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Introduccion Gedler

INTRODUCCION GENERAL

- CAMBIO CLIMATICO: OBSERVACIONES Y PROYECCIONES

A lo largo del tiempo el clima ha experimentado baya como resultado de procesos
naturales, como son las variaciones en la prodaatgdenergia del sol, variaciones en
la 6rbita de la tierra y variaciones internas deimo sistema climatico (composicion de
la atmdsfera, disposicion de los continentes,.dEs.Jo que la Convencion Marco de las
Naciones Unidas sobre el Cambio Climatico denorfwadabilidad del clima” .

El cuarto Informe de Evaluacion del Grupo Intergunbenental de expertos
sobre el Cambio Climatico realizado en 2007 ha festa@do, con un nivel muy alto de
confianza, que las actividades humanas desde 1aib@esultado en un calentamiento
global. Cambio climatico es el término que el IPCC utiliza para referasen cambio
en el clima debido tanto a la variabilidad natw@io a la actividad humana. Uno de
los factores antropogénicoscontribuyentes a alterar el balance energéticaidegma
climatico es el aumento de la concentraciongdses de efecto invernaderen la
atmosfera. Nos referimos principalmente al dioxitko Carbono (C€ cuyo aumento
esta relacionado con la utilizaciéon de combustifileses y con los cambios en los usos
de suelo, y también al metano (§H Oxido nitroso (NO) debido principalmente a

algunas practicas en la agricultura. Ademas er@s dactores cabe mencionar los
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cambios en ebzono estratosférico debido a la emision de precursqremicos de
ozono (6xidos de nitrdgeno, monoxido de carbonambarbonos) y los cambios en la
cantidad de energia reflejada por la Tieabbdédo debido a cambios en la cubierta
vegetal (cambios en also del suelo)y a la emision de aerosoléparticulas en

suspension en la atmaosfera).

Hay una serie debservacionesa nivel global que evidencian que el sistema
climatico se esta calentando. La temperatura epanametro que se viene midiendo
desde finales del siglo XIX. En el periodo compidndentre 1906 y 2005 se ha
estimado un incremento de temperatura media del aire de 0.74 °C. A su vez, una
mayor temperatura ha producido una disminucionadextension y espesor de los
hielos polares y un retroceso de la superficieodeglaciares. El mayaterretimiento
de hielo y nieve junto al calentamiento de los no8aha dado lugar a un aumento

medio global dehivel del mar.

La prevision de la mayoria de los modelos generales climat{@SMs)
coincide en que en este siglo temperatura puede aumentar entre 1.1 y 6.4 °C
dependiendo de los escenarios socio-econdmicos g denision de gases de efecto
invernadero resultante (IPCC, 2007). Los mayoreseatios de temperatura se esperan
en los meses frios de las zonas situadas en kitaitas, lo que produciria inviernos
mMAas suaves y primaveras mas calidas (Hari & Hakkib@91; Ahaset al., 2002;

Schwartzet al.,2006).

Los modelos climaticos tienen mucha mas dificufiach prever como se veran
afectadas laprecipitacionesen las proximas décadas. En algunas zonas consteel e
de América del Norte y Sudamérica, norte de Eusoparte y centro de Asia se han

observado aumentos y en cambio, en otras commk de Sahel, en el Mediterraneo,
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Africa del sur y algunas partes del sur de Asidae observado reducciones (IPCC,
2007). De cualquier manera, aquellos ecosistemasdqupor si ya sufren estrés por
periodos de sequia pueden verse gravemente afectpoio el aumento de la
evapotranspiracionligado al aumento de las temperaturas (Le Houdr@®6; Pifiolet

al., 1998; De Lui®t al, 2001; Pefiuelast al, 2002, 2005).

Asimismo, también se prevé una mayor frecuencia fdadmenos
meteorologicos extremogsequias mas largas e intensas en tropicos yopidis,
precipitaciones fuertes, olas de calor) que pueadeer mayores efectos sobre la
vegetacion que pequefios cambios graduales (Pefaiedhs2001; Meehl& Tebaldi,

2004; Schéet al.,2004; Ciaiset al.,2005).

- LA BIOSFERA EN ACCION

El cambio climatico puede tengrandes impactosa nivel ambiental, econémicoy
social. Cambios en la agricultura y pérdida de capagutaductiva agricola en muchas
regiones en desarrollo con el consiguiente peligeo hambrunas, migracion de
poblacion asentada en zonas costeras, disminueidesérvas hidricas en determinadas
zonas donde el agua potable ya es escasa y aumentos conflictos violentos
asociados a esta problematica, aumento y propagaedenfermedades transmitidas

por vectores (malaria y dengue) son sélo algurellds.

Debido a la mayor vulnerabilidad de los paisesiaa ge desarrollo con menor
capacidad de adaptacion frente a estos cambid¥otdcolo de Kyoto propone que
sean los paises desarrollados los que apliqueicpslpara reducir los efectos adversos
del cambio climatico. La primera y mas basica d6lua toda esta problematica pasa

por realizar un real ejercicio de reflexion sobtetipo de desarrollo que estamos
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fomentando. Las decisiones tomadas por las admasicishes deberian tener como
maxima la busqueda de $mstenibilidad entendida como un proceso en el que se
persigue el bienestar de las personas y tambiérsdsosistemas tanto presentes como
futuros. Por suerte, también contamos con un imptetfactor moderador del cambio
climatico, labiosfera, y formando parte de ella, los organismos fotoscuét que
ejercen una retroalimentacion negativa sobre |&dahde dioxido de carbono que hay
en la atmosfera. Ya se han realizado numerosadiesta nivel mundial para estudiar
los efectos del cambio climatico sobre el funciomento de lagormaciones boscosas

y estimar su capacidad de absorcion de carbondifBlet al., 1998; Casperseet al.,
2000; Fanget al., 2001; Leinonen & Kramer, 2002). Se han propuestdidas
relacionadas con los bosques y su gestion pamatamteeducir la emision de gases de
efecto invernadero a la atmdsfera y para aumeataraptacion de carbono, y que
ademas pueden crear sinergias con el desarroltendlole en términos de mejoras
econdmicas para la poblacion local, abastecimigatenergia renovable o conservacion
del agua y de la biodiversidad (Albretch & Kan@&@03; Gullisonet al, 2007; IPCC,

2007).

- VULCAN: EL ROL DE LOS MATORRALES.

Menor interés se le ha prestado al rol que puedgar jotras comunidades como las
dominadas por matas o arbustos. leatorrales son una formacién cada vez mas
abundante en todo el mundo debido a diferentesasausgunos estudios lo han
relacionado directamente con el aumento de tempasa(Sturm, 2001) y otros han
sefalado la importancia de los cambios de uso tmribrio y la gestion que se hace en
ellos. En las praderas semiaridas de América deaeMNb exceso de presién ganadera ha

reducido la frecuencia de fuegos lo que ha favdeeai los arbustos por encima de las
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especies herbaceas (Van Auken, 2000; Brown & Arcti®P9). En el este de la
Peninsula Ibérica, los matorrales también han ataderdebido a cambios en nuestras
actividades socioecondémicas que han llevado aldamende una gran superficie de
tierras de cultivo, a la reduccion del pastoredipa@emento en la frecuencia de fuegos
(Baezaet al., 2002; Lloretet al., 2002). En algunos paises como Reino Unido, los
matorrales ljeathland$ son mantenidos por el ser humano ya que sondemasios un
paisaje singular con gran una gran importancia pamantenimiento de una mayor

diversidad (Alonso, 2004).

Legend

[ Moors and heathland
[ Sclerophyllous vegetation
B Transitional woodland-shrub

Superficie de Europa cubierta por matorral (veetela). Fuente: CORINE LAND COVER 2000.
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La tesis que presento a continuacion con el titélbenology, biomass and
community composition changes in European shrulsasubmitted to experimental
warming and drought”se ha desarrollado como parte del proye®RidLCAN
(Vulnerabibilty assessment of shrubland ecosystamder climatic changes). VULCAN
ha sido un proyecto de investigacion llevado a @baseis ecosistemas de matorrales
europeos (Gales-Reino Unido, Dinamarca, HolandangHa, Cerdafna-Italia y
Catalunya-Espafia) durante 2001-2005, continuaciénudo anterior (CLIMOOR
Project 1998-2001)

Ambos proyectos han tenido corobjetivo global el aportar conocimientos y
reducir incertidumbres acerca del funcionamientdodematorrales europeos y del rol
que pueden desempefiar éstos como fuente o sondie@arbono bajo la perspectiva
del cambio climatico. Ademas, los resultados quedssprenden de los estudios
realizados durante 7 afios en estos matorrales pwedeaplicados a la gestion que se
lleve a cabo en ellos en el marco de un clima caméi

En las parcelas de los diferentes paises partktgpase instald una novedosa
manipulacion experimental para aumentar la temperatura y para reducir eh agu
disponible encampo, simulando los efectos del cambio climéatico predspara las
décadas futuras (IPCC, 2007; Pefiuelaal.,2005).

El tratamiento de calentamientoconsiste en un toldo que cubre la vegetacion
autométicamente por la noche durante todo el aéte #®ldo evita que la radiacion
infrarroja emitida por suelo y plantas se escapeexeErior lo que aumenta la
temperatura del aire en torno a 1 °C dependienttugler y del periodo (Beiegt al.,

2004).

! En la paginaittp://www.vulcanproject.conpueden encontrarse la descripcion y las caratiterss
béasicas de cada uno de los ecosistemas estudiados.
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El tratamiento de sequiaconsiste en un toldo impermeable que cubre la
vegetacion automaticamente cuando llueve durastestaciones de crecimiento (en
primavera para todos los paises y también en giafeola parcelas de Garraf). Tras el
episodio de lluvia, el toldo se vuelve a recoger.réduccion de la humedad del suelo

también depende del lugar y del periodo considef@diret al.,2004).

Estos tratamientos dmalentamientoy sequiaexperimentales no afectan otras
condiciones bidticas y abidticas como la intensidaduz recibida y la libre circulacién
de viento, fauna y semillas y su montaje no progejdurbaciones en el suelo ni en las
plantas (ver detalles en Bemdral.,2004; Pefiuelast al.,2004).

La ventaja de este tipo de disefio que combina mkauienes experimentales en
un gradiente geografico, es que permite inferirriespuestas de la vegetacion a las
nuevas condiciones climaticas a una magmala espaciay a unlargo plazo (Chapin

et al, 1995; Shaveet al, 2000; Rustaeét al, 2001; Dunnet al.,2004).
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- LA TESIS EN CINCO CAPITULOS

Los resultados que presento en este trabajo de investigacion dida

organizados ertinco capitulos en formato de articulos, aunque la informacién es

complementaria y lo que aporta cada uno de ellgsayada a entender los resultados

globalmente.

Response of plant species richness and primaryptiedy in shrublands along

a north-south gradient in Europe to seven yearsxperimental warming and
drought. Reductions in primary productivity in theat and drought year of
2003.

Effects of experimental warming and drought on phgbthesis shoot
elongation and biomass accumulation in the dominapecies of a

Mediterranean shrubland.

Acceleration of the onset of shrubland speciesngpgrowth in response to an
experimental warming along a north-south gradieriurope.

Flowering of Globularia alypum and Erica multiflora in Mediterranean

garrigue, and its response to precipitation andcexperimental drought and
warming.

Experimental Drought and Warming decrease diveesity slow down post-fire

succession in a Mediterranean shrubland.
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- LA ABSORCION DE CARBONO.

En los dos primeros articulos de esta tesis, abartlema de la absorcion de carbono por
los matorrales bajo los tratamientos de calentaimigsequia.

En el primer capitulo he estudiado los efectos de los tratamientos en la
productividad primaria aérea de los seis matorralgspeos distribuidos en un gradiente
de temperatura (8.2 - 15.6 °C) y precipitacion (51427 mm), asi como en el crecimiento
de las especies dominantes.

Ademas, incluyo los efectos de los tratamientosuther laola de calorque sufrid
Europa en 2003. Como se coment0 anteriormenterese gue este tipo de fenbmenos
extremos sean mas frecuentes en un clima camifiethl & Tebaldi 2004; Schaet al.,
2004) y que afecten gravemente a la capacidad deesteo de carbono por parte de la
vegetacion (Ciaist al.,2005).

La actividad de la vegetacion a escala global tdifexentes controles climaticos.
Ramakrishnaet al., (2003) estimaron que la disponibilidad de aguagehaperatura y la
radiacion limitan el crecimiento de la vegetacionua 40, 33 y 27 % respectivamente de
la superficie de la tierra con cubierta vegetalig tp mayoria de los cambios observados
en el clima iban en la direccion de reducir esiastdciones. A escala global hay
evidencias sobre eincremento de la actividad de la vegetacion en respuesta al
calentamiento en latitudes medias-altas del henusféorte. La concentracion de GO
crece en invierno y se reduce en verano principaiengebido al crecimiento estacional de
la vegetacion. En las ultimas décadas, se ha dd®run aumento de esta oscilacion
estacional que puede ser explicada por una protahgale la estacién de crecimiento y

por un aumento de las tasas fotosintéticas (Keelirad,1996; Myneniet al.,1997).
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Sin embargo, como ya han puesto de manifiesto atgestudios realizados en el
marco de los proyectos VULCAN y CLIMOOR, los efectitel cambio climatico a nivel
de ecosistema son complejos debido a la gasiabilidad de respuestasde las plantas a
los tratamientos segun las variables medidas, dpscees, estaciones u afios, sitios y
periodos de experimentacion (Be&tral.,2004; Emmett al.,2004; Llorenset al.,2003a,

b, 20044, b, Lloregt al.,2004; Pefiuelast al.,2004; Llorens & Pefiuelas 2005).

El efecto delcalentamiento sobre el crecimiento de las plantas y sobre la
productividad primaria, dependera entre otras cdsa®fecto que tenga sobre las tasas
fotosintéticas, las pérdidas de £fbr respiracion, la produccion de VOCs (Kdrner &
Larcher, 1988; Long, 1991; Huntingforet al., 2000; Pefiuelas & Llusia, 2002), la
duracién de la estacion de crecimiento (Pefiuel&sldéla, 2001; Beiert al, 2004) y la
mineralizacion de nutrientes (Shaver & Chapin, 198binsonet al., 1997; Jonassoat
al., 1999; Emmetét al, 2004; Schmidet al., 2002).

En los ecosistemas situados masate, donde la actividad de las plantas se ve
limitada en algunos periodos por las bajas temperst se prevé que las plantas seran
especialmente sensibles allentamiento (Aerts et al., 2006) y que un aumento de las
temperaturas conllevara un mayor crecimiento yumemto de la productividad primaria
(Chapinet al., 1995). Sin embargo, en los ecosistemas situadesatsar, donde el agua
es mas limitante para las plantas, se prevé geeseimiento y la productividad estaran
mas afectados por kEequia(Pefiuelast al., 2001, Terradas, 2001, Kovacs-Laegal.,

2000).

10
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v _“1

Parcelas experimentales en Clocaenog (Gales-Raiitn))

En el segundo capitulp me he centrado en la absorcién de carbono en el
matorral estudiado en el Parque Natural de GaBarfcglona-Espafia). En él estudio la
sensibilidad de los procesos relacionados condtaci&n de carbono por la vegetacién
a nivel de hoja (fluorescencia, fotosintesis, catahcia estomatica), planta (elongacion
de ramas) y cubierta (acumulacién de biomasa). &giéulo tiene un gran interés ya
gue no son muchos los estudios que comparan lowgfdel cambio climatico en las
variables ecofisioldgicas y los efectos integradiosl tiempo y en el espacio sobre la
acumulacion de biomasa (Chapin & Shaver, 1996;dRatsal., 1994; Kudo & Suzuki,
2003).

En el area Mediterranea, el verano ha sido corsmidecomo el periodo mas
estresante para la actividad de las plantas (Lar&@®0). Elagua juega un papel
imprescindible en el crecimiento ya que de ellaed€le la disponibilidad de nutrientes
en el suelo y es basica para mantener la turgemclas células (Munnst al., 2000).
Ante la falta de agua las plantas responden cesrastbmas Al cerrar estomas, se

reduce la entrada G@ en consecuencia tambiénftdosintesistodo lo cual junto con

11
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los cambios que la humedad puede generar disgpenibilidad de nutrientes puede
reducir el crecimiento y la acumulacion de biomesaa comunidad (Chapin, 1980;
Sardans & Pefiuelas, 2004, 2005; Saraard.,2006).

En esta zona, los efectos de un aumento etefaperaturas dependeran en
gran medida de los efectos que tengan sobre lardisppdad de agua. De esta manera,
por ejemplo, se prevé que en las estaciones midsc&l calentamiento de lugar a un
aumento de lavapotranspiracion (Pifiol et al., 1998) y que el calentamiento y la
sequia puedan reducir las tasas fotosintéticasldelbsobrecalentamientode las hojas
(Pefuelast al., 1998; Pefiuelas & Llusia, 2002, Lloregisal., 2004). Sin embargo, en
invierno el calentamiento puede aliviar las bajas tempeaatgue se pueden llegar a
alcanzar en esa zona y a la que muchas espedieilss mediterraneas son sensibles
(Mitrakos, 1980; Oliveira & Pefiuelas, 2000, 200002, Ogaya & Pefiuelas, 2003a, b,
2007).

Temperatura y agua determinan también slaperficie de hojas donde
directamente se lleva a cabo la captacion de luz lzaasimilacion de carbono via
fotosintesis. Particularmente, en especies medliteas se ha visto que existe una
relacion entre la disponibilidad de agua y la |tundjide los brotes, el tamafio de la hoja
o el indice de éarea foliar (Kypariss$ al., 1997; Krameret al., 2000; Mutkeet al.,
2003). También se ha observado que algunas espea&jescondiciones de sequia
pueden modificar su patrén de asignacién de carlpara por ejemplo, reducir la
pérdida de agua por las hojas o aumentar su adigugior las raices (Sharp & Davies,
1989; Weltzinet al, 2000). En este segundo capitulo he estudiadbiéantos efectos
de los tratamientos experimentales en caracteré&s eructura de la comunidad como
la proporcion de contactos vivos y muertos y lgoproion de los contactos de hojas y

tallos (ver método “pin-point” en capitulo 2).

12
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El estudio se ha realizado durante un periodo eapd suficientg1998-2005)
como para detectar la direccion de los cambios sibfes diferencias entre respuestas
primarias (por ejemplo cambios en el crecimiento Ide individuos establecidos en las
parcelas) y secundarias (cambios en el reclutamiele nuevos individuos) a los
tratamientos (Arfet al, 1999; Hollisteret al.,2005).

Siete afios de experimentacion también dan la pidsithide estudiar las respuestas
a los tratamientos teniendo en cuentavdaiabilidad interanual de las condiciones
ambientales. En este estudio se incluyen dos afiopeariodos especialmente duros, el afio

2003 (ola de calor) y el afio 2005 en el que sdadimavera mas fria y seca antecedida

ademas por un otofio de 2004 también muy seco.

: =

- 5 .,

Parcelas en el Parque Natural del Garraf (Catab#iaelona)
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- LA FENOLOGIA DEL CRECIMIENTO VEGETATIVO Y DE LA

FLORACION

La temperatura y el agua son también dos de lagbles ambientales que mas
claramente influencian losiclos de vidade la mayoria de los seres vivos. En las
tltimas década, el estudio de la fenologia delEstgs ha cobrado un gran interés en la
investigacion sobre el cambio climatico debido aggan sensibilidad al aumento de
temperatura, su bajo coste y su baja dificultad py@de realizarse simplemente
mediante una inspeccion visual (Schwartz, 1999; 2dkr2000; Osbornet al., 2000;
Roetzeret al, 2000; Pefuelas & Filella, 2001; Spark & Menz&€lQ2, Waltheret al.,
2002; Piaoet al., 2006; Linderholm, 2006; Menzeit al., 2006). De hecho, a nivel
nacional existen redes de voluntarios que detecsala afio el momento en que se
produce una determinada fenofase de una determiesuizié El gran volumen de
informacion que puede ser recogido puede seraitizpara la deteccion y seguimiento
del cambio climatico mundial. Por eso se estaneimalc esfuerzos en Europa y Norte
Ameérica para coordinar las redes fenologicas yastemies y estandarizar las
observacioné's

Muchos estudios sobre fenologia de plantas hanlidncque existe una clara
relacion entre las fenofases que ocurren en primafeparicion de hojas, brotes y
floracién) y latemperatura de los meses anteriores (Fitegral., 1995; Osbornet al.,
2000; Fitter & Fitter, 2002; Pefuelas$ al., 2002; Waltheret al., 2002; Cheret al.,

2005; Crepinselet al., 2006; Piacet al., 2006; Menzekt al., 2006). De hecho, se ha

2 Paginas sobre proyectos de seguimiento de fermodsgEspafia: http://www.fundacionglobalnature.org,
http://www.fundacionmigres.org, http://www.jatunkacorg/espanol/voluntariado/bilsa_info.htm,
http://www.mapa.es/rmarinas/lasreservas/tabarcgdptos_iniciativas/proyect_2.htm,
http://www.seo.org

% Red Europea para el seguimiento de la fenologfia:/fmww.dow.wau.nl/msa/epn/index.asp

Red Norteamericana: http://www.uwm.edu/Dept/Geolgyampn/index.html
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relacionado el aumento de temperatura de las @tidecadas comvancesde la
fenologia de diferentes especies en amplias zawyg@ficas (Menzel & Fabian, 1999;
Pefiuelas & Filella, 2001; Rotzer & Chmielwski, 20(Parmesan & Yohe, 2003).
Estimas recientes sugieren que las fenofases deaplgue ocurren entre primavera y
verano en Europa se estan avanzando como medil&a®.por cada 1 °C de incremento
de temperatura (Menzet al.,2006).

El avance del momento en que las plantas comieamzaacer podria significar
un alargamiento de lastacion de crecimientp es decir, del tiempo en el que la
vegetacion esta activa y por lo tanto del carbome pueden fijar (Menzel & Fabian,
1999; Schwartz, 1999; Menzel, 2000; Pep al., 2000; Pefiuelas & Filella, 2001,
Linderholm, 2006).

Algunos autores también han puesto de manifiestdajaparicion anticipada de
hojas y brotes en algunas especies, especialmergguellas distribuidas en zonas mas
frias, podria conllevar un mayor riesgo de dafioshptadastardias (Kellomaket al.,
1995; Waltheet al.,2002).

