
restored woodland plots subjected to different
previous management treatments. Soil K was
highest in irrigated plots (either shaded or not)
and lowest in shaded plots, whereas control
plots had intermediate values (Table 2).
Irrigated plots showed the highest P,O5 con-
centration, shaded and control plots the lowest,
while the plots that had been both irrigated
and shaded had intermediate values.
Concentrations of NH4+-N, NO3--N and total
mineral N did not differ among previous treat-
ment plots. By contrast, availability of NH4+-N,
NO3--N, and total mineral N differed among
treatments (Table 2). Irrigated plots and shaded
plots had higher NH4*-N availability than the
plots with both irrigation and shading, whereas
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Table 2. Vegetation cover, litter and soil variables measured in the restored woodland plots under different treatments

of previous management. Data are means + 1SE. Different letters mean statistical differences at P < 0.05.
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Irrigation and

Control Irrigation Shading shading
Vegetation cover and litter mass
Oak volume (m” ha™") 103.1+41.1 209.8+90.7 171.1+421 137.8+42.6
Oak litter mass (g m?) 66.7 +24.0° 127.5+27.1° 1351 +7.74° 83.1+302®
Herbaceous biomass (g m?) 82.8+156° 54.9+122" 351+56° 62.7+18.4%
Herbaceous litter biomass (g m'z) 78.1+1259 684+11.8 745588 655+x11.1
Herbaceous cover (%) 582+4.21° 451+4.70" 32.0£3.63" 51.0+106™
Legume cover (%) 1.25+0.77°° 4.19+1.08%° 0.75+0.16° 4.71+1.71°
Graminoid cover (%) 243+364° 159+1.19° 11.5+204° 14.1+2.83%
Forb cover (%) 31.4+274 250+4.04 19.8+294 24.8+230
Soil chemical properties
pH 57+022° 65+019° 55%005° 65£0.14°
C concentration (%) 0.58 + 0.06 0.53+0.08 044+0.06 0.55+0.06
Total N concentration (%) 0.05+0.01 0.05+0.01 0.04+0.005 0.06+0.01
K concentration (ug g') 172+ 14.4®° 257 +38.4° 107 +6.29° 230 + 54.5°
P,0s concentration (ug g™') 39 +2.39° 90 +20.0° 35+3.54° 63+14.2%
NH4"-N concentration (ug g”') 331+024 1.88+066 240+043 2.83%0.41
NOs™-N concentration (ug g™') 0.25+0.49 047+080 0.11+0.87 0.78+1.24
Total mineral N (ug g™") 356+0.54 235+143 251+1.17 3.61+1.49
EJI;‘;;}E_za;::gl;ility 19.1+2.73%° 243+486° 21.7+1.02° 10.7+3.25°
F:gﬁnﬁ.za‘ézzﬁl;"“y 6.1+045° 610847 49+145 1.9£0.09°
Total mineral N availability 252+317° 304:541° 266+223 125+3.31°
(Mg dm™ day™)
'(::;“:—n:l'.\'z gzif'ﬁbi“ty 6.06+042 6.02+0.77 7.50+1.68 4.31+0.34
Nitrification rate (ug g™' day™) 0.30+0.03 021+0.10 023+009 0.21+0.08
Mineralization rate (pg g'1 day”} 0.22 +0.03 0.156+009 0.23+£0.07 0.15+0.08
Ammonification rate -0.08+0.005 -0.05+0.01 -0.01+006 -0.06z0.01

(Mg g day”)
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the control plots had intermediate values.
NO3--N and total mineral N availability were
lower in plots with both irrigation and shading
than in the rest of the treatment plots, which
did not differ among them. The four previous
establishment treatments had no effect on
PO,3-P availability, as well as on potential rates
of ammonification, nitrification, and mineraliza-
tion (Table 2).

Direct effects of previous treatments at seed-
ling establishment (P = 0.03, D1 in Fig. 3) and
herbaceous community (P = 0.05, D3) explained
most of the variation of soil chemical properties
in the restored woodland plots (15% and 20%
of variance accounted for, respectively),
whereas oak canopy only explained 2% of the
variance (P = 0.345, D2). Similarly, the indirect

effects of previous establishment treatments
through herbaceous community (12) explained
16% of the variance, whereas indirect effects
through oak canopy (1) only explained 1.9 %
of the variance. Oak canopy through it effect
on herbaceous community (I3) indirectly
explained 1.1 % of the variance.

Discussion
Land use and soil chemical properties

Our results showed that soil chemical properties
differed among soils under different land use
types. We also found that soil changes induced
by agricultural practices may persist or have a
signature long time after crop abandonment
(Koerner et al. 1997; Compton and Boone 2000).

Control
Irrigation
Shading

Irrigation and shading

PREVIOUS
ENVIRONMENT

D1

Faa

Qak canopy

D2=1

9% |

W b

...... | 13=1.1% |,

m | 11=2% | | 2=16% |

£

N

CURRENT
ENVIRONMENT

Herb mass and community
composition

D3=20 %

b

_,l

SOIL CHEMICAL PROPERTIES IN RW |

Unexplained variance = 44 %

Figure 3. Contribution of direct effects (solid arrows) and indirect effects (dotted arrows) of previous and current
environmental conditions to explain variance (56%) of soil chemical properties in the restored woodland plots (RW).
D1: direct effects of previous management practices (control, irrigation, shading, and irrigation and shading); D2: direct
effects of current oak canopy; D3 direct effects of current herb community (herb mass and species composition); 11 and
12: indirect effects of previous management practices through their effect on oak canopy and herb community,
respectively; and I3: indirect effect of oak canopy through its effect on herb community.
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Differences in soil conditions among the land
use types studied here, specifically among the
mature woodland and the three other land use
types, may have affected our results to some
extent. Since natural oak woodlands on produc-
tive soils in the region have completely been
extirpated since long time ago for agriculture,
the reference mature oak woodlands remain in
more shallow and less productive soils.

According to our first hypothesis, concentration
of P,O5 and K in the old-field and the restored
woodland plots occupied intermediate positions
along the soil chemistry gradient from active
cropland to mature woodland, but concentra-
tion of C and total N did not follow the predicted
pattern. Soil pH ranked active cropland > old
field = restored woodland > mature woodland,
although the only statistically significant diffe-
rence was found for the active cropland-mature
woodland comparison. One explanation for
highest pH values in active cropland is cropland
liming (Compton and Boone 2000; Smal and
Olszewska 2008). Mature woodland showed
higher concentration of C than the other three
land use types, in agreement with previous
studies (Compton and Boone 2000;
Falkengren-Grerup et al. 2006). In active
cropland most of the produced biomass in the
arable is continuously extracted out from it,
resulting in a reduction of the concentration of
organic matter. Furthermore, tillage aerates
the soil and breaks up organic residues, thus
stimulating microbial activity and increasing
soil organic matter decomposition (Brady and
Weil 1999). Soil C did not differ among active
cropland, old field and restored woodland
sites, probably because C accumulation in
soils after crop abandonment is slow in
Mediterranean environments (Berg et al. 1993;
Couteaux et al. 1995). Furthermore, as in
restored woodland the roots of growing trees
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penetrate and concentrate C into deeper soil
layers, limiting our soil sampling to the super-
ficial 20 cm could not be adequate to observe
any differences in C content (Jobbagy and
Jackson 2000).

Unlike C content, nitrogen, phosphorous and
potassium are commonly added nutrients to
cropland. We did not find differences in total
soil N concentration in the four studied habitat
types. Some studies have reported increases
in total soil N after agriculture abandonment
and vegetation recovery (Alriksson and Olsson
1995; Coté et al. 2000) whereas others have
failed to detect such increases (Camill et al.
2004; Marcos et al. 2007), as in this study.
Nitrogen addition to croplands increases total
N content in the agroecosystem and may thus
attenuate the differences with succesional
stages after field abandonment, where new
build-up of organic matter with high C:N ratio
slowly increases soil N content. As expected,
active cropland had the highest concentration
of P,O5 and K whereas mature woodland had
the lowest. Agricultural use increased the con-
centration of P,O5 and K in the soil probably
due to application of organic and inorganic
fertilizers and this effect usually persist long
time after crop abandonment (Compton and
Boone 2000; Smal and Olszewska 2008) After
restoration, concentration of P,O5 and K
decreased probably due to uptake of these
nutrients by plants.

Secondary succession versus active woodland
restoration

Fourteen years after restoration beginning,
vegetal structure in the old-field and in the res-
tored woodland was different. Old-field was
colonised by a dense herbaceous community
where any woody species was established,
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which agree with that observed by other
authors (Bonet and Pausas 2004). Woody
vegetation recover in Mediterranean old-fields
is usually hindered by summer drought and
herbaceous competition (Rey Benayas 2005;
Vallejo et al. 2006). Reforestation in the restored
woodland created a relatively closed oak
canopy, which reduced herbaceous cover and
biomass, probably because water, nutrient and
light deprivation (Ludwig et al. 2004; Pecot et
al. 2007). Herbaceous gild had different cover
in both restoration scenarios. Thus, whereas
the legume and graminoid covers were similar
in the old-field and in the restored woodland,
forb cover was higher in the former.
Differences in vegetation structure and compo-
sition between the old-field and the restored
woodland could contribute to the differences
observed in the soil chemical properties
(Vinton and Burke 1995; Cornelissen et al.
1999; Cornwell et al. 2008; Guo et al. 2008).

Old-field and restored woodland plots showed
similar amounts of C, K, P,Og, total N, NO3-N,
total mineral N, and PO,3--P availability.
However, soils of the restored woodland plots
displayed higher concentrations of NH4*-N and
higher availability of mineral N than old-field
plots, partially supporting our second hypothesis.
Thus, active restoration of vegetation after 13
years can contribute to increase only some
variables related to soil fertility in the studied
Mediterranean system. Other studies in a
variety of ecosystems of the world, particularly
in temperate prairies and forests, have reported
restoration of soil fertility after cropland aban-
donment after a few decades (see revision in
Rey Benayas et al. 2009).