En eltercer capitulo de esta tesis, me he planteado si las especiesaltes
de los seis matorrales europeos estudiados podpi@vechar unas condiciones mas
calidas para comenzar a crecer antes. Las espggede estudiado so@alluna
vulgaris Empetrum nigrumy Vaccinium myrtillusen Reino UnidoC. vulgaris en
Holanda,C. vulgarisy Deschampsia flexuosen DinamarcaPopulus albaen Hungria,
Cistus monspeliensisn ltalia y Erica multiflora y Globularia alypumen Espafia.
Aunqgque hemos estudiado tanto los efectos de ltentrantos de calentamiento como
los de la sequia, en este capitulo sélo he inzligis resultados que hacen referencia al

calentamiento al que la fenologia ha sido muchosaésible.
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La combinacion de manipulaciones experimentalesy eb estudio de diferentes
matorrales europeos y ademas con el estudio desidiés especies coexistentes en un
mismo matorral en varios afios, nos permitira infeii

las posibles respuestas al calentamiento dibujan un
gradiente de mayor a menor intensidad de norte a sur o
si en cambio las respuestas son especificas o0
dependientes de las especificidades ambientaleseque

den cada ano.

Planta deErica multiflora con nuevos brotes.

Por otra parte, asi como existe un amplio acuendel evance que produce el
calentamiento en las fenofases que tienen lugaprienavera, no lo hay tanto en
relacion a la sefial ambiental que conduce las ésesfque ocurren etofio (caida de
hojas, crecimiento y floraciébn) y que en algunososa son mas dificiles de
“monitorizar” (Worrall, 1999; Waltheet al, 2002; Sparks & Menzel, 2002).

La mayoria de especies de plantas mediterrAneasegpian la primavera para
crecer y florecer y asi evitan el calor y sequiavdeano vy el frio del invierno. Pero hay
excepciones comderica multiflora y Globularia alypum las especies de arbustos
dominantes en las parcelas situadas en GarrafdBaa), que separan estas fenofases y
pueden crecer tanto en primavera como en otofiay@uel primero es mucho mas
importante) y florecer en otofio-invierno (Lloreaesal, 2004b; Llorens & Pefiuelas,
2005). Aprovechado esta caracteristica, esualto capitulo de esta tesis he estudiado
gué efectos podrian tener un aumento de tempenatuma sequia mas acentuada sobre

la fenologia de la floracion de estas especies.
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Algunos estudios han mostrado el importante rol tipree la temperatura en la
floracion no primaveral de especies mediterrdneas (Nilsen & Muller, 198td &
Retana, 2001, Pefuelas al, 2002; Jatcet al, 2004; Ogaya & Pefuelas, 2004). Sin
embargo, las especies que se estudian floreceamjaste después del verano, lo que
hace suponer que las lluvias de final de verance yotfio pueden tener una gran
influencia en esta fenofase.

Estudios con plantas mediterraneas han observadouga reduccion en la
disponibilidad de agua puede ocasiomatrasos en el momento de floracion y
reduccionesen la produccién de flores y frutos, lo que puefietar a medio plazo al
mantenimiento de la propia poblacion, la relaciém ¢os polinizadores y el aporte
alimenticio a herbivoros (Gordat al, 1999; Ogaya & Pefuelas, 2004; Pefuetas.,

2004; Llorens & Pefiuelas, 2005; Giménez-Benavided, 2007).

Ademas, diferentes respuestasal cambio climatico de las especies de plantas
coexistentes en una comunidad pueden dar lugar nabics en la estructura y
funcionamiento de los ecosistemas debido a candidas relaciones inter-especificas de
competencia o a la pérdida de sincronizacién con
otras especies como los polinizadores o los
herbivoros (Corlett & Lafrankie, 1998; Hughes,

2000; Pefiuelas & Filella, 2001; Fitter & Fitter,

QN - 2002; Gordo & Sanz, 2005).
Detalle de una flor d&lobularia alypum
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- DIVERSIDAD DE ESPECIES VEGETALES

Cambios en la presencia y abundancia de las distiespecies coexistentes en una
comunidad en respuesta a variaciones en el clinredgrudar lugar a cambios en el
funcionamiento del matorral, expresado por ejemptmmo productividad del
ecosistema (Tilmaat al.,1997; Hectoet al.,1999; Pfisterer & Schmid, 2002; Symstad
et al., 2003). En dos de los articulos de esta tesis haliado los cambios en la
diversidad de plantas que podrian sufrir los matorrales hejas condiciones mas
calidas y secas.

En el primer capitulo de la tesis me centro en los efectos sobre el rioe
especies vegetales presentes (riqueza) en losnsdimrales que forman parte del
proyecto europeo. La hipoétesis acerca de los efepte tendrian los tratamientos es que
éstos serian mas intensos en los ecosistemas mehsos donde se esté dando un
mayor reclutamiento de nuevos individuos y especies

La zona de Garraf sufrido dos incendios en 1982 341¢ue transformaron una
comunidad dominada poPinus halepensisen un matorraldominado porErica
multiflora y Globularia alypum En 2005, el ultimo afio de toma de datos paratesis,
esta comunidad todavia estaba aumentando su a@berégetal, todavia estaba
reclutando mas especies y todavia los arbustostaslmres ganaban en abundancia a
Pinus halepensi€s decir, el matorral de estudio era una comunigedestaba aun en
un proceso descuperacion La vegetacion mediterrdnea tiene una gran capagera
recuperar su estructura y composicién especificpuis de los incendios y se le
considera unautosucesiérpuesto que la mayoria de las especies que exisitan del
fuego pueden rebrotar o germinar después del f(lEfyoegaet al., 1997; Ojedaet al.,

1996; Lloretet al.,2002; Lloret, 1998; Pausas & Verdu, 2005).
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Sin embargo, la capacidad siliencia de los ecosistemas mediterraneos frente
a una perturbacion (la capacidad de volver a laglicones iniciales) puede verse
comprometida bajo unas condiciones mas céalidagasssi estas afectan por ejemplo,
al reclutamiento de plantulas, la capacidad deotebp la performance(tasa de
crecimiento, floracién) de los individuos estabdles (Glenn-Lewinet al., 1992;
Bazzaz, 1996, Riba, 1997; Lloret al., 1999; Llorenset al., 2004; Lloretet al., 2004,
Llorenset al.,2005). Como consecuencia, bajo unas condiciomatitas cambiantes
la colonizacién de especies justo después de tarpacion y elproceso sucesional
posterior puede dar lugar al ensamblaje de una cwola diferente.

Se han publicado muchos estudios sobre los efdelosambio climatico sobre
la diversidad en diferentes tipos de comunidadesgi€Ket al., 1998; Stenbergt al.,
1999; Van Peeet al.,2001; Van der Meeet al.,2002; Thuiller, 2003; Hollisteet al.,
2005) y otros tantos sobre los patrones de divalsde plantas después del fuego
(Moreno & Oechel, 1991; Ojedat al., 1996; Kutiel, 1997; Tarregat al., 1997,
Ne’eman & lzhaki, 1999; Lloreet al., 2003; Daskalakou & Thanos, 2004). En el
quinto capitulo de esta tesis he aunado estas dos cuestioneshg mkanteado qué
efectos podrian tener el calentamiento y la segofae la diversidad de especies
vegetales pero bajo la perspectiva de sucesiortalatgspués de una perturbacion.

Las respuestas de las especies coexistentes acastbgs ambientales pueden
ser especificas, aunque algunos autores han odsegue pueden ser respuestas ligadas
a laabundanciade la especie (Tilman & El Haddi, 1992; Harte &a®h 1995; Smith
& Knapp, 2003; Symstaét al., 2003; Lloretet al., 2004) o a la posesion de algin
caracter funcional (Tilman & El Haddi 1992; Klanderud & Totland, 200Bhuiller et

al., 2006).
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- HIPOTESIS

En cada uno de los capitulos se ha pormenorizaduipatesis sobre los efectos de los
tratamientos experimentales de calentamiento (equia (S) en los matorrales
europeos Yy particularmente en el matorral medinewade Garraf (Barcelona-Esparia).
A modo de resumen, se ha tenido en cuenta quefdotoe pueden depender de los

diversos factores que se exponen a continuacidonpa® de la interaccion entre ellos.

- GRADIENTE EUROPEO
Norte Efectos mas positivos del C sobre

* la productividad
A « el avance de la fenologia del crecimiento

Sur Efectos mas negativos de la S sobre la productividad

-ESTADO SUCESIONAL

Mayores efectos sobre diversidad
en comunidades en recuperacion
después de una perturbacion
{Garraf)

- ANO
Variabilidad en la intensidad de
efectos especialmente bajo

» Ola de calor en Europa (2003)

» Sequia prolongada en zonas
Mediterraneas (2005)
- ESPECIES/ABUNDANCIA/

TIPO FUNCIONAL

Llorens 2003ab, Lloret 2004, Pefiuelas

-VARIABLES 2004

+Crecimiento a nivel de planta y
acumulacion de biomasa mas
integracloras que variables ecofisiolégicas
instantaneas

*Fenologia muy sensible a cambios

ambientales (crecimiento-temperatura, . o
floracion de otofio-agua) « Efectos positivos de C en inviero

- ESTACION

» Efectos negativos de C y S en verano en
zonas Mediterraneas
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En el marco de la investigacion presentada solsreflectos del cambio climatico en el

matorral mediterraneo, también he participado eaddzacion de otros estudios:

Asensio D, Pefiuelas J, Llusia Brieto P, Estiarte M, Filella I.Interannual and
seasonal changes in the soil Exchange rates of tagrenes and other VOCs in
a Mediterranean shrublan@lenviado a International Journal of Soil Science).

Lloret F, Pefiuelas Prieto P, Llorens L, Estiarte MPlant community changes induced
by experimental climate change: seedling and adiydecies composition

(enviado a Journal of Ecology)

Llusia J, Pefiuelas Prieto P, Estiarte M.Seasonal contrasting changes of emission
rates of isoprenoids in two dominant species of ediérranean shrubland
submitted to a field experimental drought and wagnfenviado a Russian
Journal of Plant Physiology).

Sardans, J, Pefuelas,Plieto P, Estiarte, M.Changes in Ca, Fe, Mg, Mo, Na and S
content in a Mediterranean shrubland submittedriee&perimental drought and
warming(enviado a Environmental and Experimental Botany).

Sardans, J, Pefiuelas,RIjeto P, Estiarte, M.Warming and drought alter C and N
concentration, allocation and accumulation in a Medanean shrubland

(enviado a Global Change Biology).
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CHAPTER 1.

Response of plant species richness and primary productivity in
shrublands along a north-south gradient in Europe to seven years of
experimental warming and drought. Reductions in primary

productivity in the heat and drought year of 2003.
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ABSTRACT

We used a non-intrusive field experiment carrietiaiisix sites -Wales (UK), Denmark
(DK), the Netherlands (NL), Hungary (HU), Sardirflealy-1T) and Catalonia (Spain-
SP)- along a climatic and latitudinal gradient ¥amine the response of plant species
richness and primary productivity to warming anéufht in shrubland ecosystems.
The warming treatment raised the plot daily temjpeeaby cal °C, while the drought
treatment led to a reduction in soil moisture a& fgeak of the growing season that
ranged from 26 % at the Spanish site to 82 % irNesherlands. During the seven years
the experiment lasted (1999-2005), we used thegpint method to measure the species
composition of plant communities and plant biomé&gsgyfall, and shoot growth of the
dominant plant species at each site.

A significantly lower increase in the number ogsjes pin-pointed per transect
was found in the warming plots and, especiallythimm drought plots at the Spanish site,
where the plant community was still in a procesgemfovering from a forest fire in
1994. No changes in species richness were fourtdeabther sites, which were at a
more mature and stable state of succession andedhsdiable to recruitment of new
species. The relationship between annual biomagssradation and temperature of the
growing season was positive at the coldest sitersmghtive at the warmest site. The
warming treatment tended to increase the abovedrawgt primary productivity
(ANPP) at the northern sites. The relationship leetwannual biomass accumulation
and soil moisture during the growing season wassigptificant at the wetter sites, but
was positive at the drier sites. The drought treatintended to reduce the ANPP in the
NL, HU, IT, and SP sites. The responses to warmiage very strongly related to the
Gaussen aridity index (stronger responses the ltineearidity) whereas the responses

to drought were not. Changes in the annual abouegrabiomass accumulation,
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litterfall, and, thus, the ANPP, mirrored the irgemual variation in climate conditions:
the most outstanding change was a decrease in gsoataumulation and an increase in
litterfall at most sites during the abnormally hatar of 2003. Species richness also
tended to decrease in 2003 at all sites exceptdigeand wet UK site.

Species-specific responses to warming were foumdghoot growth: at the
Spanish siteGlobularia alypum tended to grow less, while the other dominant igsec
Erica multiflora, grew 30 % more; at the UK sit€alluna vulgaris tended to grow
more in the warming plots, whil&mpetrum nigrum tended to grow less. Drought
treatment decreased plant growth in several stuspedies, although there were some
species such d&inus halepensis at the SP site or all the species at the UK k¢ Wwere
not affected.

The magnitude of responses to warming and drotgtst depended greatly on
the differences between sites, years, and speatthase multiple plant responses may
be expected to have consequences at ecosystemoamduaity level. Decreases in
biodiversity and the increase inh multiflora growth at the Spanish site as a response to
warming challenge the assumption that sensitiviywarming may be less well
developed at more southerly latitudes; likewisee fact that one of the studied
shrublands presented negative ANPP as a responghet®003 heat wave also
challenges the hypothesis that future climate wagnwill lead to an enhancement of
plant growth and carbon sequestration in tempezatsystems. Extreme events may
thus change the general trend of increased pradlycin response to warming in the

colder sites.

Key words: Biodiversity, climate change, drought, Europeandgmat, forest-steppe,
global warming, heathland, heat wave, litterfalgahia, net primary productivity, plant

biomass, plant growth, shrubland, species richness.
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INTRODUCTION

Global air temperatures have increased by 0.7 Yhglthe twentieth century and are
predicted to increase by between 1.1 and 6.4 °@gltine twenty-first century, with the

greatest increases expected to occur at more migrilagtudes (IPCC, 2007). These
increases will also be accompanied by changesdoigtation patterns that are much
more difficult to forecast. However, many modelsgict that summer droughts in some
central and southern European regions will beconmeenprevalent (IPCC, 2007,

Pefuelast al., 2005).

Over the last decade the need for information kiggrthe physiological,
ecological and evolutive response of organismsexusystems to climate change has
been addressed by a growing number of observatiamal temperature- and
precipitation-manipulation experiments around tluelek As a result, a substantial body
of data now exists that demonstrates the link betwehanges in regional climate and
alterations in biological processes in ecosystexis.et al. (1999), Shaveet al. (2000),
Pefiuelas & Filella (2001), Rustadt al. (2001), Waltheret al. (2002), Parmesan &
Yohe (2003), Roott al. (2003) and others have reviewed many of thesererpnts.
More recently we reported variable responses intpland ecosystems to experimental
warming and drought along a north-south gradieriuropean shrublands (Beigral.,
2004; Emmett al., 2004; Llorenst al., 2004; Pefuelag al., 2004).

The responses of plant productivity and other estesy processes to climate
change are quite variable and increases, decreaise®, change at all have all been
reported (see references in Rusghdl., 2001; Pefiuelagt al., 2004). However, there
seem to be some regularities such as a greateiveossponse of aboveground plant

productivity to warming in colder ecosystems (Rdsaal., 2001). Furthermore, Antle
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et al. (2001) assembled a database of more than 2,8@@&stthat address climate and
related physical or biological processes and fotivat 80 % of the studied species
undergoing change were shifting in response to wagrn the direction expected on
the basis of known physiological constraints ofceg® while 20 % were changing in
the opposite direction. There is also a large botlyobservational, satellite, and
atmospheric data regarding plant species and deosysthat shows clear biological
responses to warming such as extended growing rseasal altitudinal and northward
movement of species’ distributions in both northand southern, cold-wet and warm-
dry ecosystems (Myner al., 1997; Pefiuelas & Filella, 2001; Pefuetasl., 2001,
2002; Walthert al., 2002; Parmesan & Yohe, 2003; Pefiuelas & Boadla3;2Rootet
al., 2003, Menzelet al., 2006). Ecosystem processes and biological spetiay
respond asymmetrically to climatic changes (Walthet., 2002) and the overall effect
on ecosystem functioning and species richnesseiefibre often highly complex and
determined by the relative sensitivity of the diffiet processes to climate change.

We conducted a non-intrusive field experiment (Beteal., 2004; Pefiuelagt
al., 2004) for seven years at six sites from northersouthern Europe (UK, Denmark,
Netherlands, Hungary, Italy, and Spain) to exantime response of plant species
richness and aboveground primary productivity tornmag and drought along a
climatic and latitudinal gradient of shrubland emiems. The aim was to study the
effects of the climatic changes expected to ocwer the coming decades (IPCC, 2007,
Pefiuelast al., 2005) and, additionally, we analyzed the effeftthe 2003 heat wave.
Our initial hypotheses were that plant primary prcid/ity responses to warming would
be greater in colder northern latitudes and th@aeses to drought greater in drier
southern latitudes, since higher latitude ecosystara typically limited by temperature

(Chapinet al., 1995) and lower latitude Mediterranean and camial ecosystems by

38



Response of species richness and primary prodiyciivEurope to warming and drought Chapiter

drought (Mitrakos, 1980; Pefiuelasal., 2001, Terradas, 2001, Kovacs-Lagtgal.,
2000). We also hypothesized that effects suchpasies-specific responses and the
reduced number of recruited seedlings in warmirdy above all, in drought plots found
at some sites in a previous study (Lloeetal., 2004) would thus tend to lead to
decreased species richness, especially at those siill recovering their species-
richness after a severe disturbance (for examipéesérious fire that occurred five years
prior to the start of the experiment at the Spasig) by progressively recruiting new
species. The experimental approach was specifichlbsen to overcome some of the
main drawbacks found in previous studies such ea®er-intrusiveness of some of the
methodologies used, the constant or diurnal rathan nocturnal manipulation of
warming, the predominance of studies in cold anttemperate and Arctic ecosystems,
the lack of across-the-board protocols, and temgora results are the fruit of seven-
years study instead of the two years in our previstudy) limitations (Beiegt al.,
2004; Peiueladt al., 2004). To approach vegetation (and ecosystespprese at larger
spatial and temporal scales, we examined localiefugicross a natural climatic and
environmental gradient along a transect from nonthe southern Europe. With this
geographical approach, we aimed to take into addong-term responses of vegetation
to environmental conditions (Chapeb al., 1995; Shaveet al., 2000; Rustadtt al.,
2001). Long-term studies allow the natural intemazed variability as a result of
temporal variability in climatic conditions to b@ayzed, thereby avoiding the often

initially stronger transient response to treatméeAté et al, 1999).
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MATERIAL AND METHODS

Sites and manipulations

Experimental manipulations were carried out in blands at six European sites, in
Wales (UK), in an atlantic heathland, Denmark (Di)an atlantic heathland/grassland,
the Netherlands (NL), in an atlantic heathland, gamy (HU), in a continental

forest-steppe, Sardinia (ltaly-IT), in a meditegan shrubland, and in Catalonia
(Spain-SP) also in a mediterranean shrubland, spgnboth a temperature and

precipitation gradient, and an aridity gradieng(Hi) (Beieret al., 2004).

Figure 1. Gaussen index of aridity
> 80 . (precipitation/2temperature), mean annual
% precipitation, and mean annual air
é 60 1 1 temperature at the studied shrubland study
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At each site, we imposed field-scale nighttime wiagndrought and control treatments
and the response to the treatments was compareohtml! plots. Plots were 4x59n
allowing for a buffer strip of 0.5 m at the perimetEach type of manipulation was
replicated three times at each site. Pre-treatmesaisurements were conducted in order

to identify variability between sites and plots.

Warming treatment

The warming treatment consisted of nighttime wagmnovided by reflective curtains
covering the vegetation at night (Begtral., 2004). Solar energy is accumulated in the
ecosystem during the day and part of this energg-radiated back to the atmosphere at
night as long wave IR-radiation. The covering ot tecosystem with reflective
aluminum foil curtains (ILS ALU, AB Ludvig SvensspB8weden) reduces the loss of
IR radiation. These curtains reflect 97 % of thecli and 96 % of the diffuse radiation.
The warming plots are 20M5x4 m) and are framed by light scaffolding thapports
the reflective aluminum curtain approximately 20 afove the top of canopy. This
curtain is activated automatically by pre-estaldishight (< 200 lux), rain, and wind (<
10 m §% conditions (Beiekt al., 2004). The curtains reduced the heat loss dunigiot

by 64 %, from 33 W M to 12 W n¥, and increased the temperature of the soil and
plants by 0.5-1.5 °C (DK), 0-2 °C (UK), 0-1 °C (NL}-2 °C (SP), 0.3-1.3 (HU), and
0.2-0.6 °C (IT). These temperature increases atkdrrange predicted by the next 20-
30 years by Global Circulation Models (IPCC 200Me magnitude of the warming
effect depended on the site, time of the year,maatkorological conditions (Beiet al.,
2004). These moderate increases in temperaturedrdiee average annual growth
potential (Growing Degree Days - GDD) by 3-16 %tlee non-Mediterranean sites.

Overall at the six sites the number of days witstiwas reduced by 19-44 % (Beeer
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al., 2004). In order to avoid unwanted effects on thdrblogical cycle, rain sensors
automatically trigger curtain removal during raihfahis warming treatment has been
applied since spring 1999 (since 2001 in HU and IT)

This method has the advantage that unintended edigets and artifacts are
minimized. Measurements of curtain movements, teatpees, precipitation, water input
into the plots, radiation balance during campaigetative humidity, and wind speed
showed that the edge effects on the temperaturease, as well as unintended effects on
wind and moisture conditions, were minimal. Singghtime warming implies leaving
the plots open during daytime, the effect on lighiditions was negligible (Beiet al.,

2004).

Drought treatment

The drought treatment, which consisted of covetimg vegetation with transparent
waterproof covers, was put into practice for twonthg every year between 1999 to
2005 in the spring/summer growing seasons (in tpanSh and Italian sites an
additional drought period was established in thieiman growing season; Beiet al.,
2004). The drought plots are constructed in a similay to the warming plots except
for the fact that the curtains are made of trarspuaplastic and are only drawn in case
of rain and wind. During the drought period thenraensors activate the curtains
whenever it rains and remove them again once timestaps. The curtains are also
removed automatically if the wind speed exceedsml§'. For the part of the year
without the drought treatment, the drought plotsen@anaged in the same way as the
control plots. Decreases in soil moisture durirgdnought treatment ranged from 82 %
in the Netherlands to 26 % in the Spanish site;aad soil temperatures were not

affected. For the rest of the year, the droughatinent was not applied and so the
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received precipitation was not directly affectecei@ et al., 2004). Despite this soil

moisture in the drought plots never completely veced to the control levels.