Potential rates of mineralization were very low,
or even negative, indicating a high potential of
the plants and soil biota for immobilizing N in

our study (Gallardo and Merino 1998). The
lack of differences in ammonification, nitrifica-
tion and mineralization rates between old-field
and restored woodland soils can again be
explained by the relatively short time since cro-
pland abandonment in a relatively low produc-
tive environment. Changes in litter quality due
to different plant composition may require long
time to modify mineralization rates, since
decomposition and incorporation of organic
matter into the soil is usually slow (Berendse et
al. 1989), particularly in Mediterranean envi-
ronments (Berg et al. 1993; Couteaux et al.
1995). Moreover, it is important to consider
that mineralization rates were measured at
standard environmental conditions in the labo-
ratory and, consequently, indirect effects of
large plants on microclimatic conditions were
omitted. Actual mineralization rates in the field
could be different between old-field and resto-
red woodland.

The amount of mineral N in the soil mainly
depends on the balance between rates of
mineralization and immobilization (Killham
1994; Accoe et al. 2004). Since nitrogen mine-
ralization was similar in old-field and in restored
woodland plots, the lower amount of NH4+-N
and the lower availability of mineral N found in
the old-field suggest that immobilization of N
was greater in this habitat than in restored
woodland. This means that N uptake by plants
and /or soil microorganism exceeds the rate at
which N is released through decomposition of
organic matter. Fast growing species such as
herbs are more nutrient demanding than slow
growing holm oak and therefore have greater
potential to uptake nutrients (Poorter et al.
1990), which may explain the lower concentra-
tion of NH4+-N in old-field plots. Furthermore,
previous studies demonstrated that N immobi-
lization in the soil microbial biomass is higher
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in grassland than in forest soils (Davidson et
al. 1990; Davidson et al. 1992; Hart et al.
1993), which can explain the higher availability
of soil mineral N in restored woodland.
Differences in cover of guilds in the herbaceous
community between the old-field and the
restored woodland could also explain differen-
ces in soil chemistry between both land use
types (Tilman et al. 1997). Legumes usually
increase N availability in the soil, because of
N, fixation and higher N input via litter decom-
position, whereas grasses and forbs reduce it,
generally due to their high root production
(Hooper and Vitousek 1998; Oelmann et al.
2007; Davies et al. 2009). In our study, there
were no differences in legume and graminoid
cover between the old-field and the restored
woodland, but forb cover was higher in the old-
field, which could also contribute to the lower
NH#4+-N concentration and N availability in this
restoration scenario.

Carryover effects of restoration management

In agreement with our third hypothesis, soil
chemical properties in the studied restored
woodland reflected both carryover effects of
previous restoration management (D1 in Fig. 3),
particularly irrigation, and effects of current
environmental conditions that were mostly
related to herbaceous biomass and herb
community composition (D3 in Fig. 3).
Irrigation practices had an effect on pH, the
concentrations of P,O5 and K, and on the availa-
bility of mineral N that can be noticeable more
than 10 years after being effected. This can be
explained by the mitigation of water stress on
soil organisms that stimulate organic mater
decomposition, since soil moisture is a major
environmental factor controlling organic matter
decomposition and soil fertility in Mediterranean
ecosystems (Couteaux et al. 1995). Soil chemi-
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cal properties were also indirectly affected by
previous management practices mainly
through its influence on the herbaceous com-
munity (12 in Fig. 3), since indirect effects
through oak canopy (I1 in Fig. 3) were low. It
appears that the restoration techniques
applied determined the structure and composi-
tion of the herb community (Cayuela et al.
2008), resulting in litter quality and quantity
differences that may have influenced the
measured soil properties (Vinton and Burke
1995). Thus, the higher legume cover found in
irrigated plots may explain the higher availabi-
lity of N in these plots.

The relative effects of oak canopy, the other
component of current environmental condi-
tions, on soil chemical properties (D2 in Fig. 3)
were small as compared to the effects of the
herbaceous community (D3 in Fig. 3). Oak
litter has a high lignin and tannin content (Allen
et al. 1974), which results into slower decom-
position rates and incorporation of nutrients
into the soil (Gallardo and Merino 1993;
Couteaux et al. 1995; Satti et al. 2003). Finally,
unexplained variation found in this study may
be due to a combination of stochastic proces-
ses and mechanisms not accounted for related
to microclimate, regional variability, oak root
development, soil fauna, and others (Davidson
et al. 1992; Couteaux et al. 1995; Aerts and
Chapin 2000).

Conclusions

This study provides evidence of the overall
slow dynamics of soil chemical properties in
restored Mediterranean ecosystems after
cropland abandonment. As a result, we obser-
ved relatively little variation of soil properties in
restored abandoned cropland over a time span
of 13 years. Yet experimental evidence allows
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us to highlight that active restoration of native
woodland vegetation can speed up the recovery
of soil properties in comparison with secondary
succession, and take advantage of management
techniques used to facilitate early establishment
of introduced seedlings.
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Capitulo 7

Discusién general

En esta Memoria de Tesis Doctoral se han desarrollado diversas ideas encaminadas a mejorar
la revegetacion forestal de campos agricolas abandonados en ambientes mediterraneos y com-
prender algunos procesos subyacentes a dicha revegetacion. En el presente capitulo de
Discusion se integran los resultados de cada uno de los objetivos especificos planteados en la
Introduccion general para extraer las conclusiones de la Tesis.

éPor qué los fenotipos productivos tienden a establecerse mejor que los fenotipos
xeromorfos en las plantaciones forestales mediterraneas?

Los fenotipos productivos (plantas de gran porte y elevado contenido de N) de Pinus halepensis
presentaron mayor supervivencia y crecimiento que los fenotipos xeromorfos (plantas de porte
pequeio y bajo contenido de N) (capitulos 2 y 3). Resultados semejantes también se han
obtenido para diversas especies en ambientes mediterraneos sub-humedos y secos (Cortina et
al. 1997; Puértolas et al. 2003; Villar-Salvador et al. 2004; Tsakaldimi et al. 2005; Navarro et al.
2006b; Del Campo Garcia et al. 2007; Villar-Salvador et al. 2008) mediterraneos semiaridos
(Luis et al. 2009; Oliet et al. 2009) y en ecosistemas templado-humedos y boreales (Lamhamedi
et al. 1998; Noland et al. 2001; South et al. 2005). Una contribucion importante de esta Tesis ha
sido esclarecer algunos de los mecanismos ecofisiolégicos implicados en este patrén. Los
resultados obtenidos se sintetizan en el modelo conceptual recogido en la Fig.1.

La supervivencia de los plantones en las repoblaciones esta ligada a la produccién de raices
nuevas después del transplante (Ritchie y Dunlap 1980; Burdett et al. 1983; Burdett 1990;
Grossnickle 2005), ya que aseguran su abastecimiento de agua y nutrientes (Grossnickle 2005;
Padilla y Pugnaire 2007). Este requisito es especialmente importante en ambientes con periodos
secos largos, como los ecosistemas mediterraneos (Grossnickle 2005; Padilla y Pugnaire 2007).
La formacién de nuevas raices debe ocurrir durante el periodo humedo del afio, cuando el suelo
dispone de suficiente humedad para garantizar la expansion celular asociada al crecimiento de
los 6rganos. El desarrollo radical en especies forestales mediterraneas perennifolias depende
en buena medida de la fotosintesis de la planta (Moreno, 2003; M. Uscola comunicacién personal).
Las plantas grandes, por disponer de mas follaje y mayor tasa neta de fotosintesis, poseen
mayor capacidad fotosintética que las plantas pequefas (capitulos 2 y 3), por lo que potencial-
mente disponen de mas carbohidratos para el crecimiento aéreo y radical y para el manteni-
miento general del metabolismo basal (Fig. 1). Un sistema radical bien desarrollado puede
incrementar la absorcidén de agua y nutrientes, lo que incrementa la conductancia estomatica vy,
por tanto, la tasa de fotosintesis. En nuestro caso, el mayor desarrollo radical no se tradujo en
una mejora del estado hidrico de la planta (capitulos 2 y 3), tal como se ha observado en otros
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estudios (Bellot et al. 2002; Padilla y Pugnaire 2007), sino que probablemente aumenté la
fotosintesis por medio de un incremento de la conductividad hidraulica especifica de la planta
(Grossnickle y Russell 1990; Hubbard et al. 2001; Sayer et al. 2005).

La concentracion de N en una planta puede también determinar el crecimiento y la supervivencia
post-transplante (Fig. 1, capitulos 2 y 3). La concentracién de N en los tejidos y el tamano de
la planta determinan su contenido de Ny, por tanto, la cantidad potencial de N removilizable
(Millard 1996; Salifu y Timmer 2003; Silla y Escudero 2003). En términos absolutos, las plantas
grandes removilizaron mas N que las pequefas, y entre las plantas pequefias removilizaron
mas N las de mayor concentracion de este nutriente. Una aportacion importante de esta Tesis
fue demostrar que las plantas con alta concentraciéon de N, independientemente de su tamario,
removilizaron en términos relativos mas N que las plantas con baja concentracion de N
(capitulo 2). Esto podria incrementar la eficiencia en el uso del N almacenado de las plantas
con gran concentracion de N en ambientes pobres en nutrientes. Por otro lado, las plantas
grandes son capaces de competir mejor con otras plantas porque también tienen mayor
capacidad de absorcion de N.