Untreated control
Three untreated plots with similar light scaffolglias in the warming and drought plots

but without curtains were set up as controls.

Plant response

We conducted yearly monitoring of plant responseshe above-described climate
manipulation treatments and measured the followiagables in all the experimental
plots: plant-community species richness, plant-camity cover and biomass, litterfall,
aboveground net primary productivity, and individpkant growth.The objective was
to assess relative changes in plant performaneeekeattreatment types for the different

sites, years, and species.

Soecies richness, plant cover and biomass (pin-point method), litterfall, and

aboveground net primary productivity

The pin-point method was used for measuring plaeguency and for indirectly

estimating plant cover and biomass. Pin-point measseants were conducted annually
at each site in July-August, although in Italy measments were taken at the end of the
growing season (September-May), at the beginninguosfe. Vegetation response is
assessed by noting species types and calculatarg pbntacts and heights at a large
number of points in each plot. This method enabitasreover, the assessment of

changes in species composition and species-spgoifveth to be recorded. A sharpened
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pin was lowered through the vegetation with a mummof 300 measurement points for
each experimental plot. These points were arrargétlcm intervals along replicated
five 3-m long transect lines (in Spain and Hungamyfour 4-m long transect lines (in
the Netherlands and lItaly) or in 0.5x0.5 m subplatsthe UK and Denmark). Each
plant hit with the pin was counted and the plamcsgs (or species group) recorded. At
some of the sites the height above the ground Vgasracorded for each hit by means
of 1-cm marks along the pin or along a vertical lnett behind the pin in a way that did
not disturb the vegetation. We recorded the totathber of hits for each species (and
for each plant part of each species, if relevaat)tpansect and also the total number of
hits as a proportion of all pin hits per transeédte also calibrated the pin-point
measurements against absolute biomass using destreampling outside the plots. In
each site biomass was regressed against hit nurtdrepsoportions) or, if hit heights

were recorded, against heights.

I
a
o 4 L Figure 3. Change in number of
)
g a a species per transect or subplot
2 5 a (see Fig. 2 caption), in control,
_8 drought, and warming
é a aa a a treatments at the UK, DK, HU,
8 0 and SP sites after 5-7 years of
:c—-_ experiment in the period 1998-
S 2 F - 2005. Bars indicate the
c
g | standard errors of the mean
g B DROUGHT (n=3 plot means).
< -4 -  HE WARMING 7
UK DK HU SP
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In each plot we placed litterfall collectors (betme5 and 30 -depending on the
site and the traits of the corresponding vegetasomall pots with small holes allowing
for drainage). These collectors ranged in diamieden 15 to 4.4 cm and were randomly
placed under the plant canopy (or belBwmultiflora, G. alypum, and Populus alba
plants in the scattered vegetation of Spain andgely). We retrieved the litter monthly
(or every two or six months, depending on the site) then oven-dried it at 60 °C until
constant weight. Litterfall from grasses (DK) wadimated by harvesting the standing
dead biomass once a year from a 0?5tut since the litter is not shed from the grasses

which were a dominant part of the vegetation.

a Figure 4. Total aboveground plant
3500 + I R biomass and annual aboveground net
< 3000 L i primary productivity in the control plots
S 2500 at the UK, NL, DK, SP, HU, and IT
o> L i
~ sites. Data are from control plots in
& 2000 - E
a 2002. Bars indicate the standard errors
1500 + E
'g of the mean (n=3 plots). Different letters
m 1000 - i indicate significantly different means
500 - 1 (Bonferroni  post-hoc test of the
ANOVA).
400 - 7
‘_I|/_\
=
~ 3001 1
S
=
N 200 |
o
=
< 100 1

UK NL DK HU IT SP
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Aboveground net primary productivity (ANPP) wasirestted as the sum of the
change in total aboveground biomass and litteffialDK, the aboveground net primary
production is equal to the litterfall as the abaweegd biomass of grasses and herbs

senesce during the autumn.

Individual plant growth

The pin-point method does not provide a directudaton of yearly plant growth at the
species or individual level (although the frequenéyhits is affected by plant growth
and was also used to indirectly assess net abawegrbiomass change). Additional
direct measurement of individual plant growth wasamed in the UK, HU, IT and SP
sites (United Kingdom, Hungary, ltaly, and Spair) rbarking shoots and measuring
them at intervals. A sample of 20-30 terminal sbawitthe dominant site species were
permanently marked in each plot (in the Hungaride all shoots of 10 randomly
selected shrubs per plot were measured). The lesfgtfach shoot was measured and
plant growth estimated by using allometric relasioips between biomass and shoot

lengths obtained from a destructive sampling offddrom outside the plots.

Statistical analyses

We first conducted repeated measures ANOVAs anddBami post-hoc comparison
tests with each measured plant variable as a depemariable and the country and
treatment as fixed factors. We used only the medmevof each variable for each plot,
so that n = 3 per treatment, because we considiredoof/plot as the smallest

independent unit. We used as many sub-plots/reéplisamples as possible (usually
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three or more with a maximum of 30, depending am \thriable being measured) to
provide a good mean estimate for each plot.

General regression models were built with plantmiass, litterfall, and
individual plant growth as dependent variables, siear, and species as fixed factors,
and temperature, soil moisture, and precipitatiaringy the growing season (i.e., the
final three months, except in ltaly, where we taoto account the whole growing
season from September to May) as independent \esiabifferences with a p-value <
0.05 were considered as statistically different.alfsges were performed with the
Statview software package (Abacus Concepts Ingy,Qdorth Carolina, USA) and the

Satistica software package (StatSoft, Inc. Tulsa, Oklahoma).

RESULTS

Speciesrichness

The number of species pin-pointed per transectlaxasr in the drought plots than in
the control plots (it was also lower in the warmiplpts than in the control plots
although the difference was statistically not digant) at the SP site (Fig. 2 & 3). At
this site, the plant community was recovering frafiorest fire in 1994. During the six-
year study period between 1999 and 2004, drougiis pecruited less than one new
species per transect and warming plots a littleentioan 2 new species, whereas control
plots recruited more than three new species p@séct (Fig 2 & 3). No significant
changes due to warming or drought were found eitlhéhe other Mediterranean site
(IT) or at the continental and northern sites (g 3), which were already in a more

stable state of succession.
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There was also a decrease in the number of spdetested in 2003 at all sites apart
from the UK (Fig. 2), a consequence of the esplgdmat and dry weather conditions of
that year. A similar decrease was also noted ithemovery dry year in SP, 2005 (Fig.

2).

Community plant biomass

Plant biomass calculated from allometric relatiopstbetween pin-point measurements
and biomass was significantly greater at the UK €600 g 1if) than at the Dutch site
(ca. 1000 g i) and all the other sites (ca. 500 g)niFig. 4).

The ca. 1 °C experimental warming led to an in@eat 69 % in plant
aboveground biomass accumulation during the fivers/ef experimentation at the UK
site and of 72 % during the three years (2000-200@) positive biomass accumulation
at the Dutch site (Fig 5). The warming treatmenteased the total plant biomass at the
northern sites, UK and NL, and at the continenit, $4HU, but when the responses
during the unusually hot year of 2003 were inclydbé global effect of warming was
not significant except slightly in HU (Fig. 5). Thieought treatment tended to reduce
biomass accumulation at the NL, HU, and SP sitesagain, if the whole study period
is taken into account, the overall reduction waly shghtly significant in HU (Fig. 5).

The annual aboveground biomass accumulation (Bigiolowed the inter-
annual variation in climate conditions and moregwesented a significant interaction
for site x year (F=3.89, p<0.01). However, the moststanding change was the
decrease in biomass accumulation at all sites ¢Xoegthe UK in the hot year of 2003,
with negative accumulation values at the NL and s#ds. The UK site, on the other

hand, accumulated a greater amount of biomassusaa (Fig. 7) as a likely result of

50



Response of species richness and primary prodiyciivEurope to warming and drought Chapiter

increased nutrient availability as soil microbeg aeleased from oxygen limitation

caused by excess of water.
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Litterfall

There was less plant litterfall at the southerass{ta. 50 g fhat the IT site and ca. 100
g m? in the SP site) than at the northern sites (c@.gL6i> at the NL and the UK sites)
(Fig.6), a logical consequence of their smallenptaomass (Fig. 4).

The warming treatment tended to decrease (ca. 1hé&@mount of litterfall at
the northern sites, tended to increase it at the ditg) and had no effect at the
Mediterranean sites (Fig. 6). The drought treatmiended to decrease litterfall at all
sites by ca. 25 %, the only exception being the ditd, where the drought treatment
tended to increase litterfall (Fig. 6). Howevere tHU litter data are not comparable
because of the deciduous character and the splytiaimics of the clonal poplar shrubs
that grow there: the amount of cover (and thuerlitall) of the poplars changed at
different rates in different plots, that is, indapgently of the treatment type. In some
plots shrub cover spread, but died back in others.

In line with the plant accumulation response, ¢haras also an inter-annual
variation in litterfall: an increase in the littalf amount was recorded in the hot year of

2003 at the SP and the NL sites, whereas a deonemseecorded at the UK site (Fig 6).

Net primary productivity
In a typical year such as 2002 the abovegroundpniatary productivity (ANPP),
calculated as the accumulated aboveground biomasdifperfall, ranged between 100
and 200 g i{ at the southern and continental sites and bet@@érand 300 g ihat the
northern sites (Fig. 4).

The warming treatment increased the ANPP, espg@alihe northern sites (the
UK and the Netherlands) and at the Hungarian &itet, when the responses to the

unusually hot year of 2003 are included, the oVestiect of warming throughout the
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whole experiment was not significant in the nontheites (see Figs. 5-8). Drought
treatment reduced the ANPP at the NL, HU, IT andsi&#, but again, after taking the
whole study period into account using a repeatedsones analysis including all years,
this reduction was nowhere significant (see Fig8)5-

The ANPP followed the inter-annual variation innadite conditions and the
effect was different depending on the site as mteid by the significant interaction
found for site x year (F=7.28, p<0.001). Howevkg most outstanding change was the

decrease in ANPP in 2003 in all sites except ferlk site.

Individual plant growth
Plant growth measured as shoot length was notfignily affected by the warming
treatment in the studied species at the Rbp(lus alba) and IT Cistus monspeliensis)
sites, orin two of the three dominant species studied inirfg@al obularia alypum and
Pinus halepensis. However, at the SP site, the growth of the oth@minant species,
Erica multiflora, was significantly enhanced (30 %) by the warntiregtment (Fig. 8).
There was also a contrasting response to warmirtpeatUK site: Calluna vulgaris
tended to respond positively to the warming treatimenhile Empetrum nigrum tended
to respond negatively (Fig. 8).

The drought treatment decreased growtksiralypum (34 %) andeE. multiflora
(25 %) in Spain and €. monspeliensis (21 %) in Italy, but had no significant effect
either onP. alba at the HU site (Fig. 8) or on the two studied sgpedn the UK C.
vulgaris andE. nigrum) that, however, also tended to grow less, espgdalnigrum
(Fig. 8). There were also contrasting responsesngsidhe three studied species at the
SP site, since the third dominant species in Sgaihalepensis, was not significantly

affected by the drought treatment (data not sho@mught decreased plant growth in

53



Response of species richness and primary prodiyciivEurope to warming and drought Chapiter

D. flexuosa in DK, although in that country other more rhizames grasses did tend to
increase growth in response to drought. Annual gromas significantly dependent not
only on species and treatment, but also on thegm@precipitation and soil moisture of
the year (Figs. 7 and 8). Most studied plant spegigesented significantly higher
growth rates in wet years (2002 and 2004) thanrynydars (2001 and 2003) (Figs. 7

and 8)

Relationships between annual aboveground biomass accumulation and site
temperature and soil moisture

Biomass accumulation and litterfall responses tomirag and drought followed a
gradient from wet/cold to dry/warm climatic enviroants. The responses to warming
were very strongly related to the Gaussen aridifex with the maximum response
occurring in the least arid site and with the mimimresponse in the most arid site (Fig.
9). The responses to the drought treatment wereignificantly related to this aridity
index (Fig. 9). Figure 10 highlights this gradiét contrasting the annual aboveground
biomass accumulation with the temperature andnsoisture changes at the wettest and
coldest (least arid) site (the UK) with those relsat at the driest and warmest (most
arid) site (SP). The relationship with temperatwas positive for annual biomass
accumulation at the coldest site, whereas thistioalship was negative for annual
biomass accumulation at the warmest site (Fig. TBg correlation with soil moisture
was not significant at the wettest site, althougimual biomass accumulation was
positively related to soil moisture changes atdhest site (Fig. 10). The relationship
between biomass accumulation and soil moisturendtdsignificantly differ under the

drought or warming treatments. Similarly, there eveo significant differences between
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treatments in the response of biomass accumulatie@mperature, except for a slight

trend towards lower response of warming plots endbldest site.
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DISCUSSION

The geographical gradient: responses in the wet/cold northern sites, but also in the

dry/warm southern sites
Soecies richness

As a result of moderate warming (ca. 1 °C) and glhbon average ca. 19 % lower soil
moisture) there was a lower increase in specidmess in the seven years study in
treated plots than in control plots at the Spasish, which had not reached a mature
successional stage after the 1994 forest fire (fe@rs before the experiments started).
The resulting decrease in species richness agrets thhe decrease in seedling
recruitment and seedling diversity observed at 8panish site (Lloreét al., 2004).
This decrease in species richness shows that theatel change predicted for the
coming decades will have significant implicationsr fvegetation composition,
biodiversity, and structure, especially in plantmtounities that have not reached a
mature successional stage. Such decreases in specdmess may also play an
important role in controlling the response of theemall carbon balance in these
terrestrial ecosystems. In the other Mediterrarsg@n(IT), where the state of succession
was more mature and stable, no significant chamgtie species richness occurred as a
result of the experimental treatments. In the Ifg,sthe previous major disturbance
occurred ten years before the beginning of the axygat and, as reported by Caleb

al. (2002), Mediterranean shrublands generally cotalyl@ecover within 12 years of a

disturbance.

Changes in species composition in response to wgrrand altered water
availability have also been reported in colder gstens such as a Rocky Mountain

meadow (Harte & Shaw, 199&8hd temperate bogs and fens (Wel&tial., 2003).The
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results from our study extend species compositiadirfigs into the warm and dry
Mediterranean zone, which like most warm areasoisnally not considered to be
temperature sensitive. On the other hand, our rigglido agree with species and
ecosystem changes in species composition obsemv8gdain over the past 50 years of
progressive warming and aridification (Pefiuadal., 2001; Pefiuelas & Boada, 2003;

Sanz-Elorzat al., 2003; Hodaet al., 2003; Jump & Pefiuelas, 2006).

No significant changes in response to the experiahemarming and drought
were found in the species richness of the othes fig. 2). The DK and NL sites had
thick covers of grass and heather respectively wibthbare soil available for the
establishment of new species and other sites suthose in the UK, HU, and IT were
in more mature successional stage as shrublandtharefore were less prone to new

species recruitment.

This slightly greater response in species richhesgarming at the SP site does
not necessarily contradict our hypothesis thataleses to warming would be greater at
colder temperature-limited northern latitudes (Ghagh al., 1995), since the Spanish
site was at a different successional stage andedtsitive communities were still
recovering from a major disturbance. However, #sponse of this warm site highlights
the need to re-examine the assumption that sehgsiivwarming will not be as great at
southern latitudes, in particular wherever sucoesdi processes are still at work and
where increased evapotranspiration associated tmiwg is significant. The expected
sensitivity of these Mediterranean areas to morewe and longer droughts, which
could affect natural recovery and re-colonizatioocpsses, is further confirmed by the

decreased species richness in the drought plthssadry Mediterranean site.
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Net primary productivity

Trends in plant productivity confirmed the hypotbeshat there would be more marked
responses to warming at the northern sites (FigPR)nt productivity was significantly
affected by inter-annual climatic variation as W& ming treatment tended to increase
the total plant biomass at the northern (UK and MNind continental sites (HU),
although overall, and including therefore the hedryof 2003, changes were mostly not
statistically significant.

These increases might be a direct result of inecabotosynthesis rates (Kérner
& Larcher, 1988), although this does not seem tdhieecase here (see Lloregisal.,
2004). The direct effect of longer growth seasdtefitelas & Filella, 2001; Beieral.,
2004; Prieto, 2007) seems more likely since Norttstes showed greater increases in
growing degree-days (Beieat al., 2004). An indirect effect of increased nutrient
availability resulting from increased rates of Nnemalization (Robinsomet al., 1997,
Emmettet al., 2004; Schmidet al., 2004) may also be a contributory factor and has
been previously described in studies of plant ghoavtd productivity in Arctic and sub-
Arctic ecosystems that are generally limited byos lavailability of N and/or P
(Jonassonet al., 1999; Shaver & Chapin, 1995; Schmigt al. 2002). In these
ecosystems plant growth is affected by short-temmpierature enhancement, partly due
to the direct effects of warming and partly to thdirect effects of increased nutrient
mineralization in the warmed soils (Callaghan & asson, 1995t owever, the lack of
a very obvious and significant response in net annproductivity to warming at the
colder sites in our experiment may tedated to the age of th@alluna vulgaris plants,
which are in a mature phase and therefore not agatimg much new biomass (Watt,
1947). These results also show that since warmiitg ribt decrease the total

aboveground biomass, there were no overall negatifexts of warming on plant
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growth as a result of increased frost damage ily gdwenological stages in any of the
sites, as has been suggested by other studiesn(AGe6).

At the southern sites that are normally water-strds there was no general
increase in plant productivity as a result of tharming treatment, since warming
increases water loss (Beiet al., 2004) and temperatures in these ecosystems are
already close to the optimum for photosynthesis grawth (Pefiuelagt al. 1998;
Shaveret al., 2000; Larcher, 2000). Photosynthetic rates magnedecrease due to
overheating in the warmest seasons or microenvieosn(Pefiuelaat al. 1998; Shaver
et al., 2000; Pefuelas & Llusia, 2002; Llorestsl., 2003). Other reasons for the lack of
response or a negative plant response to increasimgerature are the concomitant
increases in evapotranspiration and decline in swisture often associated with
warming, and the decreased availability of nutrresburces such as N and P (Rustad
al., 2000; Sardans & Pefiuelas 2004, 2005).

The drought treatment tended to reduce biomassmadation at the NL, HU,
IT, and SP sites, although after taking into coasaton the whole study period, this
reduction was not significant. In fact, in most thaun semiarid areas drought already
limits plant productivity (Mitrakos, 1980; Larche£000; Pefuelast al., 2001;
Terradas, 2001), as shown by the I recoveries (Gorissemt al., 2004),
photosynthetic rates (Llorers al., 2004), and standing plant cover and biomass in
Mediterranean and continental shrublands (Fig. Bhth the direct effects due to
decreased photosynthetic rates and the indire@ctsffdue to decreased nutrient
availability of the drought treatment (Sardans &itrdas 2004; Sardares al., 2006)
would tend to lead in the same direction towardsebBesed plant productivity.

The tendency of the warming treatment to decreeae 15 %) the amount of

litterfall only at the northern sites may be aneetfof a longer leaf life-span at the
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temperature-limited northern sites. The drougtdttment litterfall decrease, or tendency
to decrease, at all sites (ca. 25 %) except forHbesite (where the data originating
from the dynamic character of the poplar trees wmecomparable) was unexpected
since drought often encourages leaf fall (Hadeg., 1987; Oliveira & Pefiuelas, 2002;
Ogaya & Pefiuelas, 2006). These decreases mightaied to lower precipitation levels
diminishing litter production (Simmonet al. 1996). Further monitoring during the
coming years is needed to be able to draw religbleclusions regarding litterfall

responses to warming and drought.
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Both biomass accumulation and litterfall resporteewarming and drought lie
along a gradient from wet/cold to dry/warm enviramts that is highlighted in Figures
9-10. Figure 9 shows how aridity limits the respois warming. The response to the
warming treatment increased the lower the aridftyhe site (it was stronger in sites
with high precipitation and cold temperatures).gufe 10 shows the trend towards a
positive relationship between biomass accumuladiwh temperature at the coldest site,
a negative relationship between these two factbtheawarmest site, and a positive
relationship between biomass accumulation andnsoisture in the driest site. Because
the relationship between biomass and soil moistuas the same under control,
drought, and warming, soil moisture alone will begaod predictor of biomass
accumulation as temperatures increase due to €irobange. Similarly, since the
relationship between biomass accumulation and temtyre was the same under all
treatments, inter-annual temperature variation d¢sn used to predict biomass
accumulation response to warming. A slight trendaials lower response of warming
plots in the coldest site can indicate a slightlia@ation that deserves to be further

studied.

Inter-annual differences. The 2003 heat wave and the decreases in species

recruitment and ANPP.

Inter-annual changes in species richness, abovedrplant biomass accumulation, and
litterfall occurred at all sites and mirrored int@rnual variation in climate conditions.
The lower number of species detected in 2003 alital except the UK site, in line with
the especially hot and dry weather conditions t{fear, was especially notable. There
was also a decrease in biomass accumulation aitedi except the UK site in the

unusually hot year of 2003. Temperatures at thesiiddid not increase as much as at
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most other sites and this site was the most pesjtisensitive to warming as was to be
expected from it being the coldest site. This fimgdis also consistent with the fact that
the UK site is limited by excess water and thusudht can have neutral or positive
effects (Fig. 7).There was also great inter-anwaahtion, with a significant increase in
the amount of litterfall in 2003 at the SP and Nies contrasting with a decrease at the

UK site, in consonance with their respective pctumulations.
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Figure 10. The relationship between annual aboveground bioraassmulation (g i) in each
treatment and the air temperature and soil moisturang the three months previous to sampling
(growing season). Each point represents the datarfe plot for one year. Data are from seven
years (1999-2005) for the SP site, five years (32033) for the UK site temperatures, and two
years (2002-2003) for the UK site soil moistures.
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Since severe regional heat waves such as the a@teoticurred in 2003 may
become more frequent in a changing climate (M&Hhlebaldi, 2004; Schaet al.,
2004), the expected future enhancement of plantvtbraand carbon sequestration
resulting from climate warming in temperate ecosyst may not in fact occur, as has
been suggested by Ciag al., (2005). In fact, our results show an even steong
decrease in NPP than the 30 % reduction in grossapy productivity throughout
Europe estimated by a recent study by Gaael., (2005), measuring ecosystem carbon
fluxes, the remotely sensed radiation absorbed lagtgy and crop yields at country
level. The shrublands at the NL site even presemégitive ANPP, contributing thus to
positive carbon flux as previously anticipated bygdels (Coxet al., 2000; Dufresnet

al., 2002).

Species-specific growth responses.

Our results show different responses to warming @adight not only between years
and between sites, but also between spePBiesit growth, measured as shoot length,
was not significantly affected by the warming treant in most studied species at the
southern sites. On the other habBeschampsia flexuosa in DK andCalluna vulgarisin

DK and UK tended to grow more in the warming pldtsthe UK siteCalluna vulgaris
tended to grow more in the warming plots, wher&ampetrum nigrum tended to grow
less as expected from its more northerly distrdoutiPlant growth also increased in one
of the dominant species at the Spanish Eitenultiflora, but not in the other dominant
speciesG. alypum. This result, apart from the previous comments ossfple effects
resulting from different competitive abilities, algprovides further evidence of the
existence of a cold temperature limitation for péamn the Mediterranean winter

(Mitrakos, 1980; Oliveira & Peiiuelas, 2001, 200P04£) and highlights again that
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warm southern Mediterranean ecosystems may be swmsitive to warming than

expected.

The warming treatment had a significant impact otreene and seasonal
climatic conditions and led to a large reductiontlie number of frost days and an
extended spring growing season (Begeal., 2004). The increased growth of some of
these species may therefore be a direct resulsofadl constant temperature increase in
annual mean values and/or the indirect effectsarining such as an extended growing
season (Prieto, 2007).

The drought treatment, on the other hand, decrgalsed growth by 25-35 % in
the studied species at the SP site and by 21 %. imonspeliensis at the IT site.
Nevertheless, no decreased plant growth was retardehe drought resistant tree
speciesP. halepensis at the SP site, iR. alba at the HU site (as was to be expected,
since these poplar shrubs get water support fram tinother tree" which has deep
roots, and usually grows outside the plots), dhatUK site, where plenty of water was
available usually in excess. In DK, the dominarasgDeschampsia flexuosa decreased
plant growth by 30-40 %, as measured by the nunolbdrits per pin. In contrast,
rhizomatous grass species at the same site incrgaseth.

The species-specific responses to warming at theaklkKSP sites or to drought
at the SP and IT sites suggest that climate chamme translate into changes in the
species composition of communities in the nearrtutas a consequence of different

competitive abilities.
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Ecosystem and community level responses and final remarks

If plant species composition in communities chamgeesponse to climate change,
ecosystem responses to warming and drought willrim be affected (Cornelissehal.,
1999), since species composition affects ecosypteperties such as plant growth rates
or litter quantity and quality (and therefore migim dynamics and litter
decomposition), frost hardiness, and drought rasc&. Most of these changes are
expected to occur over the coming years and decattbsugh our study shows that
they may occur in the space of just a few yeara assult of a moderate change in
climate. This is shown by the sensitive SP sitdl, reicovering from a fire and in an
early stage of succession and recruitment of newisp.

This study is also a relatively long-term projestfact that has enabled us to
disregard certain changes such as the often mebswrease in vegetative growth after
warming in the early years of most experiments t(arial., 1999). As well, the length
of the study period was sufficient for the completeractions between environmental
factors that limit plant growth to become apparenthe form of marked inter-annual
variations. During the study period severely hat/andry years occurred and, given
that severe regional heat waves such as those0id @@y become more frequent in a
changing climate (Meehl& Tebaldi, 2004; Scharet al., 2004), the predicted
enhancement of plant growth and carbon sequestratitemperate ecosystems in the
future as a result of climate warming might in fact take place, as suggested by our
results and by those reported by Ciigl. (2005). As commented above, these shrubs
may even turn into carbon sources, contributing tloypositive carbon climate feeding.

On the other hand, the small overall differenceglamt productivity in response
to warming and drought treatments during the siaryeof study and the small

differences between site responses along the atingrtadient suggests that the
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enhanced C fixation by plants induced by warmingrduthe first two years of the
experiment (Pefiuelas al., 2004) will not be maintained in the longer terfhis lack

of maintenance of enhanced carbon fixation may esua consequence of extreme
heat or drought events or due to progressive mittlienitation (Luo et al., 2004;
Hungateet al., 2004), as our results do not indicate any comsisincrease in net N
mineralization that might provide the additionabliganic-N required for continued
enhanced plant growth. Limitations in other nutisesuch as phosphorus may become
progressively more important mechanisms controllegclimation in these areas
(Pefuelagt al., 2004).

An additional interesting issue raised by this gtigdthe fact that some of the
studied sites, such as those in Denmark and Sggperienced other disturbances apart
from the experimental climate change. The attackpbgts at the Danish site or the
earlier forest fire at the Spanish site represembroon natural occurrences that will
interact with climate change, as is also the caséhk P limitation at the NL site, where
microbes are very strong competitors for P andetiiehamper any serious response by
plants (Van Meeteren, 2005).

In summary, the magnitude of the response to wayraimd drought was very
dependent on differences between sites, years,ptart species. The differences
reported here, those reported in the literatur@y8iet al., 2000; Rustadt al., 2001),
and the fact that plant responses seem transientl@angeable over time (Ar#t al.,
1999), illustrate the multiple responses to warmamg drought and the complex
interactions with other environmental factors tbandition plant performance. The net
response is still very difficult to predict. Theepliction of plant responses to climate
change must account for natural variability to avoverestimation of the importance of

warming and unrealistic projections of vegetatidrartge. The prolongation of this
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study in the following years will help to furthelaagfy some of these interactions and
their longer term effects. Although the overallipdrresponses to warming were very
strongly related to the Gaussen aridity index ahesite (stronger responses the lower
the aridity), the decreases in biodiversity and itfteeeased growth ie. multiflora in
response to warming at the SP site (the most arg) ohallenge the assumption that
sensitivity to warming may be lower at more south&titudes. Finally, more frequent
heat waves and droughts may further preclude pestliocreases in plant productivity

in response to warming and, instead, may even deeneroductivity.
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CHAPTER 2.

Effects of experimental warming and drought on phabsynthesis, shoot
elongation and biomass accumulation in the dominanspecies of a

Mediterranean shrubland.
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ABSTRACT

« We used a multi-dimensional approach to study tfiects of experimental
warming and drought on the plant carbon gain ofeali#¢rranean shrubland.

*  We monitored photosynthesis, stomatal conductameck Rv/Fm at leaf level,
growth at plant level and biomass accumulationtads level. The experimentation
period stretched over six years (1999-2005) andfogesed on the two dominant
shrub specieskrica multiflora L. and Globularia alypumL. and the treePinus
halepensig..

* The instantaneous ecophysiological traits mostitemgo the drought treatment
were those oP. halepensisDrought reduced overall photosynthesis and staimat
conductance and also reduced its Fv/Fm in sumntes. miost consistent effect of
treatments was on seasonal growth of shrub spédiasming treatment increased
shoot elongation irfE. multiflora, drought treatment reduced shoot elongatioin
alypum and growth ofP. halepensisemained unaffected under both treatments.
These effects were not yet significant on spedifitotal biomass accumulation at the
stand level although we observed trends that magrbe significant in the longer
term.

e We conclude that species-specific responses tantes#s and inter-annual
variability in the intensity of the responses mayffér a clear response in total
biomass accumulation over the studied period. Hselts also suggest that under
drier conditions larger accumulation of dead biosnasy occur at stand level, which
combined with higher temperatures, may thus inerdias risk in the Mediterranean

area.
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INTRODUCTION

The main conclusions of most General Circulationdsle (GCMs) indicate that over
this century, the mean global surface temperatuite imcrease by 1.1 — 6.4 °C
depending on the socio-economic scenario and thdtireg emissions of greenhouse
gases (IPCC, 2007). Although there is no generadeagent regarding future rainfall
regimes, the increased potential evapo-transpiralioked to the warming would
enhance the summer drought and water deficit ifMbditerranean ecosystems, as has
already occurred in the last decades (Le HouérB86;1Pifolet al, 1998; De Luiset

al., 2001; Pefiuelast al, 2002, 2005; Pefuelas & Boada, 2003).

The predicted temperature rise could affect plamwth due to changes in
photosynthetic rate, GOlosses by respiration, enhanced photorespiratiah \&OC
production which present different responses depgndn the temperature range
(Long, 1991; Huntingforekt al, 2000; Pefiuelas & Llusia, 2002). In the Meditegam
area, warming effects are expected to be dependanthe season. Increased
temperatures in the warmest seasons in this argalawiease photosynthetic rates due
to overheating (Pefiuelas & Llusia, 2002; Llorensl, 2004), although warming also
may alleviate minimum temperatures in colder seagonwhich some Mediterranean
species are sensitive (Mitrakos, 1980; Oliveiradielas, 2000, 2001, 2004; Ogaya &
Pefiuelas 2003a, b, 2007). Moreover, especially édidrranean ecosystems, warming

effects may be related to the effect on water abdity. For example, warming may
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enhance nutrient availability by accelerating deposition and mineralization if water
is not limiting (Sardanst al, 2006, 2007).

Water stress has complex effects on plant funcigpniOne of the first
consequences of reduced water availability is stahtdosure and hence the reduction
of stomatal conductance and £aptake. Several studies have described restrptted
activity in the Mediterranean area in summer mortthse to heat and drought stress
(Tenhunenet al, 1990; Filellaet al, 1998; Pefiuelast al, 1998,in press Larcher,
2000; Llusia & Pefuelas, 2000; Yordanetval, 2000; Ogaya & Pefiuelas, 2003a, b).
Lower photosynthetic activity and reduced nutrientilability, due to reduced soll
microbial activity (Sardans & Pefuelas, 2005), aeduced nutrient uptake by roots
(Chapin, 1980) under low water availability, maygmctly reduce growth.

Photosynthesis and stomatal conductance are iastgmis parameters widely
used to study effects of environmental stressgslamt physiology. These studies often
involve the use of chlorophyll a fluorescence, a-imvasive technique, for monitoring
the functioning of the photosynthetic apparatude(lai et al, 1998; Pefuelast al,
1998; Llorenset al, 2003a, b; Ogaya & Pefiuelas, 2003a, b; Karavatddafetas,
1999: Loik et al, 2000; Grataniet al, 2000; Bellotet al, 2004). The maximal
photochemical efficiency, Fv/Fm ratio, is the magtmmon parameter used in
fluorescence; it is inversely proportional to damaig the PSIl reaction centres
(Farguharet al, 1989). Reductions in photochemical efficiency Nrediterranean
species have been detected in summer and wintea&i@as & Manetas, 1999; Gratani
et al, 2000; Larcher, 2000; Oliveira & Pefuelas, 2000012 2004, Llorenst al,
20034, b; Ogaya & Pefiuelas, 2003a, b; Bellatl, 2004).

Several studies have examined the effects of chgreavironmental conditions

on plant processes affecting carbon cycle, sugbhasosynthesis and growth, in field
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conditions. However, only a few have explored therresponding effects on
productivity or biomass accumulation at stand leared over medium-long term periods
(Parsoret al, 1994; Chapin & Shaver, 1996; Kudo & Suzuki, 2003)

Here, we present the results of a study into tfecef of experimental warming
and drought on plant carbon gain in a Mediterranshrubland using a multi-
dimensional approach. We studied instantaneoushgsapogical responses at leaf
level (photosynthesis, stomatal conductance andrapihyll a fluorescence) together
with other variables integrating carbon metabol@rar time such as growth at the plant
level and biomass accumulation at the stand |&ed. experimentation period covered
six years (1999-2005) so as to include inter-anmaahbility in the plants’ responses to
treatments, and potential effects linked to chag@gipecies assemblage and competitive
balance (the area studied is a post-fire shrubktidin the process of secondary
succession towards a pine forest) (Hollist¢ral, 2005; Pefuelast al, in press.
Differential phenological, physiological and growtbsponses to the treatments have
been found in previous short-term studie€iica multiflora and Globularia alypum
the co-dominant shrub species, &idus halepensjsa tree that had gained dominance
in the last years of the study (Lloreesal, 2003b, 2004; Llorens & Pefiuelas, 2005).
The ability of these species to respond to changedronmental conditions will
determine their survival and performance and camsetly their competitive ability,
which may lead to longer-term changes in biomasaraalation at community level.

The aims of this study were to assess whether xperienentally simulated
future warmer or drier conditions in the Meditewan Basin could affect a) foliar
instantaneous ecophysiological traits such as pglothetic rates, stomatal
conductances and Fv/Fm, b) growth and biomass adation of the dominant species

of the shrubland, and c) total biomass accumuladitothe stand level. Our hypotheses

81



Effects of warming and drought on photosynthesieps elongation and biomass hagier 2.

were that a) photosynthetic activity, stomatal aartdnce and Fv/Fm would present
similar seasonal variations, with summer and wirigrstressing periods, b) warming
would affect these variables positively in coldeasons and warming and drought
might reduce them in summer, c) responses of sledonbgation and biomass
accumulation to the treatments would be speciesHsp@s found in previous studies
(Llorens et al, 2004) and d) total aboveground biomass accunoulathight be

increased by warming and reduced by drought tredtmiéhough it would depend on

inter-annual climate variability and the speciesesfic changes in growth.

MATERIAL AND METHODS

Study site and plant species
The study was carried out in a dry calcareous sanab@®osmarino-Ericioh at the
Garraf Natural Park in North-East Spain (41° 18IR49’E), at 210 m above sea level.
The climate is typically western Mediterranean witto rainy seasons (spring and
especially autumn), mild winters and warm dry sumsnelThe average annual
precipitation during the period of the study wa 58m with minimum monthly
averages in January and June-July (20-25 mm). Téenrannual air temperature was
15.2 °C, with a maximum monthly mean of 27 °C ia August of the 2003 heat wave
and a minimum monthly mean of 5 °C in January 2005.

The site is located in the south facing slope dfilain old field terraces
abandoned during last century. The substrate iposead of limestones and marls with
a high presence of rock outcrops. In summer 1982 smming 1994 the area suffered

severe fires that destroyd®inus halepensigorest and it subsequently converted to
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shrubland. The dominant species &méca multiflora and Globularia alypum Both
species are resprouter shrubs distributed in dlyamous and rocky places in the
Mediterranean Basin (Bolos & Vigo, 199%). halepensisvas reintroduced by seeding
after the last fire and is gaining dominance yearyear. Other common species are
Dorycnium pentaphyllum, Pistacia lentiscus, Rosmasiofficinalis, Fumana ericoides,
Fumana thymifolisandHelianthemum syriacuniThe plant community has an average
annual aboveground net primary productivity of 6@ (Pefiuelagt al, in pres$ and

the plant cover in 2005 reached values of up t&675

Experimental design

We performed field-scale drought and night-timemiag in treatment plots and compared
them with untreated plots (controls). Plots wera #5 m, allowing for a buffer strip of 0.5
m at the perimeter. Three replicate plots were gnesp per treatment, giving a total of nine

plots.

Warming treatmentThe warming treatment consisted of night-time wagniusing
reflective curtains to cover the vegetation at ni@eieret al, 2004). Solar energy is
accumulated in the ecosystem during the day amdcéidn of the energy is re-radiated
back to the atmosphere at night as long wave Ikiatiad. The covering of the
ecosystem during the night with the reflective ahiom foil curtains (ILS ALU, AB
Ludvig Svensson, Sweden) reduces the loss of IRtrad. The curtains reflected 97 %
of the direct and 96 % of the diffuse radiatione™aarming plots are covered by light
scaffolding carrying the reflective aluminium cuntaThe covering of the study plots is
activated automatically according to a preset lighel (< 200 lux), rain and wind (< 10

m s%) conditions (Beieret al, 2004). In order to avoid influencing the hydrdtmg
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cycle, rain sensors trigger the automatic remo¥ahe covers during rain events. The
warming treatment has been applied since sprin@ 1@¢h a warming effect on soil
and plants of ca. 1 °C with slight variations depeg on the time of year and

meteorological conditions (Beiet al, 2004) (Fig 1).

Drought treatmentThe drought treatment was carried out for 2 to Jitmgeriods in
the spring and autumn growing seasons from 199®@5 by covering the vegetation
with waterproof, transparent covers. The drougbtspare constructed similarly to the
warming plots except that the curtain material isransparent plastic and that the
moving of the curtains is governed only by rain avidd. During drought periods the
rain sensors activate the curtain to cover thespldtenever it rains and remove the
curtains when the rain stops. The curtains are vemhautomatically if the wind speed
exceeds 10 m’s For the part of the year without drought treatméme drought plots
were run parallel to the control plots. The deceeafssoil moisture during the applied
drought treatment was 26 %, with variations depemdin the season and year, while

air and soil temperatures were not affected (Betieid, 2004) (Fig. 1).

“Untreated control”. Three untreated control plots with a similar ligitaffolding as
for the warming and drought treatments, but withaay curtain, were set up for

comparison.

Precipitation was measured using three water ¢olleper plot. Soil moisture was also
measured weekly using three TDR (time domain radleetry) probes installed per
plot. Air (+20 cm) and soil temperatures (-5 an@ etn), recorded with Pt 100 sensors,

and treatment functioning (curtain closure and neshaetected by magnetic sensors
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installed at the end of the curtain movement) weoerded in a data-logger (Campbell

Scientific, Inc. Logan, Utah, USA).

Fluorescence measurements

Leaf Chl fluorescence was measured every seasonvitiater 2002-03 to winter 2003-
04 and in autumn and winter 2004-2005. These meamnts were taken from three
plants of E. multifloras G. alypum and P. halepensisper plot. The maximum
photochemical efficiency of PSIl (Fv/Fm) was measuwith a modulated fluorometer
PAM-2000 and leaf clip holder 2030-B (Walz, Effetrj Germany). Fluorescence was
measured at midday (11:00 — 13:00 h, solar timhg minimum and maximum dark
adapted fluorescence (FO, Fm) and Fv/Fm, (wherd-f+EQ) were obtained after dark

adaptation of the leaves for at least 20-25 minutes

Leaf gas Exchange measurements

Leaf net photosynthetic rates and stomatal conduetavere measured every season from
winter 2002-03 to winter 2003-04 and from autumn04£20to summer 2005. The
measurements were taken from three plants.ahultiflora, G. alypumandP. halepensis
per plot under saturating photosynthetic photor flensity conditions (PPFD = 1500 pumol
m? s%) using a portable gas G@nd HO exchange system IRGA porometer (LCA-4, ADC,
Hoddeson, Hertfordshire, UK). A terminal twig withtact leaves (the last 8 cm) was
clamped in a PLC-2 ADC cuvette of 90 topnnected to the ADC-LCA-4. All results are
expressed on the corresponding projected leaflasia measured with a Li-Cor 3100 Area

Meter (Li-Cor Inc., Nebraska, USA).
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Shoot elongation

The vegetative growth of three dominant speckes,multifloray G. alypumand P.
halepensisywas measured over three years (2002-2005) in wartd summer, as shoot
elongation increments. A minimum of five plants gaot for each species (15 per
treatment) were monitored season by seasonEFonultiffora and G. alypum species
with several dominant stems, a minimum of five lofas per plant were permanently
marked with coloured wires. For each marked pldnP.ohalepensiswe measured its
maximum height between the ground and the top efdtbminant apical stem. For the
growth calculations, only the same twigs or plamése compared in succeeding seasons.
We calculated spring and autumn growth as the réiffiee between measurements in

consecutive non-growing seasons.

Pin Point Method

The pin point method was used to measure plantuémcy, and indirectly estimate plant
cover, biomass and growth (Pefuektsal, 2004,in pres3. We measured all the
vegetation contacts in the vertical at 305 poimisglot with a long thin steel pin (1 mm
diameter) incorporating a vertical measuring devidee points were equally distributed
along 5 fixed and parallel transects per plot ssedrby 0.80 m (61 points per transect at
5 cm intervals). For each hit, the height, the msed¢he organ (leaf, stem or reproductive
structure) and the state (dead or alive) were dszbrMeasurements were taken in the

non-growing season, summer, from 1998 to 2005.

Calibrations of the pin point measurements agasmass of the dominant
shrubs and total biomass were obtained using disttusampling outside the plots.
Aboveground biomass was regressed against hit tsegitl expressed as g>nfor P.

halepensiswe also made calibrations with destructive sangpbf individuals outside
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the plots. The linear regressions that best relt#tedshrub and total biomass by pin-
pointing six calibration plots outside the treatmnplots, and the linear regression that
related pine biomass and maximal height per pine we following:

Erica multifiora (g i)  35.59 * MMH R =0.91,P< 0.001

Globularia alypum (g M) 44.38 + 33.61 * MMH  R=0.98,P< 0.001

Pinus halepensis (g  3.45 * LN (MMH) - 10.38 R?= 0.75,P= 0.0001
Total biomasgg m?) 181.48 + 24.71 * MMH  R=0.75,P= 0.0025

where MMH indicates the mean maximal height pendest. The value of biomass

accumulation per plot was estimated as the averfthe 5 transects values.

We used the proportion between ‘alive’ and ‘deamhtacts, and leaf and stem
contacts (only ‘alive’) to study potential changestween years and treatments in
structure and carbon allocation at stand level. fEti@s per plot were estimated as the

average of the 5 transects values.

Statistical analyses

All the statistical analyses were performed usimg @alue per plot, obtained from

averaging the plants measured per plot or thers#i@s per plot. Warming and drought
treatments were always compared separately wittraloRepeated measures ANOVAs
were conducted to test global effects of experimlentarming and drought on

environmental conditions (monthly air temperaturel &oil moisture), instantaneous
ecophysiological variables per species (Fv/iFm, githesis, and stomatal
conductance), shoot elongation per species, biomemsmulation per species and at
stand level and ratios between leaf/stem and diasl. For shoot elongation, effects of

treatment were tested considering overall year oreasents and also spring and
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autumn growths. Repeated measures ANOVAs were adsn to test the annual
variability of ecophysiological parameters compgrimnalogous seasons of different
years. In addition, analyses of variance (ANOVA®revused to test the effect of the
treatments in each season (for instantaneous esopdyical variables and seasonal
growth) or year (for biomass accumulation and #&afh and alive/dead ratios).
Relationships between net photosynthetic rates aedsonal elongation and
environmental conditions (water availability andnfeerature) were analysed using
linear regressions. The analyses were performekl thi¢ Statview software package

(Abacus Concepts Inc., 1998).

RESULTS

Environmental conditions

Temperatures through the year were typically Mediteean with moderate cold
winters and warm summers (Pefiuesal, 2005) (Fig. 1). The annual mean air
temperature was 15.2 °C. In 2003 it rose to 15.@R€ the mean temperature during
July and August was the highest of the monitoredbde(27 °C) (Fig. 1). The lowest
monthly temperatures (5 °C) were reached in JararadyFebruary in 2005 (Fig. 1).