Contenido Removilizacion
de nitrégeno de nitrégeno

Concentracion
de nitrogeno

Mantenimiento

de la planta
A
Tamanfo de la

planta Crecimiento

< aereo

Fotosintesis H Carbohidratos l—){ Crecimiento

A A A A Crecimiento

radical

Conductancia
hidraulica

h 4

Absorcion de
agua y nutrientes

Supervivencia I(—

Figura 1. Modelo conceptual de los mecanismos que relacionan el tamafio y la concentracién de N de los plantones al
salir del vivero con su supervivencia y crecimiento posterior en campo. En rojo se muestran los procesos demostrados
en esta Tesis Doctoral, y en negro los procesos que faltan por demostrar o que no se han abordado en este trabajo.
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El tamano de los plantones tiene un papel mas importante en el establecimiento post-transplante
y funcionamiento que la concentracion de N en los tejidos en P. halepensis (capitulos 2 y 3).
Esta afirmacién se sustenta en el hecho de que, a igual concentracién de N, las plantas mas
grandes tuvieron mayor supervivencia, intercambio gaseoso y crecimiento que las plantas
pequefias. Por el contrario, al comparar plantas de tamafo similar pero marcadas diferencias de
concentracion de N, no se observaron diferencias de supervivencia, intercambio gaseoso y
crecimiento aéreo (capitulo 2), aunque las plantas con mayor concentracion de N presentaron
mayor crecimiento radical que las plantas con baja concentracion de N (capitulo 3). La presencia
de un cuarto tipo de fenotipo (plantas grandes con baja concentracion de N) en el capitulo 2 nos
hubiese permitido apoyar con mayor seguridad esta conclusién. Aunque experimentalmente no
fue posible producir este fenotipo, creemos que nuestra conclusion es solida; es decir, es
razonable asumir una relacion lineal de la respuesta en el campo de los plantones con su tamafio
y concentracion de N, tal y como indican los resultados del capitulo 3. En los capitulos 2 y 3,
las diferencias de tamafo entre los plantones ensayados fueron mayores que las diferencias en
la concentracién de N, lo que puede explicar por qué el establecimiento dependié mas del tamafio
de las plantas que de su concentracién de N. El tamafio de la planta suele ser mas plastico que
la concentracion de N en respuesta a los tratamientos de cultivo en vivero (Villar-Salvador et al.
2004; Oliet et al. 2009), por lo que pensamos que la mayor influencia relativa del tamafo en
relacion con la concentracion de N de la planta sobre el establecimiento de los plantones de una
savia de P. halepensis no se restringe a nuestras condiciones experimentales.

La capacidad de atender a varias funciones basicas (crecimiento, mantenimiento, metabolismo
secundario y reproduccion) depende no sélo de la especie considerada. Esta Tesis evidencia
que también depende de las caracteristicas funcionales de los individuos a nivel intraespecifico.
Los individuos grandes de una savia de P. halepensis fueron capaces de atender a la vez su
crecimiento aéreo y radical sin interferencia mutua, mientras que ambos crecimientos interfirieron
en los individuos pequefos (capitulo 3). Al no poder compaginar el crecimiento aéreo con el
radical, es probable que las plantas pequefias reduzcan su crecimiento radical al comenzar su
crecimiento aéreo, lo que podria comprometer su supervivencia durante el periodo seco si el
sistema radical no se ha desarrollado suficientemente. Pensamos que las plantas grandes pueden
mantener el crecimiento de ambas partes simultdneamente porque presentan mayor capacidad
fotosintética y/o porque tienen mayor contenido de N para su removilizacién (Malik y Timmer
1996; Millard 1996; Salifu y Timmer 2003). La concentracion de N en los tejidos no afecté a la
interferencia entre el crecimiento aéreo y el radical, por lo que la capacidad de las plantas grandes
para simultanear el crecimiento aéreo y el radical parece estar ligada solamente a una mayor
capacidad fotosintética.

En contraste con lo observado en P. halepensis, en individuos de Q. ilex de 14 afos de edad no
se encontraron compromisos de asignacion de recursos entre el crecimiento aéreo y el radical,
pero si entre el crecimiento y la reproduccién (capitulo 5). Ademas, los individuos reproducto-
res crecieron menos que los individuos no reproductores, aunque estas diferencias solamente
se observaron en individuos grandes, cuyo volumen de copa fue superior a los 2 m3 (Fig. 2). Al
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aumentar el tamano de los individuos se incrementan los costes de mantenimiento, por lo que
puede aparecer competencia por los recursos entre las funciones de crecimiento y reproduccién
(Obeso 1997; Greer y McCarthy 2000; Wheelwright y Logal 2004). En individuos pequefios, sin
embargo, los costes asociados al mantenimiento son menores, por lo que el crecimiento y la
reproduccion podrian simultanearse sin interferencia.

Los resultados obtenidos con P. halepensis (capitulo 3) y con Q. ilex (capitulo 5) sugieren que
la influencia del tamano de los individuos en los compromisos de asignacion de recursos entre
distintos érganos o funciones puede variar con la ontogenia y/o diferir entre especies.
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Figura 2. Tasa de crecimiento relativo en el periodo 2002-2004 (RGR 2002-2004) en individuos reproductores y no
reproductores de Q. ilex en funcién del volumen de su copa. Los datos son medias + 1 ES.

Las diferencias de establecimiento entre fenotipos dependen del ambiente post-transplante

El efecto del tamafio y concentracion de N en el desarrollo de los plantones en el campo depende
del nivel de estrés al que los plantones estan sometidos después de la plantacién. Nuestros
resultados demuestran que los atributos funcionales tuvieron mayor relevancia al incrementarse
el estrés durante el establecimiento. En contra de la hipdtesis inicial formulada en introduccion
general de esta Tesis (Fig. 3 del capitulo 1), los fenotipos productivos no presentaron peor
desarrollo en campo que los fenotipos xeromorfos en condiciones de estrés hidrico severo, si
no que fue similar o incluso mejor. Pensamos que ello sera asi siempre que los fenotipos
productivos dispongan tiempo suficiente y condiciones iniciales de humedad edafica para arraigar,
lo que indica la importancia de elegir bien la fecha de plantacion. En condiciones de bajo estrés
hidrico, ambos fenotipos presentaron tasas de supervivencia similares (Fig. 3). Al aumentar el
estrés y alcanzarse niveles moderados de estrés hidrico, como ocurrio al final de la primavera
en competencia con las hierbas (capitulo 2), o en los claros en la parcela de La Mancha
(capitulo 4), los fenotipos productivos presentaron mayor supervivencia que los fenotipos
xeromorfos. Finalmente, en ambientes de estrés hidrico severo, como en verano en presencia
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de hierbas en la parcela de Guadalajara (capitulo 2), o en los claros con o sin hierbas en la
parcela de La Mancha (capitulo 4), la supervivencia de los fenotipos productivos fue similar o
mayor que la de los fenotipos xeromorfos. En cuanto al crecimiento, en la parcela de Guadalajara
las plantas grandes crecieron mas que las pequefas independientemente del estrés post-
plantacién, si bien la diferencia fue mayor en condiciones de bajo estrés (capitulo 2). En la
parcela de La Mancha (capitulo 4), sin embargo, no hubo diferencias de crecimiento entre
fenotipos de plantas.
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Figura 3. Hipdtesis de trabajo (arriba-cuadros negros) y resultados obtenidos (abajo-cuadros rojos) relativos a la
influencia que tienen las caracteristicas morfologicas de las plantas en su supervivencia y crecimiento en funcion del
nivel de estrés hidrico del lugar de plantacion. Fenotipo productivo hace referencia a plantas grandes con una
proporcion entre la masa aérea y radical y una concentracion de nutrientes elevada dentro del rango habitual de la
especie. Fenotipo xeromorfo hace referencia a plantas con los atributos funcionales contrarios.

Facilitacion directa e indirecta en retamares mediterraneos

Retama sphaerocarpa (retama) facilita el establecimiento de Q. ilex, tanto de forma directa redu-
ciendo el estrés hidrico y la fotoinhibicion de las plantones, como de forma indirecta reduciendo
la capacidad competitiva de la comunidad herbacea que se desarrolla bajo su dosel (capitulo 4).

Las interacciones de facilitacion y competencia entre plantas ocurren de forma simultanea,
y el resultado neto de las mismas depende de las condiciones bidticas y abidticas del
ambiente, las especies involucradas y la fase del ciclo vital (Callaway 2007). El capitulo 4
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va mas alla y demuestra que 1) no sélo el balance competencia-facilitacién varia con las
condiciones ambientales, sino que el balance facilitacion directa-facilitaciéon indirecta también
lo hace, y 2) el resultado del balance competencia-facilitacién no sélo depende de las
especies consideradas, sino también de las caracteristicas funcionales de los individuos
facilitados a nivel intraespecifico.

El tipo de facilitacion predominante parece depender de las condiciones climaticas del afo
(capitulo 4), prevaleciendo la facilitacion indirecta en los afios de primaveras secas cuando
se establece una intensa competencia entre el arbusto nodriza y la comunidad herbacea, lo
que favorece indirectamente el establecimiento de Q. ilex. Por el contrario, la importancia
relativa de la facilitacion directa, mediada por la suavizacién de las condiciones microcli-
maticas, parece aumentar con la aridez estival. Asi, no solo la sequia estival, sino también
las condiciones climaticas primaverales pueden determinar las interacciones de facilitacion.

No todos los individuos dentro de una misma especie responden de la misma forma a la
facilitacion (capitulo 4). La retama facilité el establecimiento de las plantas pequefas,
mientras que las plantas mas grandes sobrevivieron de forma similar dentro y fuera de su
dosel. Una importante consecuencia de este resultado es que si el tamafio de los plantones
tiene una base genética (Leiva y Fernandez-Alés 1998), la presencia de arbustos nodriza
podria contribuir a mantener la diversidad genética de las poblaciones de encina.

El uso de plantas nodrizas como técnica de revegetacion

La utilizacion de las plantas nodriza como técnica de restauracion de la vegetacion se con-
sidera una alternativa a otras practicas de revegetacion de mayor costo econdémico y
ambiental inicial (Maestre et al. 2001; Castro et al. 2004; Gomez-Aparicio et al. 2004; Padilla
y Pugnaire 2006). El aumento de la superficie ocupada por especies arbustivas en campos
agricolas abandonados en ambientes mediterraneos, bien de forma natural o porque han
sido introducidas en proyectos de reforestacién, incrementa el atractivo de esta opcién. Es
importante, sin embargo, destacar las bajas tasas de supervivencia de Q. ilex encontradas
bajo R. sphaerocarpa (17 y 23% en 2006 y 2007, respectivamente, capitulo 4), que coinci-
den con las encontradas para otras especies lefiosas en ambientes mediterraneos (Maestre
et al. 2001; Castro et al. 2004). Para determinados objetivos de restauracion de la vegeta-
cion, las mejoras de supervivencia por las plantas nodriza no garantizan una recuperacion
suficiente de la vegetacién madura. Asi, si el fin es la recuperacion de la masa forestal a
corto-medio plazo, por ejemplo para evitar la erosién o para el aprovechamiento maderero o
de frutos, el empleo de plantas nodriza no parece ser una herramienta viable. Por el contra-
rio, si la revegetacion persigue la introduccién de algunos individuos de especies tardias en
la sucesion para acelerar la sucesidon secundaria o conservar poblaciones de ciertas espe-
cies lefiosas amenazadas y la obtencidon de rentas no es una prioridad, el uso de plantas
nodrizas es una técnica valida.
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Restauracion de las propiedades y procesos ecosistémicos: efectos de las
condiciones ambientales pasadas y presentes