Soil moisture through the year was also typical tfee Mediterranean Basin,
with wet springs and, especially, autumns and dmgreers (Fig. 1). The annual average
soil moisture was 19 %, although it varied fromn/eayear, between 15 % in 2005 and
20 % in 2002 and 2003. The soil moisture withinhegear was also variable. For
example, 2003 showed the lowest mean soil moisturduly-August of all the years (6

% compared to the average of 8 %). The driest eei@diperiod corresponded to the dry
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autumn of 2004 and spring 2005. The mean soil m@sof the last trimester of 2004
and the first trimester of 2005 was 17 %, much lotan the average for this period in

the five monitored years (23 %) (Fig. 1).

Month P<0.0001 —e— CONTROL
30 | Warming P=0.04 ~----WARMING |
Figure 1. Monthly  air

temperature in control and
warming plots and monthly soil
moisture in control and drought

plots in the study site. Statistical

Temperature (°C)

significance of the studied
variables (RM-ANOVA) s

depicted inside the panels.

Soil moisture (v/v)

0,05

3711261015 9124 8113

2001 2002 2003 2004 2005

Treatment effects on temperature and soil moisture

Warming treatment increased mean air temperatuocaigh the year by an average of
0.7 °C with respect to control plots (RM-ANOVRz= 0.04) (Fig. 1). The increase was
greater for soil temperature (0.9 °C), especialythe minimum temperature (1.5 °C).
Drought treatment did not significantly affect meantemperature (Fig. 1) (Beiet al,

2004; Pefuelast al, 2004).
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Figure 2. Seasonal maximal photochemical efficiency (Fv/Hor)the three studied species
between winter 2003 and winter 2005 for controlpudyht and warming plants. Statistical
significance of the studied variables (RM-ANOVA foverall measurements and ANOVAs for
each season) is depicted inside the panels. “Seastinates the significance for the seasonal
variation of Fv/Fm over the study period. Asterisklicates significant treatment effect (* if
P<0.1 and ** if P<0.05). Error bars indicate the standard errohefrhean (n=3 plot means of 3

measurements per plot).
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Figure 3. Seasonal photosynthetic rates for the three stusfiecies between winter 2003 and
mmer 2005 for control, drought (D) and warming (Wants. Statistical significance of the
studied variables (RM-ANOVA for overall measurenteraind ANOVAs for each season) is
depicted inside the panels. “Season” indicatessilgaificance for the seasonal variation of
photosynthetic rate over the study period and Seas® or W indicates effects season
dependent. “*” indicate$<0.1 and “**"P<0.05. Error bars indicate the standard error ef th

mean (n=3 plot means of 3 measurements per plots).

91



Effects of warming and drought on photosynthesieps elongation and biomass hagier 2.

Drought treatment reduced soil moisture throughytres by an average of 19 %
with respect to control plots (RM-ANOVAR= 0.003) (Fig. 1), but this effect varied
depending on the season. When the drought treatmastoperating in spring, soll
moisture in drought plots was 21 % lower than intoal plots whereas the difference
reached 30 % in autumn. Warming treatment did mgptificantly affect soil moisture

(Fig. 1) (Beieret al,, 2004; Pefiuelast al, 2004).

Fluorescence
The values for maximum photochemical efficiencyR8Il (Fv/Fm) showed seasonal
variability within the year and annual variabiliépmparing analogous seasons for the
studied species (Fig. 2). Fv/Fm ranged betweem®40.8. Fv/Fm fell in summer 2003
in E. multiflora and P. halepensig0.67 and 0.69 respectively) although the absolute
minimum values of Fv/Fm ilE. multiflora, G. alypumand P. halepensisvere reached
in the dry and cold winter 2005 (0.48, 0.58 and0dspectively) (Fig. 2).

Fv/Fm was more sensitive to drought treatment tbamarming treatment (Fig.
2). Drought had positive effects in autumn 2003Gorlypumand in winter 2004 foP.
halepensis(P=0.005 andP=0.04 respectively). Fluorescence Bf halepensiswas

negatively affected (roughly significaRt0.10) only in summer 2003.

Photosynthesis and stomatal conductance

Photosynthesis also showed seasonal variabilitiinvithe year and annual variability
comparing analogous seasons for the studied spedtes 3). The highest
photosynthetic rates were reached in spring 200E fanultiflora, G. alypumandP.

halepensig7.4, 5.3 and 18.6 pmol fis™ respectively). Autumn 2004, winter 2005 and
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spring 2005 were the seasons with lowest net pkotostic rates foE. multiflora, G.
alypumandP. halepensisespectively (0.53, 0.35 and 0.26 umof &1 respectively).

Increased temperatures in warming plots tendeddeease photosynthetic rates
in E. multiflora although the effect was season-dependent (Seagdarrhing,P=0.06)
(Fig. 3). Photosynthetic rates i@. alypumand P. halepensisnvere also positively
affected by warming treatment in winter and sprit@D5 respectivelyR<0.05 and
P=0.01) (Fig. 3). A negative effect of warming wadyodetected foilE. multiflorain
summer 2003K=0.02) (Fig. 3).

Net photosynthetic rates in drought plots were hmikitively and negatively
affected (Fig. 3). Drought treatment increased @éwithetic rates of. multiflora, in
autumn 2004 F=0.02) and tended to reduce them in summer 2063.09). Net
photosynthetic rates foG. alypum were reduced and increased in winters 2003
(P=0.02) and 2004R=0.03) respectively. Drought treatment affectedghetosynthetic
rates inP. halepensislthough the effects were season-dependent (SéaBoought,
P=0.0003) (Fig. 3). Drought treatment reduced photteesis in this species in spring
2003 P=0.06), autumn 2004PE0.01) and winter 2005PE0.007) and tended to
increase it in summer 200B8%0.06).

There were positive statistically significant cdateons between the
photosynthetic rates in different seasonsHomultiflora G. alypumandP. halepensis
and the soil moisture of the week prior to measerem (R ranged between 0.16 and
0.23) (Fig. 4).

Stomatal conductance paralleled to photosynthesithe three studied species,
displaying seasonal variability within the year aadnual variability comparing
analogous seasons (Fig. 3. multiflora and G. alypum presented the minimum

stomatal conductance in winter 2005 (10 and 20 mmidls® respectively) and the
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maximum in spring 2003 (80 and 130 mmol®rs' respectively).P. halepensis
exhibited more variable values of stomatal conchezathat ranged between 10 mmol
m? stin spring 2005 and 280 mmolns™in spring 2003.

Stomatal conductance Bf multifloradid not present a global response to any of
the treatments (Fig. 5). F@. alypum.drought treatment had a season-dependent effect
(Season * DroughtP=0.003) although the direction of the responses wighly
variable (Fig. 5). A global negative effect of dghi treatment on stomatal conductance
was detected foP. halepensigP=0.04). Reduced stomatal conductance was also found

for this species in warming plots in spring 2008)(B).

Figure 4. Relationships between the
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Figure 5. Seasonal stomatal conductance for the three stggecies between winter 2003 and summer
2005 for control, drought (D) and warming (W) pknStatistical significance of the studied variable
(RM-ANOVA for overall measurements and ANOVAs faaah season) is depicted inside the panels.
“Season” indicates the significance for the seaswadation of stomatal conductance over the study
period and Season * D indicates effects seasonndepé “*” indicatesP<0.1 and “**"P<0.05. Error

bars indicate the standard error of the mean (het3npeans of 3 measurements per plot).
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Shoot elongation

Shoot elongation in spring and autumn for the thstelied species varied between
years (Fig. 6). The greatest shoot elongation @eedum spring. In this seasok.,
multiflora grew less (1.6 cm) tha@. alypum(6.8 cm) andP. halepensig8 cm).G.
alypum also exhibited a large shoot elongation in auty#gh® cm) compared td.
multiflora andP. halepensi$0.5 and 1 cm respectively).

Experimental warming increased shoot elongatiorEofmultiflora (P=0.05)
(Fig. 6). A global significantly increased growth was fouiod autumn measurements
(P=0.02) and longer shoots were also found in warnpilags in spring 2002 and 2004
(both P<0.05). Conversely, warming tended to reduce graofts. alypum(P=0.09),
especially in spring (p=0.08), although only théugtion in spring 2004 was significant
(P<0.05) (Fig. 6). Warming treatment affected sholoingation of P. halepensisn
spring, although the effect was year-dependentr(Y&darming, P= 0.006). Moreover,
the direction of the response in this species vaaghe same in spring 2003 (positive)
and springs 2004 and 2005 (negative).

Shoot elongation oE. multifloraand P. halepensisemained unaffected under
drought treatment (Fig. 6)G. alypum plants in drought plots had smaller shoot
elongation than plants in control plot8=0.02) in both spring and autumn seasons
(mean reduction of 39 % and 53 % respectively).

The spring shoot elongation Bf multiflora G. alypumandP. halepensisvere
significantly correlated with the mean soil moigtim the first semester of the yeaf<R
0.77,P<0.0001; B= 0.62,P=0.0005 and & 0.69,P=0.06 respectively) (Fig. 7). The
autumn shoot elongation fa. alypumand P. halepensiswere also significantly
positively correlated with the soil moisture of econd semester of the yeaf<R.49,

P=0.04) and with soil moisture in the period Julyp®@enber (R= 0.59,P=0.02)
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Figure 6. Seasonal shoot elongation (S: spring, A: auturonjhe three studied species between
spring 2002 and summer 2005 for control, drought &dd warming (W) plants. Statistical
significance of the studied variables (RM-ANOVA foverall measurements and ANOVAs for
each season) is depicted inside the panels. 8taligtsignificant effects are depicted in each
panel separately for spring (S), autumn (A) or bgtbwths (Global). “Year” indicates the
significance for the annual variation of elongatmrer the study period and Year * W indicates
effects year dependent. Seasonal treatment effelegpicted in each panel with “*” that indicates
P<0.1 and “**” that indicated?<0.05. Error bars indicate the standard error efrtrean (n=3

plots).
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respectively. FoE. multiflorait was positively correlated with the mean tempaeof
the second semester %R0.33, P=0.05) (Fig. 7). Autumn growth foP. halepensis
presented a negative correlation with the mean ¢eatpre of the first semesterR

0.61,P=0.01) (Fig. 7).

Biomass accumulation
The biomass accumulation of each of the studiedispeover the seven monitored
years (2005-1998) is depicted in Fig. 8. In 1998dktimated aboveground biomass for
E. multifioraandG. alypumwere 128 and 170 g frespectively, and during the study
period they doubled their biomass (241 and 3443im2005 respectively) (Fig. 8).
Although P. halepensihiad become more dominant towards the end of ey sits
accumulated biomass up to 2005 was less than thaealominant shrubs (73 g
E. multifiorahad in average annual increment of 16 §atthough in favourable years,
such as 2002, this species reached increments nobsal 75 g rif. G. alypum
accumulated an average of 25 § aithough in 1999 this reached almost 734G m

The biomass accumulation for each species wasgmfisantly affected by any
of the treatments over the six years of experin@mta Neither did the relative
accumulation between the last and first year of itoang show statistically significant
differences between treatments and control (Fig. 8)

The studied shrubland had an estimated abovegroiontass in control plots of
433 g n¥in 1998 and after six years of experimentatior2005, it had risen to 827 g
m? (Fig. 9). The shrubland had in average annuale@s® in biomass of 57 g“m
although these yearly increases showed inter-anvagbility. In favourable years
such as 2002 and 2004, the annual aboveground ssopmaduction was higher (86 and

87 g m’ respectively) (Pefiuelas al, in press.
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Although

treatments did not significantly affect oalbground biomass

accumulation at the stand level, after six yearsxerimentation the accumulated

biomass in drought plots was 33 % less than inrobptots (Fig. 9).
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Figure 7. Relationships between the spring (empty circlassolid black line) and autumn (full

cicles and discontinuous line) stem elongation toed three studied species and the mean

temperature and soil moisture of the previous seane@&xcept for autumn growth d®.

halepensisfor which we used the soil moisture in the periady-Beptember). Each dot

represents the mean value for a treatment each Réand significance of the correlation are

depicted in each panel.
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Ratios between leaf/stem and alive/dead contacts

The ratio between leaf and stem contacts variedidmt years. The values ranged
between 2 and 3 (Fig. 10). The maximum leaf/stetio ra control plots was observed
in 2002.

Neither of the treatments had a global effect anl&af/stem ratio although in
2001 it was higher in drought plots than in conplolts °<0.05) (Fig. 10).

The ratio between alive and dead contacts alseddetween years (Fig. 10). In
1999 alive and dead contacts had a ratio of abdutaBhough dead contacts were
progressively increasing and in 2005 the proportiad decreased to 2:1. There was a
positive correlation between this ratio of alivedasead contacts and the mean soil
moisture in the period June-August€R.68,P=0.002) (Fig. 11).

The alive/dead contacts ratio in warming and drotigiatments was similar that
in control plots throughout the seven years of nwoimg. However, treated plots
showed a decreased ratio in 2001 with respect g¢optievious year, which was not
observed in control plots. Drought treatment tentededuce the alive/dead ratio
although the effect was year-dependent (Year * DinbuP=0.08). The trend was

broken in the dry year 2009<0.05) (Fig. 10).

DISCUSSION

The range of values of Fv/Fm measured for the studipecies and its seasonal
variation were similar to those described in otlstundies also focusing on the
ecophysiology of Mediterranean species (KaravatasM&netas, 1999; Oliveira &

Pefiuelas, 2000, 2001, 2004; Llorestsal, 2003a, b; Ogaya & Pefuelas, 2003a, b;
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Bellot et al, 2004). The decreases in the maximal photocherefieiency, especially
in summer and winter, showed tHat multiflora, G. alypumand P. halepensisnay
suffer stress episodes during these seasons thldtrestrict their carbon gain.

For the three studied species, the lowest valu€wv/6im were detected in winter
2005 (Fig. 2) coinciding with the lowest mean tenapere of the week prior to
measurements (mean of 5.5 and minimum temperafute3c®°C) and with relatively
low soil moisture (15 % in January). In some stadié Mediterranean plants 5° C has
been used as a chilling temperature (Flestaes., 1999; Vernieret al, 2001). Some of
these studies observed that after exposure tcliilisng temperature, plants presented
water-stress symptoms (Mcwilliaet al, 1982; Flexa®t al, 1999; Melkoniaret al,
2004). Consequently, photosynthesis may be redaitedchilling. In autumn 2004, the
temperature during the week prior to measuremeassless severe than in winter 2005
(mean of 11.7 and minimum temperature of 5.3 °@weler, its combination with an
extended period of low soil moisture (9.8 % in &) probably led to the observed
drop in Fv/Fm, especially iR. halepensisThe low Fv/Fm values usually corresponded
with low stomatal conductance rates suggestingstnass by low temperatures could be
associated effectively to drought stress (Figs B)&Ogaya & Pefiuelas (2003b) also
found a strong decrease in Fv/Fm valueBlyrea latifolia under the combination of
drought and cold stress.

Low Fv/Fm values indicate photoinhibition, i.e. Hignduced reduction of
photosynthetic capacity (Farquhet al, 1989). High levels of radiation or moderate
levels combined with other environmental stressesy mproduce dynamic
photoinhibition (reversible reductions of Fv/Fm) chronic photoinbition (sustained
reductions). Reduction in Fv/Fm reflects the actadnphotoprotective mechanism to

dissipate excess energy (e. g. activation of thepaexidation of the xanthophyll cycle,
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up-regulation of Mehler reaction or enhanced plespiration) although chronic
photoinbition may be indication of permanent damagethe PSIl reaction centre
complex (Longet al, 1994; Osmond, 1994, Oliveira & Pefiuelas 200GjuBklas &
Llusia 2002). Anyway, fotoinhibition reflects a patial reduction of photosynthesis
and consequently a potential reduction of growtargbharet al, 1989; Oliveira &
Pefiuelas 2004). Our results showed that dry antvaoter 2005 was a period highly
stressing for the activity of the studied speciesyparable to hot summer 2003, since
the highest photoinhibition during that season aasompanied by low photosynthetic

rates.

Figure 9. Total aboveground biomass

accumulation  from 1998 (pre-

7Yea‘1r P<0.000 7 treatment year) to 2005 for control,

900 |- —— CONTROL | drought and warming treatments.
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standard error of the mean (n=3 plots).
We did not detect statistically significant effecsthe warming treatment on
Fv/Fm. However, increased temperatures may have-dgggendent effects on this
variable because a previous study, carried outérsame plots between 1999 and 2001,
described positive effects of the warming treatnant~v/Fm ofE. multiflora andG.
alypum in autumn and winter (Llorenst al, 2003b). These positive effects were

probably due to the warming treatment in assoaiatrdh the high soil moisture during
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the months previous to measurements (monthly soittare of January and October
ranged between 20 and 27 %) (Llorexisal, 2003b). Drought treatment only reduced
Fv/Fm for P. halepensisin the hot summer 2003. Results of other studiéh w
Mediterranean species under water stress suggasthé effects of water stress on
photoinhibition are species-specific, year and aeatependent and also dependent on
the type of leaf monitored (sunlit or shade) ane thoment of the day (predawn or
midday) (Valladares & Pearcy 1997; Llorens et 3f) Ogaya & Pefiuelas, 2003a, b).
Surprisingly, drought treatment enhanced Fv/FnGinalypumand P. halepensisn
autumn 2003 and winter 2004. Some authors have rshbat water deficit may
increase the resistance of PSII photochemistry dfasgth other environmental
constraints (Havaux, 1992; Epron, 1997; Vallad&d3earcy, 1997; Yordanowt al,
2000; Ladjalet al,, 2000; Llorent al, 2003a).

Photosynthetic activity and stomatal conductancéhefshrub species were in
accordance with their different species-specifidewaise behaviour (Llorenst al,
2003a). Higher photosynthetic rates and higher atian of rates and stomatal
conductance were found i@. alypum(water spender species) thanBn multiflora
(water conservative species) (Figs 3 & 5). The ésgfphotosynthetic activity in spring
2003, the most favourable season of the studietbgdor the three species, was
exhibited byP. halepensisHowever, a high control of stomatal conductancced
photosynthetic rates in other seasons to ratesasitoi the shrubs (Figs 3 & 5). Several
studies have described a marked seasonal variatipimotosynthetic rates and stomatal
conductance in Mediterranean species with highesran spring and autumn and low
rates in summer (Filellat al, 1998; Llorenset al, 2003ab; Ogaya & Pefiuelas, 2003a,
b). However in the present study, these variabded significantly between analogous

seasons of different years. Photosynthetic rateékardry cool winter 2005 and spring
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2005 were much lower than those in the same seaxo803 and 2004. The great
variation in the photosynthetic rates was explaipadly by soil moisture levels, in

agreement with findings reported by other authéig.(4) (Filellaet al, 1998;Llorens

et al, 2003a).
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Figure 10. Ratio between leaf and stem contacts and alivedaad contacts at canopy level in
control, warming and drought plots thorough sevearg of study (1999-2005). Statistical
significance of the studied variables (RM-ANOVA foverall measurements and ANOVAs for
each year) is depicted inside the panels. “Yeaticates the significance for the annual variation
of ratios over the study period and Season * Drougdicates effects season dependent. Error

bars indicate the standard error of the mean (et3)p

We found season-dependent effects of the warmirgatrtrent on the
photosynthetic activity oE. multiflora andP. halepensigFig. 3) (Season * Warming
P=0.06 andP = 0.002 respectively). A large decrease in photti®sis was observed

in E. multiflorain warming treatment in summer 2003, during theohaan heat-wave,
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which also corresponded with a lower net ecosydjglant + soil) CQ exchange at
whole plant level (data not shown). Warming treaimealso increased the
photosynthetic rates of the studied species inctié and dry second period of study,
between autumn 2004 and summer 2005, suggestingsibfe positive effect at lower
temperatures is. alypumandP. halepensiand in all seasons B. multiflora.

Drought treatment had a global effect on the phwithetic rates and stomatal
conductance inP. halepensissupporting the idea that stomatal factors reduce
photosynthetic activity in drought periods. Sevesaldies have described negative
effects of drought on these variables in Meditezean species (Filell@t al, 1998;
Pefuela®t al, 1998; Lloren®t al, 2003b). However, we did not find consistent efe
of drought treatment on our shrub species. The tdckgreement could be related to
differences in the intensity of the drought treatin@ess in the last years than in the
first years of the experiment) and to the spediésiof the environmental conditions in
each season.

Responses of photosynthesis to environmental clsadigenot always reflect
changes in annual growth or production because thrasva long-term variable that
integrates small short-term differences over tithés consequently more sensitive to
stress conditions than the instantaneous ecoplgsial processes (Terradas, 2001). In
the present study, the most sustained responseedtmients in the dominant shrub
species was the plant growth. Our findings based tlma last three years of
experimentation (2002-2005) were in agreement wipnevious study based on the first
three years (1999-2001) (Lloreesal, 2004).

Warming increased shoot elongatiorEnmultiflora, especially in autumn when
elongation was in correlation with the mean temppeeaof the second semester of the

year (Fig. 7). The global positive effect of wargumn this species may be a
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consequence of advanced vegetative growth phenalogpring (Prieto, 2007) and
higher growth rates (Lloreret al.,2004; Farnswortlet al, 1995; Harte & Shaw, 1995).
For Mediterranean species, usually water limitdek interaction between advanced
growth season and changes in precipitation patterag not lead to increased plant
growth. In our case, the advanced spring growtk.omultiflorain 2003 and 2004 in
warming plots only corresponded with increased gdgion in 2004, a year with high
water availability (Prieto, 2007). At the stand devwarming did not significantly
increaseE. multiflorabiomass accumulation, supporting the idea thahbgs responses
to warming are dependent on synergistic interastlmgtween increased air temperature
and water availability as well as on soil fertil{ghapin & Shaver, 1985; Parscetsal.,

1994).

‘ Figure 11. Relationship between the ratio
R*=0.68, P=0.0002 4

alive/dead contacts at canopy level and the
mean soil moisture of the period June-
August. Each dot represents the mean
value for a treatment each year’ &d

significance of the correlation are depicted

in the panel.
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Spring stem elongation of the studied species welated to the mean soil
moisture in the first semester of the year (Figa¥)are shoot length, leaf size or leaf
area index in Mediterranean species (Kyparissal., 1997; Krameet al, 2000; Mutke

et al, 2003). In adittion, autumn stem elongationGofalypumandP. halepensiswas
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also related to soil moisture. However, oy alypumwas negatively affected by
drought treatments. alypumis a water-spender species and it is able to &xvater in
dry conditions by sustaining very low water potalsti(Llorenset al, 2003a) which
may increase the risk of cavitation (Tyree & Spgefr§89). After extended dry periods
we observed that shoots @f alypumbegan to dry from the apex to the base which was
reflected in its lower elongation in drought treatrh plots (Fig. 6). However, we did
not find changes in the biomass accumulation &f $ipiecies in drought plots (Fig. 8).
The apparent competitive advantage Gf alypumin drought plots with respect to
coexisting species (Prieto, 2007) could be pasdlgted to its prodigal use of water that
allows this species to use the water before thersttio (LIoren®t al,, 2003a) and to its
resprouting capacity. This allows plants to prodne& shoots when water is available
in spite of the drying of the older and longer oméder drought periods. Moreover,
reductions in elongation may not reflect effects root growth. In fact, uptake of
belowground resources could be increased (e.gughr@an increased ratio root/shoot)
under drought conditions (Sharp & Davies 1985; Welet al, 2000). Enhanced
growth of roots has been suggested in water deficitlitions forG. alypum(Llorenset
al., 2003b, 2004) which would help to sustain itsduaivity in drier conditions.

Autumn shoot elongation iR. halepensigiepended on the soil moisture in
summer and temperature in the second semestereojatir. We found the greatest
autumn growth in 2002 (that presented the wettastnger and mildest temperatures)
and the smallest autumn growth in hot 2003 (Figs 7). In spite of these correlations
and of the reductions in photosynthetic rates oleskmunder drier conditions iR.
halepensis,neither shoot elongation nor biomass accumulati@re significantly
affected by treatments (Figs 6 & 8). We monitoried éffect of the treatments on the

length of the dominant apical shoot of pine pldniswe do not now know whether the
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consideration of the elongation of the lateral stemould have made significant the
differences. Anyway, although treatments did ngmn#icantly affect individuals of
P.halepensisa parallel study focusing on the treatment effemisplant succession
suggested that warmer and drier conditions may cediompetitive ability of this
species against co-existing shrub species thattgrearlier just after fire (Prieto, 2007)
P. halepensisvas the dominant species before fire, and howadid/ warm conditions
affect its recovery, the competitive relationshipth co-existing shrub species and thus
the vegetation structure, may have great implicatim biomass accumulation at stand
level in the long-term (Bellot et al., 2003).

At the stand level, temperature and soil moistufeth@ previous months
determined the annual biomass production (Pefiwtlas, in pres$ but none of our
treatments significantly affected aboveground bissnaccumulation after six years of
experimentation (Fig. 9). The balance between thdems observed in biomass
accumulation for the three studied species in dmbpdpts (reduction irE. multiflora
and P. halepensisand increase iiG. alypum resulted in a statistically insignificant
reduction of 33 % in drought plots with respectitdgreated plots which almost doubled
their biomass from 1998 until 2005 (Fig. 9). Otkardies have also described that the
diferential response of species and life-formgéatinents may cancel out a clear global
response (Harte & Shaw 1995; Weltzh al, 2000). The studied shrubland was a
carbon sink throughout almost all the studied ye&@lss accord with parallel studies
that show how, eleven years after the last firs, tommunity is still in the process of
recovery (Pefuelagt al, in pres3. However, this trend may change if extrem
environmental conditions, such the heat wave in32@@come more frecuent (Ciaas

al., 2005; Pefiuelast al, in press.
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The reduction in aboveground biomass accumulatiordriought plots was
accompanied by a smaller ratio of alive/dead cdstac these plots (marginally
statistically significant, Year * DroughtP=0.08) (Fig. 10). In general, a higher
proportion of dead contacts were also found bottraated and control plots in years
with dry summers such as 2001, 2003 and 2005 (Hiy. This finding was likely in
relation with the plant architecture of most of tbeexisting shrubs species in the
studied shrubland. They have several main branehis numerous thin stems that
under dry conditions lose moisture content and Dead plant biomass is a good fuel

and a greater accumulation of it increases fite (Terradas, 1996).

Final remarks

Instantaneous ecophysiological responses to thgneants did not always anticipate the
effects on long-term variables. Effects on seasgmnaith were species-specific but
sustained throughout the experimentation period.aBbough the results point to gains
of biomass irE. multifloraandG. alypumin warmer and drier conditions respectively,
we did not find statistically significant changes kither species of the total biomass
accumulation, at least in the medium term (6 yeafreexperimentation). Biomass
accumulation at the stand level in response tdnreats reflects secondary responses
(Hollister et al, 2005) that integrate short-term effects and éorigrm changes in the
competitive balance of species (growth and biomalesation of previously established
individuals and also changes in recruitment). Lorigen study or/and a greater

number of experimental replicates may be neceseatgtect significant changes.
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ABSTRACT

Bud burst and shoot elongation were monitored ish8ub and grass species in six
European sites to describe the onset of spring thyr@md its response to experimental
warmer conditions. The sites spanned a broad grasieverage annual temperature (8.2 -
15.6 °C) and precipitation (511 - 1427 miviaccinium myrtillus and Empetrum nigrum in
Wales,Deschampsia flexuosa in Denmark,Calluna vulgaris in NetherlandsPopulus alba

in Hungary andErica multiflora in Spain were species responsive to increased
temperatures. However, although the acceleratiospoing growth was the commoner
responses to warming treatment, the responsesins® were species-specific and year
dependent. Our results highlight the difficulty wiaking general projections about the
effects of climate change on plant phenology arsb,athe importance of taking into
account the co-occurring environmental factors padicular site and their interactions for

each species.

Keywords: Vaccinium myrtillus, Empetrum nigrum, Deschampsia flexuosa, Calluna

vulgaris, Populus alba, Erica multiflora, Globularia alypum, Cistus monspeliensis,

climate warming, phenology, bud bursting, shrubland
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INTRODUCTION

Plant development and growth are strongly influenoyg a series of environmental factors,
in particular by temperature (Nizinski & Saugier889 Hari & Hakkinen 1991; Hughes
2000; Rotzer & Chmielewski 2001; Pefuethsl., 2002, 2004a). Temperature is globally
changing and is projected to further change subatinas the climate changes (IPCC
2001, 2007). The major predictions of most genenalulation models (GCMs) indicate
that over this century the mean global surface wgatpre will increase by 1.1 — 6.4 °C
depending on the socio-economic scenarios and dbelting emissions of greenhouse
gases (IPCC 2007). Greater increases in the megpetature are expected in the coldest
months at high latitudes producing milder wintensl avarmer springs (Hari & Hakkinen
1991; Ahaset al., 2002; Schwartzt al., 2006) and it has been suggested that plants from
cold biomes will be especially sensitive to thigmete warming (Aertst al., 2006).
Although there is no general agreement regarditgrdurainfall regimes (Kutiekt al.,
2000), Mediterranean communities would be greatfgcted at least by the increased
potential evapotranspiration linked to the warmibg Houérou 1996; Pifak al., 1998).
Plant phenology, e.g. bud burst, shoot elongatio #owering, has been
recognized as an important instrument in the f@flatlimate change research in the last
decade (Schwartz 1999; Menzel 2000; Osbetrat., 2000; Roetzeet al., 2000; Pefiuelas
& Filella 2001; Piacet al., 2006; Menzekt al., 2006) because it is the major short-term
responsive aspect of nature to warming and thelsesthfo record (Spark & Menzel 2002;
Walther et al., 2002; Linderholm 2006). An improved knowledge bk tgeographical
distribution of the timings of phenological phasewd their relationship to climate will

improve predictions about the response of vegetaiioclimate change (Kramet al.,
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2000; Pefiuelas & Filella 2001; Rotzer & Chmielew&ki01; Hollisteret al., 2005;
Schwartzet al., 2006).

Numerous studies have shown the clear effect opéeature on the onset, end, rate
and duration of many developmental processes imtpl@Varrington & Kanemasu 1983;
Nizinski & Saugier 1988; Hari & Hakkinen 1991; Stiau1992; Spanet al., 1999; Popet
al., 2000; Pefiuelas & Filella 2001; Pefiuedhal., 2002; Mutkeet al., 2003). Particularly,
most studies have detected a clear relationshipdaet the spring phenophases (budding,
leafing, flowering) and the temperatures in thecpding months (Fitteet al., 1995;
Osborneet al., 2000; Fitter & Fitter 2002; Pefiueletsal., 2002; Waltheket al., 2002; Chen
et al., 2005; Crepinsekt al., 2006; Piact al., 2006; Menzekt al., 2006).

Bud burst is a character with high phenotypic jptégtand it is expected under a
future warmer climate plants will flush earlier apibfit from favorable spring conditions
with high solar radiation and soil moisture (Krami®95; Popet al., 2000). Studies based
on long phenological series, supported by fieldebasurveys or satellite remote sensing,
have described how springtime phases from a widgeraf taxa and across a wide range
of geographic sites have occurred progressiveljeedMenzel & Fabian 1999; Pefiuelas
& Filella 2001; Rotzer & Chmielwski 2001; Parmesaryohe 2003; Menzeét al., 2006).
For Europe, the shift in the onset of growing sedsaelation to the increased temperature
recorded in last decades differs depending on ites, sthe species, and the periods
considered. It has been estimated that an inciaasenperature in winter or early spring
of 1 °C corresponds to an advance in the onsepririgs events of ca. 6 days (Menzel &
Fabian 1999), and an increase of 1.4 °C was raptotadvance the onset by up to 16 days
in a Mediterranean site (Pefiuetsl., 2002). Recently, Menzet al. (2006) reported an
overall advancement of the spring/summer even®®days per 1 °C on average for the

whole Europe.
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Different responses of plant phenology to climdtarge can be expected in diverse
ecosystems since their environmental constrairgsddferent (Kramer 1995; Pefuelets
al., 2002; Sparks & Menzel 2002; Ogaya & Pefiuelas, 2B@4zeret al., 2004; Llorens &
Pefiuelas 2005; Crepinsekal., 2006). Moreover, species-specific responses mizgtaf
the structure and functioning of ecosystems (PeSuél Filella 2001) due to altered
competitive relationships and loss of synchronaratof development between species
(Corlett & Lafrankie 1998; Hughes 2000; Pefiuelagiklla 2001; Fitter & Fitter 2002;
Gordo & Sanz 2005). It has been suggested thatsphrie to take advantage of warmer
and longer growing seasons are likely to dominataré communities (Pog al., 2000)
and species lacking phenological adaptability migkperience greater stress or even
extinction during extended climate change (Bradiegi., 1999).

In the present study, we took an integrative apgro@ombining a wide
geographical gradient and an experimental systemhich temperature was manipulated
to study its influence on phenology and the diffiees between site- and species- specific
climate change impacts (Kramer 1995; Dumheal., 2004). The aims of this study were:
(1) to characterize the spring growth phenology dominant species of shrublands in
different sites along a gradient of temperature @mipitation from Northern to Southern
Europe (8.2 - 15.6 °C and 1427 - 511 mm) and (2)testigate the specific responses of
sites and species to an experimental field warmsingilating the future climate conditions
forecasted by GCM and ecophysiological models (IROCQL, 2007; Pefuelasal., 2005).
We hypothesized that (1) higher temperatures ingd@seour warming treatment would
lead to an earlier spring growth; and that (2) iegnitude of responses would depend on
the geographical gradient, being major for sperigslaces where cold seasons constrain

plant activity.
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MATERIALS AND METHODS

Sudy Stes

Experimental manipulations were carried out on Bland ecosystems at six sites (Table
1); Wales-UK (UK) (53°03' N 3°28' W), Denmark (DKB6°23'N 1057'W), The
Netherlands (NL) (524'N 555'W), Hungary (HU) (46°53' N, 19°23' E), Sarditialy
(IT) (40° 36' N, 8° 9' E) and Catalonia-Spain (§3r18' N, 1°49' E) spanning a European
gradient in temperature and precipitation (Beteal., 2004; Pefiuelagt al., in press). The
study sites are semi-natural shrublands. The tN@¢hern sites have Atlantic wet (UK)
and dry (DK and NL) climate respectively. The vegiein of these northern sites is
dominated by matur€alluna vulgaris although in UK there is als@accinium myrtillus
and Empetrum nigrum, with very sparsdeschampsia flexuosa. In DK, over the last 30
years the grasBeschampsia flexuosa has gained increasing dominance, probably as a
consequence of the low level of management andintreasing atmospheric input of
nutrients. The DK site was struck by heather beatiacks in the summer of 1999 and
especially in 2000. The beetle attacks killed @aHuna plants from large parts of the area
and they had to regenerate from seeds. The NLisige monoculture of oldCalluna
vulgaris plants. In the HU site, the climate is continerdad arid, particularly in the
summer months. The site has a specific type oftaéigely emerged sprouts of the clonal,
winter deciduousPopulus alba that forms small shrubs which rarely grow to treBise
two Southern sites have a Mediterranean climate.|Ttsite is a short macchia dominated
by Cistus monspeliensis and Helichrysum italicum. The SP site is an early successional
garrigue, established in the year 1994 after thmumwence of a wildfire, dominated by

Erica multiflora andGlobularia alypum.
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Experimental manipulations

On each site we performed field-scale night-timemmag in treatment plots and compared
them with untreated plots (controls). Plots wera # 5 m, allowing for a buffer strip of 0.5
m at the perimeter. Three replicate plots werebdisteed per treatment, giving a total of six

plots per site.

Warming treatment. This treatment involved night-time warming usindleetive curtains
covering the vegetation at night (Beeral., 2004). Solar energy is accumulated in the
ecosystem during the day and a fraction of theggnisrre-radiated back to the atmosphere
at night as long wave IR-radiation. The coveringtloé ecosystem with the reflective
aluminum foil curtains (ILS ALU, AB Ludvig SvensspB8weden) reduces the loss of IR
radiation. The foils reflect 97% of the direct &8%Pb6 of the diffuse radiation. The warming
plots were covered by light scaffolding carrying theflective aluminum curtain. The
covering of the plots is activated automaticallgading to preset light (< 200 lux), rain
and wind (< 10 mY conditions (Beieet al., 2004). The curtains reduced the heat loss
during night by 64% from 33 W fto 12 W n¥. To avoid the influence of warming
treatment on water availability, rain sensors ®iggl removal of the covers during rain
events. The warming treatment has been appliece sspcing 1999 with an effect of
warming the air and soil in the order of 0.7 an8 OC respectively with variations
depending on site (Table 1), time of the year amdenrological conditions (Beiet al.,

2004). The number of days with frost was reduced®¥%4% (Beieket al., 2004).

Untreated control. Three untreated control plots, with a similar ligleaffolding, as for the

night-time warming treatment, but without the cursawere established for comparison.
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Environmental conditions were monitored in all ploPrecipitation entering the
plots was measured using three water collector$.n8nsture was also measured weekly
by means of three time domain reflectometry (TDR)ps installed per plot. Air (+20 cm)
and soil temperatures (-5 and -10 cm) and the iomcly of the treatments, (curtain
closure and removal detected by magnetic sensatalled at the end of the curtain

movement), were recorded in a datalogger (Cam@umadintific, Inc. Logan, Utah, USA).

Table 1. Environmental conditions (mean annual temperaturé mean annual precipitation) at the six
European shrubland sites, effect of warming treatnom the mean annual air and soil temperatures and

species, years and experimental periods studied.

Site Warming effect (°C) Species Years | Period of growth
Air and  Saoll

Wales (United Kingdom) + 0.5 +0.7 Calluna vulgaris 2000
(8.2°C, 1427 mm) Empetrum nigrum 2002 | April-August
Vaccinium myrtillus | 2004

Denmark +1.1 +0.7 Calluna vulgaris 2003 | April-September
(9.4 °C, 758 mm) Deschampsia flexuosa
The Netherlands +0.5 +0.6 Calluna vulgaris 2003 | April-September

(10.1°C, 1042 mm)

Hungary +1.6 +1 Populus alba 2003 | March-May

(10.8 °C, 515 mm) 2004

Sardinia (Italy) +0.54 +0.12 Cistus monspeliensis | 2002 | February

(15.6 °C, 511 mm) 2003

Catalonia (Spain) +0.73 +0.91 Erica multiflora 2003

(15.1 °C, 455 mm) Globularia alypum 2004 | March-June
2005
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Phenology and growth measurements

Two procedures were followed to determine the tgnari spring growth in the different
studied species depending on the site. In UK andw@Kmonitored the shoot elongation
until the maximum length was reached. In NL and W& monitored the appearance of
green buds with leaves starting to unfold, in I& #ppearance of new leaves and in SP the
appearance of new shoots. Measurements were wadakly until the shoot elongation, or
the appearance of new leaves or newly grown branstapped. We defined the spring
growth date as the date when half of the maximuowtr was reached or the date when
half of the new shoots/leaves had appeared, fatigvda common approach to previous
studies (Partaneet al., 1998; Cheret al., 2005). Previously, we had tested that there were
no significant differences in the maximum lengthtbe maximum percentage of new

shoots/leaves between control and treated plots.

Satistical analyses

All the statistical analyses were performed usimg walue per plot obtained from the
average of 5-10 plants except for linear regression which we used only the mean per
treatment. In order to ensure the use of the dat®&@ % growth to define phenology of

growth, analyses of variance (ANOVAs) were previguonducted to check the annual
effects of the treatments on the maximum elongaéiod maximum percentage of new
shoots. Survival analyses were used for testinigréifices in the time for 50 % growth.

Survival time was defined as the number of daymfdanuary ¥ each year until the date

for 50 % growth. We used the Kaplan-Meier nonpatamenethod for the computation of

survival curves and log-rank (Mantel-Cox) statistito test for differences between
treatments and controls. Repeated measurementgsesadf variance were used to test

inter-annual differences in the dates for 50 % dhown control plots. Relationships
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between the timing of the spring growth, expressedhe date for 50 % growth, and the
temperature and precipitation in previous monthsewested using linear regressions for
the SP species. Data values expressed in percentagearcsine-square root transformed
to homogenize variances. ANOVAs, repeated measanadyses of variance, survival

analyses and regressions were performed with thtviSv software package (Abacus

Concepts Inc., Cary, North Carolina, USA).

RESULTS

Characterization of the spring growth phenology

ExceptEmpetrum nigrum and Globularia alypum, all species monitored for more than one
year showed interannual differences in the timifithe growth in control plots (Table 2).
The earliest occurring spring event was the leafih@istus monspeliensis in the IT site in
February. The growth date for this species occusiediays earlier in 2002 respect 2003
(Table 2). In the SP sit&rica multiflora and Globularia alypum began to grow in April
and both reached the date for 50 % growth in Mabl@ 2, Fig 1). For these species, the
dry late-winter and early-spring of 2005 had opposffects on the timing of spring
growth in control plots. This drought period deldybe growth date foBlobularia alypum
(not significantly) but coincided with the earliest spring growth oé tthree monitored
years forErica multiflora (Table 2).Erica multiflora and Globularia alypum presented
statistically significant negative relationshipstiiaeen the date for 50 % growth and the
temperature of the first four months of the yearnnimum and mean temperatures
respectively) (Fig 2). The date for 50 % growthGlobularia alypum also was correlated
with the accumulated precipitation in the first fanonths across the years (p<0.04) (Fig

2). Bud break foPopulus alba in HU began in mid-April and more than half of fhlants
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Table 2. Annual date for 50 % growth in control plots (eegsed in day of year) and the annual effect of
warming treatment (Control “C” minus Warming “W"nahe dominant species of the five studied sites.
Precipitation and mean temperature in the previbrese monthg, or four months,, before growth date. For
Erica multiflora we used the minimum temperatugg, Bold type indicates significant inter-annual
differences in the timing of growth in control @o{p<0.05) or significant effects in the warmingtgl
(p<0.05). Different letters indicate significantijfferent means (Bonferroni post-hoc test of the GARA).

Asterisk (*) indicates a significance of 0.05<p<0&tandard errors are between brackets.

Growth Warming Previous Previous
Site  Species Years date Advancements Rain Temperature
(DOY) (days) (mm) (°C)
UK  Callunavulgaris 2000 173 a 4.3 (4.18) 293.3) 7.6y
2002  172a -7 (2.08) 185.4, 11.15,
2004 152 b -1.3(1.86) 215.4) 6.2y
Empetrum nigrum 2000 192 2 (4.04) 293:3 8.9
2002 186 -1.3 (12.47) 1851 11.15,
2004 182 -9.3 (1.86) 195.9y 9.2y
Vaccinium myrtillus 2000 137 a 1.3 (2.40) 293.3 5.9
2002 140 a 6* (2) 185. 1115,
2004 133b 1.3 (0.88) 204.) 4.3y
DK  Callunavulgaris 2003 157 4(2.1) 144 7.7
Deschampsia flexuosa 2003 130 18.7 (0.7) 83y 2.9
NL Calluna vulgaris 2003 164 -28.7 (6.30) 169y, 7.7y
HU  Populusalba 2003 116 a 2.2 (0.9) 39.4) 17.4y
2004  110b 1.6 (0.6) 235.7 15.9y
SP Erica multiflora 2003 134 a 18.3 (5.5) 214.4, 3.4om)
2004 136 a 16.7 (5.4) 338.8y 2(om)
2005 125 b* 47 (1.3) 97.4 2.40m)
Globularia alypum 2003 125 4.0 (3.1) 2144 9.7
2004 124 3.0(3.6) 338:8 9.5
2005 134 10.0 974 8.5z
IT Cistus monspeliensis 2002 44 a -1.67 (1.67) 136, 1Gy
2003 50 b 0 169.2 10.8y
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had bud bursted less than one week later (Talf¢g23). The earliest growth date for this
species occurred in the rainy 2004. The appearahocew shoots oalluna vulgaris in
NL began at the end of March and continued untd-mugust (Table 2, Fig 4). The date
for 50 % growth for this species occurred in Junethe DK site,Deschampsia flexuosa
and Calluna vulgaris began to grow in April but the former reached rdlits maximum
length a month earlier than the latter (May andeJwgspectively) (Table 2, Fig Sprowth

of Calluna wulgaris, Empetrum nigrum and Vaccinium myrtillus in UK began between
April and May and leveled out between July and Asigiihe dates for 50 % growth for
thesespecies werén June, July and May respectively (Table 2, Fig@lluna vulgaris

andVaccinium myrtillus presented an earlier growth date in 2004 respeviqus years.

Figure. 1 Date for 50 %

Minimum temperature _RZZO.GS NS gI‘OWth fOI’ the dominant
135 - p=0.04 1 4

species of the Spanish site
i as a function of
temperature and

accumulated precipitation

Erica multiflora

. ° in the previous four

‘ ‘ | ‘ ‘ L. ‘ ‘ months. Each dot is the

Mean temperature  ——R?= 0 g4 —R%=0.70 mean for either the control

1351 p=0.001 + p<0.04 7 .
1 ¢ or the warming treatment

130 | 1 in 2003, 2004 and 2005.