Las condiciones edaficas pueden considerarse un sindrome de multitud de procesos que
operan a escala de ecosistema. En ambientes mediterraneos, la restauraciéon de las propie-
dades edaficas es un proceso muy lento. Después de 13 anos, tanto la restauracion activa
como la restauracion pasiva (sucesion secundaria) de la vegetaciéon afectaron poco a las
propiedades quimicas del suelo de un campo agricola abandonado (capitulo 6). La concen-
tracién de macronutrientes, pH y la tasa de mineralizacién de N fueron similares en las
parcelas restauradas de forma pasiva y de forma activa. La descomposicién de la materia
organica es un proceso muy lento (Berendse et al. 1989), especialmente en estos ecosistemas
(Berg et al. 1993; Couteaux et al. 1995), lo que podria explicar por qué después de 13 afos
las diferencias en la composicién quimica de la hojarasca propia de cada tipo de restauracion
no se han traducido en cambios en las tasas de mineralizacién ni en otras propiedades. No
obstante, se encontraron diferencias en la concentracion de amonio y la disponibilidad de N
mineral en el suelo. Ello podria explicarse por mayores tasas de inmovilizacion de N en la
microfauna edafica en las parcelas restauradas de forma activa (Davidson et al. 1990;
Davidson et al. 1992; Hart et al. 1993) y por una mayor demanda de nutrientes en estas
parcelas (Poorter et al. 1990).

Las condiciones ambientales, tanto pasadas como presentes, determinan el funcionamiento
de los ecosistemas (Metcalfe y Monaghan 2001; Relyea 2002; Cayuela et al. 2008). Por ello,
las propiedades quimicas del suelo estudiadas en este trabajo reflejaron tanto la influencia del
ambiente previo como de las condiciones ambientales actuales (capitulo 6). Los tratamientos
de manejo aplicados durante el establecimiento de los plantones de Q. ilex influyeron en la
composicion quimica del suelo tanto de forma directa, probablemente mediante la estimula-
cion de la descomposicién y mineralizacion de la materia organica, como de forma indirecta,
principalmente por su efecto en la composicion y estructura de la comunidad herbacea
(Cayuela et al. 2008). Las condiciones ambientales actuales, especialmente la comunidad
herbacea, también influyeron en las propiedades quimicas edaficas. El pequefio efecto del
dosel de encinas puede deberse a la baja calidad de su hojarasca, que ralentiza su descom-
posicidon y mineralizacion, requiriendo, por tanto, de mas tiempo para poder modificar las
propiedades edaficas.

De forma similar, el funcionamiento de individuos de Q. ilex de 14 afos de edad no es sélo
consecuencia de las condiciones ambientales presentes sino también de las del pasado
(capitulo 5). Una vez interrumpidos los tratamientos de riego y sombra artificial aplicados
durante su establecimiento, los individuos respondieron de forma diferente segun el tratamiento
aplicado; ademas, las respuestas fueron diferentes segun el rasgo de vida analizado. El manejo
previo no afecté a la mortalidad futura de los plantones, pero disminuy6 su crecimiento, redujo el
desarrollo del sistema radical lo que incremento la relacion parte aérea/parte radical, aceler6 la
madurez sexual y aumentoé el esfuerzo de produccién de bellotas.
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Consideraciones adicionales y lineas futuras de investigacion

Como se ha indicado anteriormente, aun quedan por investigar aspectos relacionados con
las caracteristicas funcionales de las plantas que también podrian determinar la ventaja de
los fenotipos productivos sobre los xeromorfos. Uno de ellos serian las diferencias de costes
de mantenimiento entre fenotipos. En plantas cultivadas en contendor, las mas grandes
siempre tienden a tener mayor proporcion de parte aérea/parte radical que las plantas
pequefias porque el contenedor constrifie mas el crecimiento radical que el aéreo. Ello
puede implicar menores costes de mantenimiento de la planta y, por tanto, mayor disponibi-
lidad de carbohidratos para otras funciones. En este sentido, merece ser estudiado el papel
de los carbohidratos de reserva en la capacidad de supervivencia en situaciones de estrés
severas en las que el balance de carbono de la planta se hace negativo. Pensamos que los
carbohidratos de reserva seran importantes para la supervivencia en aquellas especies que
siguen una estrategia de ahorro de agua por cierre de estomas con potenciales hidricos
elevados como los pinos. También merece ser estudiada la diferencia de conductividad
hidraulica especifica entre fenotipos como factor que determina las diferencias de su capa-
cidad fotosintética. Se han hecho algunos trabajos que relacionan la conductividad hidraulica
especifica con la fertilizacion (Trubat et al. 2006), pero son necesarios trabajos que analicen
la conexion entre la conductividad hidraulica especifica con la fotosintesis y su relacién con
el tamafio de la planta.