125 | For Erica multiflora we

Date for 50 % growth (DOY)

used the minimum
120 |

Globularia alypum

temperature  and  for

1 1 1 1 1 1
2 4 6 8 10 50 100 150 200 250 300

Globularia alypum the

L mean temperature. “NS”
Temperature (°C) Precipitation (mm)
indicates no significant

From January to April relationship.
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Catalonia (Spain)
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Figure. 2 Annual sprouting irErica multiflora andGlobularia alypum in control and warming plots
at the Spanish site in 2003, 2004 and 2005. Eacls doe value of a plot. “A” indicates a signifita
advance of phenology in response to warming (LaderMantel-Cox test). “NS” indicates no

significant effect of the treatment.
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Effects of warming on the timing of spring growth

The clearest effect of warming treatment was theelacation of the onset of growth of
some of the studied species (Table 2, Fig 1-3-%#@®m a total of 22 observation series, 15
exhibited growth acceleration (of which 5 were istatally significant) while 6 exhibited
growth retardation (of which 2 were significant)owkever, we found differences in the
responses depending on the site, the species angkdn. Significantly earlier dates for 50
% growth were detected in SP, HU, DK and UK (Tallle Fig 1-3-5-6).Cistus
monspeliensis at the Italian site was not affected in eithertlod two studied years but
warming treatment in this site was weaker tharhm dthers sites (Table 2). In Spain, in
2003 and 2004, warming treatment sped up the afske growth inErica multiflora 17.5
days on average (p=0.02 for both years) but there wo significant effects in 2005, or in
any year forGlobularia alypum (Table 2, Fig 1). In Hungary, we detected a sigaiit
acceleration of the buds’ developmentPopulus alba in 2004 but not in 2003 (Table 2,
Fig 3). In Netherlands, growth i@alluna vulgaris was delayed 28.7 days (p=0.02) (Table
2, Fig 4). In Denmark)eschampsia flexuosa sped up its shoot growth by 19 days (p=0.02)
but there was no significant changeGalluna vulgaris (Table 2, Fig 5). In Wales, the
warming treatment resulted in 6 days earlier dates® % growth invaccinium myrtillus

in 2002 (p=0.06).Calluna vulgaris and Empetrum nigrum exhibited delayed dates in
warming plots, although only the difference detdciie 2004 for the latter species was
statistically significant (Table 2, Fig 6). Globglwe did not detect a geographical gradient
in the magnitude of the accelerations of phenologsesponse to warming. However, the

two statistically significant delays were detedtedorthern sites (Fig 7).
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Figure. 3 Sprouting process iRopulus alba in
control and warming plots at the Hungarian
site in 2003 and 2004. Each dot is the value of
a plot. “A” indicates a significant advance of
phenology in response to warming (Log-rank
Mantel-Cox test). “NS” indicates no significant

effect of the treatment.

Shifts in the date for 50 % growth in responsentréased temperatures are in agreement

with the findings of previous studies indicatingpiontant role of temperature over spring

plant phenology in cold and temperate regions (el4@93; Ahast al., 2002; Pefiuelagt

al., 2002; Jatcet al., 2004; Gordo & Sanz 2005; Crepinsekal., 2006; Schwartzt al.,

2006). Previous studies using long series fielc diatve already revealed a trend towards

earlier onset of growing season associated witheased temperatures during the last

decades (Menzel & Fabian 1999; Menzel 2000; Pe&wtlal., 2002; Schwartzt al.,

2006; Menzekt al., 2006). In the present study our experimental wagnaffected spring

growth in the expected way; 68 % of cases exhilegatier onset of growing season (23 %
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of the total were significant) and 27 % delayedebid vegetative growth (9 % of the total
were significant). We did not detect a geographgraddient in the experimental warming
effects (Fig 7). The significant responses to tleatment and their magnitude had a great
variability in each site depending on the specresthe meteorological specificities of each

year.

Netherlands

T
2003 s CONTROL Figure. 4 Sprouting process i@alluna vulgaris in

80 - —=—WARMING © = 1 . L
" control and warming plots at the Dutch site in

60 - 1 2003. Each dot is the value of a plot. “D” indicate

a0l a significant delay of phenology in response to

warming (Log-rank Mantel-Cox test).
20t

Appearance of new shoots (%)
Callunavulgaris

100 150 200 250

DOY

In our experimental studies, the warming treatnmemtelerated the spring growth
date in species distributed in north and soutts Sifaccinium myrtillus (UK), Deschampsia
flexuosa (DK), Populus alba (HU) andErica multiflora (SP) presented a flexible growth
system capable of adjusting vegetative phenologyaoner conditions, accelerating their
spring growth on average 6, 19.2, 1.6 and 17.5 dagpectively. Some studies have
reported acceleration of spring phenophases phatigun Central, Northern and Western
European regions (Menzel 2000; Ahaisal., 2002; Schwartzt al., 2006). Many studies
have also found that temperature has a strongemé® on spring phenophases (leaf
unfolding, shoot-growth, spring flowering) in Meeglitanean species, especially when
water is available. This suggests that the phenologvediterranean plants is at least as

responsive as the phenology of plants in coldeme® (Osbornet al., 2000; Garcia-Mozo
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et al., 2002; Pefiuelast al., 2002; Mutkeet al., 2003; Gordo & Sanz 2005). Results
published recently by Menzet al. (2006) describe for some spring phenophases and
species a stronger response to temperature in wahaye in colder countries. This agrees
with findings of early spring phenophases being en@sponsive to warming than later

spring events (Menzel 2000; Roeteeal., 2000; Ahast al., 2002; Menzekt al., 2006).

Denmark
2003 Figure. 5 Elongation process irDeschampsia
350 . 1
. flexuosa and Calluna wvulgaris in control and

300 - 1
warming plots at the Danish site in 2003. Each dot
250
is the value of a plot. “A” indicates a significant

200 . .
advance of phenology in response to warming

150 (Log-rank Mantel-Cox test). “NS” indicates no

100 significant effect of the treatment. Thealluna
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Warmer temperatures were accompanied by delaygringsgrowth in Wales in
2004 for Empetrum nigrum and in Calluna vulgaris in Netherlands in 2003. This is an
unexpected finding as winter temperatures are dfteiting for growth in cold biomes,
and it has been suggested that these environmeatgspecially sensitive to climate
warming (Menzel 2000; Aertst al., 2006). Shevtsovat al. (1997) described positive

effects of increased temperatures on phenologysandt growth ofEmpetrum nigrum in
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the Finnish Subarctic. However, our studied siteesponds with the southern distribution
area of this species generally distributed in theler regions of the northern hemisphere
(Bell & Tallis 1973). In fact, upward shifts in sikern distribution ofEmpetrum nigrum
have been attributed to increasing mean winter égatpres during the ninetieth and the
first half twentieth centuries (see ref in Bell &llis 1973). Some authors have suggested
that warming through milder winters and less flatitng temperatures, may produce an
inadequate chilling (needed for dormancy releasd) @nsequently a delayed bud burst
(Heide 1993; Partaned al., 1998) that may endang&mpetrum nigrum plants under
unfavourable conditions.

Our results underscore the species-specific naititbe responsiveness of spring
growth to temperature (Kramer 1994, 1995; Pefuetlas.,, 2002, 2004b; Hollisteet al.,
2005). The acceleration of the growth of the Sgasecies are particularly showy since in
general, the phenology pattern in sites where watseasonally limiting has been related
to the period when water first becomes availabléhoplants (Corlett & Lafrankie 1998;
Pefiuelaset al., 2004a). However, as described by Ogaya & Pehuglaf4) in a
Mediterranean forest, the influence of water avdlity and temperature in the control of
leaf development and spring flowering may vary daelieg on the species. In the present
study, the spring growth date for both Spanish iggewas associated with the mean
temperature of the previous months (Fig 1), altimoagly the growth oErica multiflora
was accelerated by warming treatment. The lackgoifecant acceleration in the growth of
Globularia alypum in warming plots can be consequence of its stnrodgpendency to the
soil water status described for some ecophysiotbgiarameters (Llorengt al., 2003) as
well as for growth phenology in this study (Fig Epr Erica multiflora, the relationship
with water availability was not significant, althgtuthe dry period between late-winter and

early-spring in 2005 accelerated the onset of dgnawErica multiflora in control plots as
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compared to 2003 and 2004 (Table Rjica multiflora is a species with a conservative
strategy respect to water use (Llorehsal., 2003) and, at the light of the warming effects
described in this study, this earlier growth in 200ight be a consequence of an increased
leaf temperature resulting from reduced leaf traaipn under lower water availability.
The lower stomatal conductances reacheBrioa multiflora in 2005 (winter and spring)

relative to the rates in 2003 and 2004 supporthiymthesis (Prieto, 2007).

Wales (United Kingdom)

Calluna vulgaris Empetrum nigrum Vaccinium myrtillus
2000 2000 . 2000 -
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Figure. 6 Elongation process ialluna vulgaris. Empetrum nigrum and Vaccinium myrtillus in
control and warming plots at the Welsh site in 2@@02 and 2004. Each dot is the value of a plot.
“A” and “D” indicates a significant advance or dglaf phenology in response to warming

respectively (Log-rank Mantel-Cox test). “NS” indtes no significant effect of the treatment.

140



Spring growth in response to warming along a nedtth gradient in Europe Chapter 3.

20

10

Advances

-10

-20

-30

Delays

-40

Warming effects on growth dates (days)

Plant

UK 1 DK ,\\‘L HL\' 1 1 1

§P IT

9 10 11 12 13 14

Mean annual temperature (°C)

15

Figure. 7 Advances and delays of warming treatment on
growth date (Control minus Warming) in relationnbean
annual temperature of the site in different Europsites
and species. Each dot is the value of a plot. Tdble

provides information of the sites and studied sggeci

responses to warming also depended on gspecidimbinations of

environmental drivers in particular years, for exén on the temperature or the amount

and distribution of rainfall throughout the seasansl preceding years. The date for bud

break ofPopulus alba occurred one week earlier in the cooler and rao@4 than in 2003.

However, warming resulted in earlier bud break oimy2004, probably due to the

temperatures being lower in the trimester previoulsud break date than in 2003 (15.9 °C

and 17.4 °C respectively). Erica multiflora, in spite of the clear acceleration of spring

growth dates in warming plots in 2003 and 2004 digenot detect a significant change in

2005, which was the year with the driest late wirgted spring during the seven recent

years. Moreover, the earlier onset of the growthe da 2003 and 2004 was only

accompanied by greater spring shoot elongatio®@#ZPrieto, 2007), probably due to the

high temperatures reached during the European Wwase in 2003, which enhanced

evapotranspiration and reduced water availabibtyshoot growth. Also in 2003, the warm

and dry conditions of the previous trimester towgio were probably important to

determine the significant delay in spring growthGalluna vulgaris in Netherlands under

the warming treatment. This species exhibited dbfie responses to warming treatment in

Wales and Denmark depending on the year, but nbtiteem were significant. So, further
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studies including the inter-annual variability bietresponses are necessary to understand
the future effects of global warming in growth pbkrgy of Calluna vulgaris.

At community level, statistically non-significamidreases in biomass accumulation
took place in warming plots in the Welsh, Danishytdh, Hungarian and Spanish sites
(Pefuelast al., in press; Prieto, 2007). So, although warming may implyagthening of
the vegetative growth period, and consequentlyem®ed carbon fixation (Menzel &
Fabian 1999; Schwartz 1999; Menzel 2000; Bbpl., 2000; Pefuelas & Filella, 2001,
Linderholm 2006), other limiting factors such astevaavailability, and species-specific
and year-dependent responses may preclude signiibanges in the community biomass

accumulation.

Conclusions

Our results show the great potential effects ofrmeartemperatures over the phenology of
the spring growth of dominant species in differBuropean shrublands. Our study also
shows overall difficulties of applying simple pretive relationships (Rotzer &
Chmielewski 2001; Ahagt al., 2002) to project global change effects on phenplog
Various combinations of environmental factors cowvat different European sites and the
interactions between different drivers can impdijaalter phenology. Although earlier
onset of the vegetative growth may lengthen thevgrg season, the great variability in the
responses between sites, species and years pdinheounecessity for studies at longer
temporal and spatial scales to enable more advaestthates of the effects on the net

carbon uptake.
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ABSTRACT

» Background and Aim3he relationships between the autumn floweringvas
dominant and co-occurring species of Mediterraneagetation,Globularia alypum

L. andErica multiflora L. and precipitation and experimental drought aratming
was analysed to improve predictions about the mspoand adaptation of
Mediterranean vegetation to climate change.

« Methods Beginning of anthesis and peak date (date of maxinflowering
intensity) were monitored over four years (20014900 a garrigue in the NE of the
Iberian Peninsula. Two experimental treatments \apmied, increased temperatures
(+ 0.73 °C) and reduced water availability (-17Wih respect to untreated plots.

» Key Result$lowering ofGlobularia alypumandErica multiflora differed greatly
between years depending on the precipitation optegious months and the date of
the last substantial rain (above ten m@)obularia alypumalso flowered once or
twice (unimodal or bimodal) resulting from diffemss in the distribution and
magnitude of the precipitation in late-spring anchaner (when floral buds develop).
The drought treatment delayed and decreased flogveof Globularia alypumin
2001 and tended to delay flowering in 2002. Howewarming had little effect: it
extended autumn flowering in 2001 and it tendethtoease peak intensity in 2002.
Flowering ofErica multifiorawas unaffected by both treatments.

* ConclusionsAutumn flowering of Globularia alypumand Erica multiflora is
more dependent on annual changes of water avéyatihidn on those of temperature.
Considerable interannual plasticity in the begignifi anthesis and peak date and on
the unimodal or bimodal flowering constitutes aesstfategy for both species in front

of precipitation and temperature changes in thea.aHowever, severe changes in
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precipitation in spring and summer may severeledffflowering of Globularia

alypum.

Key words: Globularia alypum Erica multiflora, autumn flowering, drought, global

warming.

INTRODUCTION

The study of plant phenology (the timing of life ctyy stages) is important in
understanding responses of vegetation to climaaagdbecause improved knowledge
of the geographical distribution of the timing ohgmological phases and their
relationship to climate will improve predictions effects (Schwartz, 1999; Kramet

al., 2000; Pefuelas and Filella, 2001; Holligeal, 2005; Menzeét al, 2006). Studies
based on long phenological series, supported bg-fiased surveys or satellite remote
sensing, have shown that particular phases in plawelopment (budding, leafing,
flowering) are particularly sensitive to temperatuand that they have been occurring
progressively earlier (Menzel, 2000; Osboetal, 2000; Rotzer and Chmielwski, 2001;
Ahaset al, 2002; Waltheret al, 2002; Parmesan and Yohe, 2003; Gordo and Sanz,
2005; Piacet al, 2006; Schwartet al, 2006). For Europe, it has been estimated that an
increase in temperature in winter or early sprihd 8C corresponds to an advance in the
onset of spring events of ca. 6 days (Menzel & &aldi999), and an increase of 1.4 °C
was reported to advance the onset by up to 16 idagdMediterranean site (Pefuekts

al., 2002). Recently, Menzedt al. (2006) reported an overall advancement of the

spring/summer events of 2.5 days per 1 °C on aedi@gthe whole Europe. Since bud-
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bursting and flowering are not generally autumnrnuipdases fewer studies have focused
on autumn events and in consequence, changes moi@ses occurring in autumn are
not as clear nor as well known as in spring. Thersome evidence of later onset of
autumn phenological phases but there is no geagrakment about the patterns (Menzel
and Fabian, 1999; Menzel, 2000; Pefiuelaal, 2002; Waltheet al, 2002; Cheret al,
2005; Gordo and Sanz, 2005).

The climate of the Western Mediterranean regionclsracterized by a
pronounced seasonality: hot dry summers, cool we8ngad mild rainy, springs and
autumns. Species grow and flower mainly in spritigis avoiding winter cold and
summer droughtGlobularia alypumand Erica multiflora are co-occurring dominant
species in some coastal Mediterranean shrublartdshwalso grow (Llorenst al., 2004)
and flower (Llorens and Pefiuelas, 2005) in the raotuwhich is exceptional in
Mediterranean shrubland communities (Orshan, 198&stro-Diez and Montserrat-
Marti, 1998; Pico and Retana, 2001; Tedal, 2004). Studies of Mediterranean plants
have shown variable environmental control of nonrgpflowering, being temperature
one of the most important factors (Nilsen and MulfE981; Pico and Retana, 2001,
Pefuelaset al, 2002; Jatcet al, 2004; Ogaya and Pefiuelas, 2004). Restrictedr wate
availability is another important factor associatgth delayed flowering and decreased
flower and fruit production (Gordoet al, 1999; Ogaya and Pefuelas, 2004; Peftlas
al., 2004b; Llorens and Pefiuelas, 2005; Giménez-Benawtas, 2007).

General conclusions of most of the General CircalaModels (GCMs) are that,
over this century, mean global surface temperatuite increase by 1.1 — 6.4 °C
depending on the socio-economic scenarios andethdting emissions of greenhouse
gases (IPCC 2007). Models also predict decreasefalizand increased variability in its

distribution (De Luiset al, 2001). Although there is no general agreemegéarting
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future amount and timing of precipitation in the diterranean area, plant communities
are likely to be greatly affected by the increapetential evapo-transpiration linked to
the warming (Le Houérou, 1996; Pifet al, 1998). These expected climatic changes
may pose particular problems to plants with growéhg. leaf appearance, and
reproduction, e.g. flowering, triggered by enviramtal conditions such as temperature
or water availability. Such conditions act as cuegulating plant growth and
development and specifically, may critically affgaant reproduction and flowering
(Pefuelas and Filella; 2001; Pefiuetasl, 2004; Llorens and Pefiuelas, 2005; Sherry
et al, 2007).

Flowering responses to climate change seem to beiespspecific since co-
existing species may have different environmentaistraints (Pefiuelast al, 2002;
Ogaya and Pefiuelas, 2004; Llorens and Pefiuelas). 2l consequences of a change
(advance or delay) of flowering phenology mightabdecoupling of species interaction,
such as between plants and their pollinators, ealtertompetitive relationships and
different abundances ranges of species, for exatmplehanged seedling recruitment
(Bond, 1995; Gordo and Sanz, 2005). Together, el readjustments may lead to
important changes in the structure, composition &mttioning of the ecosystem
(Pefuelas and Filella, 2001; Hollistdral,, 2005) and therefore, changes in phenological
processes may have huge socio-economic consequeoces the world.

The aims of this study were (i) to describe thew#dng of two common
Mediterranean specie§lobularia alypumand Erica multiflora, that flower in autumn,
(i) to explain the relations between the floweripgenology and the environmental
conditions which vary interannually (mostly pre&gion), and (iii) to study the
responses to experimental field warming and droulat simulate the future climate

conditions forecasted by GCM and ecophysiologicaldets (IPCC, 2001, 2007,
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Pefuelagt al, 2005). We hypothesized that: (a) the beginningnthesis and peak date
(date of maximum flowering intensity) will vary beten years according to the
precipitation, since these phenophases occur #feersummer drought and therefore
under water deficit conditions, and (b) floweringwid be delayed and/or the intensity of
the flowering peak would be reduced in responsertgected future drier conditions,

especially inGlobularia alypumwhich begins to flower in late-summer, and warming
would enhance flowering, especially iBrica multiflora that flowers later than

Globularia alypumjn wet and colder periods.

MATERIALS AND METHODS

Study site and plant species

The study was carried out in a dry calcareous s$angbRosmarino-Ericioh in the
Garraf Natural Park in North-East Spain (41° 181RM9’E), at 210 m above sea level.
The climate is typically Mediterranean with twomaiseasons (spring and autumn), mild
winters and hot, dry summers. During a seven-yaatysperiod (1998 to 2005), the
mean annual precipitation was 592 mm with leaskainuary and June-July (20-25 mm).
The mean average annual air temperature was 1582@@he monthly mean maximum
was 27 ° C in August 2003 and the minimum 5 © Qainuary 2005.

The site is a south facing slope in abandoned ield terraces. The substrate
consists of limestones and marls, with a many mgdkrops. In summer 1982 and spring
1994 the area suffered severe fires that destrBymas halepensifrest and converted it
into a garrigue. The dominant species Enea multiflora andGlobularia alypum Both

are re-sprouter shrubs distributed in dry calcaseand rocky places in the Mediterranean
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Basin (Bolos and Vigo, 1995Rinus halepensisvas reintroduced by seeding after the
last fire and is gaining dominance. Other commaeciEs arddorycnium pentaphyllum,
Pistacia lentiscus, Rosmarinus officinalis, Fumagrécoides, Fumana thymifoliand
Helianthemum syriacunThe plant community has an average annual abouadrnet
primary productivity of 160 g i (Pefiuelagt al, in review) and the plant cover in 2005

reached 75 %.

Diagram 1. Distribution of the experimental plots (4 m x5 wijh night-time warming (in red) or drought

(in blue) treatments and controls (in grey).

Experimental treatments manipulations

We imposed three separated experimental treatméald:scale nighttime warming,
drought and control, and the response to warmimgdaought were compared separately
to the response of control plots. Plots were 4 Bmx, allowing for a buffer strip of 0.5 m

at the perimeter. Each type of manipulation wadicajed three times, giving a total of
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nine plots (three warming, three drought and thoemtrols) (Diagram 1). The

experimental treatments were applied continuousi|nf1999 to 2005.

Drought treatmentThe drought treatment was applied for 2 to 3 m@ehods in the

spring and autumn growing seasons by covering tbgetation with waterproof,

transparent covers. For the rest of the year tbagit treatment was off. The drought
plots are constructed similarly to the warming plekcept that the curtain material is a
transparent plastic and that the moving of theatnstis governed only by rain and wind.
When the drought treatment is operating, the ranssrs activate the curtain to cover the
plots whenever it rains and remove the curtainsnwiie rain stops. The curtains are

removed automatically if the wind speed exceedsrtes?.

Warming treatmentThe warming treatment consisted of covering theeteggon during
the night-time with reflective aluminium foil cuites (ILS ALU, AB Ludvig Svensson,
Sweden) (Beieet al, 2004). Solar energy is accumulated in the ploténg the day and
a fraction of the energy is re-radiated back toatmosphere at night as long wave IR-
radiation. Covering reduces the loss of IR radmtidhe curtains reflected 97 % of the
direct and 96 % of the diffuse radiation from vedgien to night-sky. The warming plots
are covered by light scaffolding carrying the refiee aluminium curtain. The covering
of the study plots is activated automatically wisetar radiation is less than 0.4 \Wm
according to a preset light level. The curtains r@moved automatically if wind speed
exceeded 10 m’s(Beier et al, 2004). In order to avoid influencing the hydgikmal
cycle, rain sensors trigger the automatic remot/#t@® covers when it rained at night.
This method has the advantage that unintended effgets and artifacts are

minimized. Measurements of curtain movements, teatpees, precipitation, water input
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into the plots, radiation balance during campaigetative humidity, and wind speed
showed that the edge effects on the temperaturease, as well as unintended effects on
wind and moisture conditions, were minimal. Singghttime warming implies leaving
the plots open during daytime, the effect on lightditions was negligible (Beiet al,

2004).