Tampoco se conoce bien cual es el tamano 6ptimo que deben tener los plantones de las
distintas especies forestales mediterraneas para asegurar su establecimiento. Trabajos
futuros deberian definir cudl es el tamafio de planta mas apropiado para asegurar el éxito
de las repoblaciones segun la especie y el ambiente de plantacion. Los rangos de tamafio
de planta contemplados en la legislacién actual sobre calidad exterior de planta pueden no
ser realistas ni ajustarse bien al tamano necesario para un buen desarrollo en el campo,
especialmente teniendo en cuenta la diversidad de ambientes que algunas especies forestales
pueden ocupar. Asi, algunos autores proponen estrechar los rangos de tamafio de planta
reconocidos en la legislacion vigente, preponderando plantas de mayor tamafio (Navarro et
al. 2006a).

Finalmente, en relacion con la facilitacion, son necesarias mas investigaciones que analicen
la incidencia de la facilitacién indirecta entre plantas en ecosistemas mediterraneos, al igual
que experimentos disefiados especificamente para demostrar bajo qué condiciones ambien-
tales la facilitacién indirecta es relevante.
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Capitulo 8

Conclusiones generales

1. Los fenotipos productivos de Pinus halepensis presentaron un mejor establecimiento que los
fenotipos xeromorfos, mientras que las diferencias entre los fenotipos de Quercus ilex fueron
muy pequefias. La mayor supervivencia y crecimiento de los fenotipos productivos en
P. halepensis se asocié a un mayor intercambio gaseoso, crecimiento radical y uso del
nitrégeno que en los fenotipos xeromorfos, pero no a una mejora del estado hidrico.

2. El efecto del tamafio y la concentracién de nitrégeno en el establecimiento de los plantones
en campo dependié del nivel de estrés al que los plantones estan sometidos después de la
plantacion. Cuando el estrés ambiental fue reducido no se observaron diferencias entre fenotipos
de P. halepensis y Q. ilex. Cuando el estrés fue moderado los fenotipos productivos se
establecieron mejor que los fenotipos xeromorfos. Finalmente, cuando el estrés fue severo
el establecimiento de los fenotipos productivos fue mejor o similar que el de los fenotipos
xeromorfos.

3. El tamano de los plantones en P. halepensis tuvo una mayor influencia en el establecimiento
en el campo que la concentracidon de nitrégeno en los tejidos.

4. La capacidad de los individuos de P. halepensis 'y Q. ilex para atender simultdneamente dos
o mas funciones basicas dependié de su tamafo. Los plantones de gran tamafo de
P. halepensis fueron capaces de atender simultdneamente el crecimiento aéreo y el radical,
mientras que los individuos pequefios no pudieron atender esta doble funcién. En individuos
de Q. ilex de 14 anos de edad, no se encontraron compromisos de asignacién de recursos
entre el crecimiento aéreo y el radical, pero si entre el crecimiento y la produccién de bellotas,
aunque esto sélo ocurrié en los individuos relativamente grandes, con dosel mayor de 2 m3.

5. Tanto la facilitacion directa como la indirecta fueron mecanismos importantes para el
establecimiento de Q. ilex en los retamares y su importancia relativa varié con las
condiciones climaticas de los afios estudiados. La facilitacién indirecta, basada en la
disminucion de la competencia herbacea con los plantones facilitados, fue importante en el
ano de primavera seca cuando la competencia entre el arbusto nodriza y las hierbas fue
intensa. En cambio la facilitacién directa, debida a la mitigacién de las condiciones
microclimaticas adversas, aumento6 con la aridez estival.
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6. El resultado de la facilitacion dependié del tamafno de los individuos de Q. ilex. Retama
sphaerocarpa facilité el establecimiento de los plantones pequenos, mientras que los plantones
mas grandes no fueron afectados por la presencia de ésta. Estas evidencias apuntan a que
el resultado de la facilitacién entre plantas puede depender de las caracteristicas funcionales
de los individuos facilitados a nivel intraespecifico.

7. Si el fin de la revegetacion es la recuperacion de la masa forestal a corto-medio plazo con
densidades elevadas de individuos, la utilizaciéon de plantas nodriza no parece ser una técnica
viable debido a las bajas tasas de supervivencia de las plantas facilitadas bajo su dosel. Por
el contrario, si la revegetacion persigue acelerar la sucesion secundaria, el empleo de plantas
nodriza puede ser una técnica valiosa.

8. Después de 13 anos, tanto la restauracién activa de la vegetacién como la pasiva (sucesién
secundaria) modificaron poco las propiedades quimicas del suelo de un campo agricola
abandonado. La mayor diferencia entre estos dos tipos de restauracion fue un incremento de
la concentracion de amonio y disponibilidad de nitrégeno para las plantas en las parcelas
restauradas de forma activa.

9. Tanto el crecimiento y la produccion de bellotas de los individuos de Q. ilex de 14 afos de
edad como las propiedades edéficas en el momento presente estuvieron influenciadas
positivamente por el manejo con riego estival y sombra artificial aplicado durante el
establecimiento inicial de la plantacion.
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