“Untreated control”. Three untreated control plots were set up for campa, with a
similar light scaffolding as for the warming andodght treatments, but without any

curtains.

Environmental conditions were monitored in all pldPrecipitation within the plots was
measured using three water collectors. Soil mastuas also measured weekly by
means of three time domain reflectometry (TDR) psolmstalled per plot. Air (+20 cm)
and soil temperatures (at 5 and 10 cm depth) aadfuhctioning of the treatments,
(curtain closure and removal detected by magnetisas, were recorded (Datalogger,

Campbell Scientific Inc. Logan, Utah, USA).

Data collection and analysis

We monitored the timing of the autumn flowering Exica multiflora and Globularia
alypumfrom observations made biweekly during the lesgsva@dlowering period and
weekly during the most active flowering period, oJ¥eur consecutive years (2001-
2004). Four-12Erica multiflora plants and 11-15Globularia alypum plants were
monitored in each plot. For each plant we estimdbex flowering potential, as the
guantity of new shoots where floral buds could pbé&dly develop and then, the

percentage of shoots with functional flowers (liflewers with at least a petal and
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stamen) relative to its flowering potential. Folowering categories were established
depending on the percentage of shoots with funatifiowers: one (1-25%), two (26-

50%), three (51-75%) and four (76-100 %). We cormguhe percentage of branches
with functional flowers per plot for each censusasion as the mean of the values of all
plants in the plot. We followed this procedure umto new flowers opened. We

determined three traits to characterize the flomgemprocess: beginning date (date at
which flowering was greater than 1%), peak datee(déhen flowering per plot reached

its maximum intensity), and the intensity of thelke

Statistical analyses

All the statistical analyses were performed usimg walue per plot, obtained from
averaging the plants measured per plot. Droughtvaauaning treatments were always
compared separately with control. Data values esga@ in percentage were arcsine-
square root transformed to homogenize variancesARI@VAs were conducted to test
inter-annual differences in the beginning and péales and intensities in control plots
and also to check the global effects of the warmamgl drought treatments on the
flowering. ANOVAs were used to test potential effeof the treatments on the peak
intensity. Post-hoc (Fisher PLSD) tests were performed forpaniaons between years
for each speciesSurvival analyses were used to test differencethénbeginning and
peak dates between treatments and controls. Sutinva was defined as the number of
days from January 1 until the beginning of flowgror peak day occurred. We used the
Kaplan-Meier non-parametric method for the compatabf survival curves and log-
rank (Mantel-Cox) statistics to test for differeacbetween treatments and controls.
Correlation analyses were conducted in order tomaxa the relationship of the
accumulated precipitation and the average tempergftrom different periods prior to

flowering) with the flowering traits. We also tedtéhe relationship with the date when
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the last important rain event (more than 10 mm) pefore peak date took place. The
correlations were conducted with treatment meamesl and therefore with values
having known associated variance. Thus a modeldtassion by means of the reduced
major axis method was used (Sokal and Rohlf, 199&)Globularia alypumin cases of
bimodal flowering pattern, we always used the nmslific peak (the second one in
2001 and the first one in 2003). Survival analyggdQOVAs, Fisher PLSD testRM-
ANOVAs, and correlation and regression analysesevgarformed with the Statview

software package (Abacus Concepts Inc., Cary, Noatiolina, USA).

W 2001 Figure 1. a) Monthly precipitation and b)
200 - E 2885 | . monthly average precipitation based on the
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Environmental conditions

Precipitation during the four years of the stud9(Q®-2004) showed great inter-annual
variability from 458 mm in 2001 to 956 mm in 200khe distribution throughout the

year was typically Mediterranean, although variabligh spring, and especially autumn,
rain (Fig 1). The driest periods were in summeneJWuly and August, which together
had on average 80 mm, and mid-winter, January, 26timm. Temperature through the
year was typically Mediterranean with moderatelydcainters and hot summers. The
annual mean air temperature was 15.2 °C.

Drought treatment by covering with transparent shegluced mean annual soil
moisture by an average of 17 % with respect torobptots (2001-2004 period). But this
effect varied between periods and years (Table Diting the period of flower
development (spring and summer), the soil moisivae reduced by an average of 13 %
with respect to control plots although in 2001 thduction in spring reached the 44 %
(Table 1). The average soil moisture both in sumaredt the whole spring-summer
periods presented statistically significant intenaed variability (p<0.001). The
experimental drought reduced, but not statisticsilipificantly (p=0.11), the average soil
moisture in spring-summer period (Table 1). Themiag treatment did not affect soil
moisture (Beieet al.,2004; Pefuelast al.,200%5).

Covering at night warmed the plots, increasing meatemperature through the
year by an average of 0.73 °C compared to conkotd.prhe increase was greater for soil
mean temperature (0.9 °C) and especially for themum temperature (1.5 °C). Drought
treatment affected neither mean nor minimum airperature or soil temperature (Beier

et al.,2004; Pefiuelast al.,2004).
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Table 1. Average soil moisture (%) in summer and in springyner periods in control (C) and drought
(D) plots for the studied years (2001-2004). Meanstandard errors: n=3). Significant differencesliier
post-hoc test) among years are indicated by diftdegters and different letters between brackedécates
significant effect of drought treatment on soil stare (ANOVA).

Summer Spring — Summer
(from June 1 to August 31) (from April 1 to August 31)
Year C D C D
2001 |9(1.2) ab (a) 5(0.4) a (b) 11 (1.2) a (8)(0.4) a (b)
2002 10 (1.3) a 10 (0.8) b 16 (1.4) b 14 (0.6) b
2003 6.5 (0.7) b 7(0.7)c 14 (1) ab 12 (0.1) c
2004 11 (0.9)a 9 (0.6) bc 16 (1.2) b 14 (0.9 b

Characterization of the flowering and treatmeneet$

Globularia alypumpresented two flowering patterns depending oryéae (Fig 2 and 3).
In 2001 and 2003 two peaks occurred, whereas 12 200 2004 only one peak was
noted. Flowering features for this species showesgaificant inter-annual variability
(RM-ANOVA,; beginning and first peak date: p<0.000itst peak intensity: p=0.01 and
second peak date: p=0.0002) (Table 2) in correiatidh the precipitation as described
below.

Drought treatment affected flowering d@lobularia alypumin 2001 (RM-
ANOVA; p=0.004). The intensity of the first peak svaeduced by 13 % (ANOVA;
p=0.03) and drier conditions retarded the secomd pate by almost ten days (Log-rank;
p=0.02) (Fig 3). Experimental drought also tendedncrease the percentage of open
flowers at the end of the flowering period (ANOVA50.09) (Fig 3). In the next three
monitored years, we only observed a slow down ofdags in the appearance of the
earlier open flowers ofGlobularia alypumin 2002 (Log-rank; p=0.06) (Fig 3). In
warming plots we detected a longer period betwéenbeginning of flowering and the

end of the second peak (ANOVA; p=0.04) in 2001 ihatuded a reduced flowering at

163



Flowering and its response to experimental droaghktwarming

Chapter 4.

the end of the late-summer peak and an enhanceeriloy at the end of the autumn

peak. In 2002, an increased peak intensity of 6% walanost significant (ANOVA;

p=0.06) (Fig 3).
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Figure 2. Distribution and magnitude of
rainfall and beginning of anthesis “B”
and peak date “P” (date of maximum
flowering intensity) for each year of the
study (2001-2004) for Globularia
alypum and Erica multiflora in control
plots. For Globularia alypum “P1”
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second peak. Horizontal bars show the
period of functioning of drought

treatment.
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Figure 3. Annual flowering patterns foGlobularia alypumin control, drought and warming
treatments (2001-2004) etters indicate the significant treatment effeatsbeginning date (B),
peak date (P), peak intensity (I) and floweringation (D). “**” indicates p <0.05. “*" indicates

p <0.1. Arrows indicate the direction of the change
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Table 2. Annual mean dates of the beginning of flowerind peaks, expressed in days of the year (DOY),
and peak intensity (%) fdBlobularia alypumandErica multiflora. Each value is the mean of the variable
in control and treated plots if treatments did affect it. Bold type indicates significant interraral
variability (RM-ANOVAs; p<0.001). Different lettergdicate significantly different means (Fisher pos
hoc test of the ANOVA, p<0.05).

Species Year Beginning First bloom Second bloom
DOY DOY Intensity (%) DOY Intensity (%)
2001 212 a 223 a 22 a 285a 32
Globularia 2002 219 a 238 b 48 b
2003 261 b 268 bc 17 a 372b 21
alypum
2004 241 bc 267 bc 48 b
2001 248 a 293 a 57
Erica 2002 241 a 271 Db 56
. 2003 276 b 299 a 56
multiflora
2004 251 a 296 a 53

Erica multiflora exhibited a common flowering pattern throughowt thstudied
years with a single peak in the flowering peridee{t flowered only once) (Fig 2 and 4).
The mean dates of beginning of flowering and patkreéd significantly between years
(RM-ANOVA,; p<0.0001) (Table 2) and correlated witle precipitation. The beginning
of flowering in 2003 occurred later, and the peakedn 2002 was earlier than in other
years. Peak intensity was about 56% and did ngtb@iween years (Table 2). Hérica

multiflora neither drought treatment nor warming treatmefetcééd flowering (Fig 4).
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Figure 4. Annual flowering patterns foErica multiflora in control and drought and warming

treatments (2001-2004Yhere was no significant effect of any treatment
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Figure 5. Synchronicity
between the beginning
of flowering and peak
dates for Globularia
alypum and FErica
multiflora. Each dot
corresponds to a mean
value per treatment
(n=12). Bars indicate the
standard errors of the

mean (n=3 plots).

The beginning of flowering and peak date for bgikcses varied synchronously within

years (beginning; 0.68, p=0.001 and peak?®0.52, p=0.008) (Fig 5). So delayed or

advanced beginning and peak dates in the diffeyerirs for Globularia alypum

corresponded with delayed or advanced datesEioca multiflora, indicating that

flowering in both species is affected similarly égvironmental variables. Precipitation

was more closely correlated with flowering than wemperature. We found a negative,

significant relationship between the beginning dateGlobularia alypumand Erica

multiflora and the accumulated precipitation in June-Jul=QR36, p<0.04) and June-

July-August (R=0.52, p=0.008) respectively (Fig 6).

168



Flowering and its response to experimental droaghktwarming Chapter 4.

Globularia alypum Erica multiflora

280 |- 1
270 | 1
2602 ® 1
250
240
230

220

Beginning date
(DOY)

210

June-July-August

320 | + 1

300 |- + ° .

280 - + |

260 |- 4 1

Peak date
(DOY)

240 | {» i 7

220 - —R’=0.367 —R’=0.85 T
June-July-August p=0.04 | June-July-August p<0.0001

70 +
60 -

50 -

o

30 T+ 1
p
20 % + .
—_—2 —_p2
10 | R"=0.39] R°=0.25]
June p=0.03 | June-July p=0.096

20 40 60 80 100 120 20 40 60 80 100 120

Peak intensity
(%)

Accumulated precipitation (mm)
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indicate the standard errors of the mean (n=3 plots
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Figure 7. Relationships between the peak dateGtwbularia alypumandErica multiflora and
the date of the last rain exceeding 10 mm befoeepthak date. Each dot corresponds to a mean

value per treatment (n=12). Bars indicate the stedhdrrors of the mean (n=3 plots).

There was also negative correlations between tlek plates forGlobularia
alypum and Erica multiflora and the accumulated precipitation in June-Julyusig
(R°=0.36 p=0.04 and R0.85 p<0.0001 respectively) (Fig 6). A positivégnificant
relationship was found between the peak intensityGtobularia alypumand the
accumulated precipitation in June’R.39, p=0.03) (Fig 6). The peak intensity Eica
multifiora was marginally significant correlated with the aowilated precipitation in
June and July (R0.25, p=0.096) (Fig 6). The control of the pregifibn over the peak
date for both species was also manifested in tirefiant relationship between the peak
date and the date of the last important rain efrante than 10 mm) just before peak date
(Globularia alypum;R*=0.94, p<0.0001Erica multiflora; R°=0.64, p<0.02) (Fig 7). In
general, the beginning of the flowering of both @pe was advanced in years with a
rainy summer. In those conditions, the peak dat&faca multiflora was also advanced
but the peak date f@lobularia alypumseemed mostly triggered by the close occurrence

of a relatively important rain event (water availi&pin short-period).
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DISCUSSION

Similar inter-annual behaviour was observed in geaisynchronization of flowering for
Globularia alypumand Erica multiflora, suggesting that they were influenced in the
same way by the environment (Fig 5). As describmdother species in the Iberian
Peninsula (Pefiuelast al, 2004), advanced and increased flowering was found in
response to increased precipitation during theipusvmonths (Fig 6). Our results show
that the date of maximum flowering intensity of bb@pecies responded to the proximity
of an important rain event especially @lobularia alypum,which uses water less
conservatively tharkErica multiflora (Llorens et al, 2003). Our findings agree with
Llorens and Pefiuelas (2005) about the importartabivater availability in determining
year-to-year shifts in flowering for these spectesnilar conclusions were reached from
a study in a tropical forest in Costa Rica thatargdes periods of drought (Opletral,
1976). Their results suggested that precipitatioggéred anthesis and synchronized
flowering of trees and shrubs. An opportunistiqpasse to water availability has been
considered the simplest explanation for patternssitas where water is seasonally
limiting and it is considered a safe strategy fog tontrol of flowering (Friededt al.,
1993; Castro-Diez and Montserrat-Marti, 1998; Gbded Lafrankie, 1998).

Besides the inter-annual variability in the begmnand peak dateslobularia
alypumpresented a multiple flowering (flowered once wice) depending on the year
(Fig 2 and 3). Multiple flowering patterns haveaalseen described for other species
(Opler et al, 1976; Pico and Retana, 2001) and it has beesidened an adaptive
response to the unpredictability of drought intgnand duration (LIorens and Pefiuelas,
2005). The majority of the flower head budsGibbularia alypumdevelop in late-spring

and early-summer, just in the apex of the new shétears such 2002 and 2004, with
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relatively wet springs and summers (Fig 1 and [Byyér head buds opened in a unique
and large peak in late-summer or autumn (Fig 32001 and 2003 the flowering pattern
in Globularia alypumwas bimodal. For both years, we detected longgr pdiriods
without any significant precipitation than in thther studied years, 2002 and 2004; 70
days from mid-spring to early-summer in 2001 andd@§s from late-spring to mid-
summer in 2003 whereas dry period lasted only %8 @¢a2002 and 63 days in 2004 (Fig
2). Moreover, high temperatures in summer 2003 esmed the loss of water by
evapotranspiration (mean temperature during Jurgagtun 2003 was 26.4 °C compared
to the average of 24.3 °C). The bimodal flowerirgtgrns observed in 2001 and 2003
exhibited differences, probably associated to theable distribution and magnitude of
the rain events in summer-autumn. In 2001, afterlting dry period, the rain events in
early summer released only a small fraction offtbal head buds, which corresponded
with the late-summer peak. The increase in watailahility was probably insufficient
and later rains (33 mm collected in one week betv@#® and 277 DOY) were needed to
stimulate a second peak in autumn, which was bigiggn the first (Fig 2). In 2003,
extended drought periods caused a high mortalitpest shoots and consequently of
flower head buds (field observation) which resultethe decimation of the first peak in
late summer. In this year, other flower head budsewormed on top of shoots grown in
autumn and opened in a second peak in winter. Gselg flower buds ofErica
multiflora appeatin August-September and flowers open graduallyutumn or even in
winter in a single and lengthened peak, indepemglehthe meteorological specificities
of the year, as we described in the four yearduwafys(Fig 4). This unimodal flowering
pattern and the lack of inter-annual variabilitytire peak intensity ifErica multiflora

may be linked with its conservative use of watdofgnset al,, 2003).
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We detected some significant changes in the flaweprocess in drought plots
that consisted in delays in the beginning of flamgrand peak date, and reductions in the
peak intensity. But, as observed in other studigls Mediterranean species, the effects
were clearly species-specific and depended on @helitons in each year (Ogaya and
Pefuelas, 2004; Pefiuektsal, 2004; Llorens and Pefiuelas, 2005). In spite of therclea
relationship between the timing of flowering andtevaavailability, drought treatment
did not have global effects throughout the fourwioing annual series dat&rica
multiflora remained unaffected by drought, a treatment tht lbad clearly significant
effects over the flowering dblobularia alypumin 2001. In this year, the reduced peak
intensity in flowering ofGlobularia alypumin drought treatment was followed by an
increased percentage of functional flowers at thé ef the flowering period (when
drought treatment was off). This result suggesteatgability of Globularia alypumto
adequate the anthesis to the favourable periodstlyrimked to water availability). The
direction of the effects of drought treatment ie firesent study was in agreement with a
previous study carried out in 1999 and 2000 (Pefsuel al, 2004, Llorens and
Pefuelas, 2005). However, more marked changesoweflng for this species were
found during the first three years of experimentat{1999-2001), probably related to a
combination of the particular environmental coratis of each year and the higher effect
of drought treatment on soil moisture during thstfthree years (29 % soil moisture
decrease vs. 14 % decrease in 2002-2004). The appaaradox involving the
significant relationships between flowering and evatvailability and the absence of a
significant effect of our experimental drought treant on flowering oErica multiflora,
is explained by the natural interannual variabitfysoil moisture in summer and spring-
summer periods being greater than the reductisoibimoisture in drought plots (Table

1).
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Complementary studies at community level showed #iter seven years of
experimental drought, neither biomass accumulatimr relative abundances of
Globularia alypumandErica multifiora were negatively affected (Prieto 200If) fact,
Globularia alypumseems to have a competitive advantage over ctirexispecies.
Drier conditions may not reduce established plasrfgomance, in part thanks to its
capacity to re-sprout, but they may affect theuierent of young plants. In 2001, when
flowering of Globularia alypumwas delayed by drought treatment, there was also a
reduction in its seedling recruitment probably doe reduction in pollinators, injuries
caused by late frost and indirect effects on geation and survival (Pefiuelas al,
2004). Longer term studies are required to better wtdad the potential effects of
drought on Mediterranean shrubland features, amdutiore distribution of these species.

Many observational studies have reported advancesman the flowering
phenology as a consequence of increased tempeygiamswortret al, 1995; Suzuki
and Kudo, 1997; Menzel and Fabian, 1999; SandwkTatland, 2000; Abu-Asaét al,
2001; Pefiuelas and Filella, 2001; Fitter and Fi2602; Waltheet al, 2002; Sherret
al., 2007). Pefuelast al, (2002) estimated that plants in the Mediterranezgion
flower on average 6 days earlier than in 1952. Hawnethe warming effect on flowering
seems to be species-specific (Pefiuelas and Fi@d@l; Pefuelagt al, 2002) and
moreover seems to depend on the local and regiwarability of climatic conditions
(Kudo and Suzuki, 2003), the life form (Farnsweaethal, 1995), the time when it occurs
and the specificities of the environmental condisiaoccurring at each moment of the
year (Fitter and Fitter, 2002; Gordo and Sanz, 2@terryet al, 2007). In the present
study, the flowering of neither species was seresitio increased temperatures, a
reasonable result since the flower head budslobularia alypumand the flower buds of

Erica multiflora develop in late spring-summer when temperatureshagh. Previous
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studies have shown that the timing of vegetativemn of Erica multiflora is very
responsive to increased temperature (Pefiusdlad., 2004, in review; Prieto 2007
However, this process takes place in late-winter spring when temperatures are lower
and warming treatment alleviates them. Neitherwdgdfind any negative effects of the
warming treatment due to accentuated summer temgpesaand drought in either of the
studied species.

In summary, our results show that beginning of esithand peak date (date of
maximum flowering intensity) vary in these two sigscdepending on the precipitation
during the previous months and the date of lashifstgnt rain event (>10mm),
especially inGlobularia alypum The plasticity in flowering of this species irspgnse to
water availability was reflected also in its mukipflowering patterns. Our results
suggest that precipitation-dependent autumn flawgefor both species is a safe strategy
when faced with the unpredictable water availapilih the Mediterranean area.
However, extreme changes in rainfall pattern inngpand summer may seriously affect
the phenology of flowering ofGlobularia alypumwhereas the phenology drica

multiflora seems much less sensitive.
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ABSTRACT

Plant community recovery (species richness, dityemnd composition) of a post-fire
Mediterranean shrubland was monitored over a sgean period (1998-2005) under
experimental drought and warming that simulatedetironmental conditions forecast
for this area in the coming decades. Species rgshrad Shannon’s Index were
positively correlated with accumulated precipitatim the growing season and both
variables were negatively affected by reduced wawilability in drought plots. The
relative abundance of the different species in logatments was linearly correlated
with their relative abundance in control plots. Maver, we found species-specific
responses to treatments. Drought and warming texdtreduced the competitive ability
of the obligate seeder treeinus halepensisagainst native resprouter shrubs and
consequently, the transformation from shrub to pie® dominated vegetation was
slowed down. Conversely, the water spender stradé@lobularia alypummay allow
this species to maintain a dominant position irudta plots. Therefore, future drier and
warmer conditions in Mediterranean areas may sevemffect plant community
recovery after a disturbance, due to the existaickoth abundance-dependent and

species-specific responses that may change inésifgpcompetitive relationships.

Keywords: diversity, species richness, Mediterranean shrublaost-fire succession,

Erica multiflora, Globularia alypumPinus halepensis
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INTRODUCTION

A number of experiments have studied the poterdftdcts of climate change on
diversity of plant species in different types ofipi community (Kutiel et al. 1998,
Sternberg et al. 1999, van Peer et al. 2001, varvider et al. 2002, Thuiller 2003,
Hollister et al. 2005). This experimental approaan be addressed by temperature or
rainfall manipulations at stand level where theiiattions between species assemblies
and climate occur (Harte and Show 1995, Robinsaal. 1998, Sternberg et al. 1999,
Weltzin et al. 2000, Buckland et al. 2001, Moretwetdfal. 2004). However, the effects
of climate change on diversity have been more yacehsidered in relation to the
successional process given the necessity for leng-tfield experiments involving
climate manipulation.

In plant communities, the successional trend falhgwdisturbance may be
sensitive to environmental fluctuations, particlylarear to year climatic variability that
may affect the establishment and growth rates efsgieciegGlenn-Lewin et al. 1992,
Bazzaz 1996). It has been proposed that while gbort climate fluctuations would
have little effect on long-term successions, cleneltanges persisting over decades to
centuries would modify the direction of succesgiBrentice 1992). In recent decades,
climatic variability has shown directional tendeexcithat at global scale represent a
significant warming and at local scale may alsoolwg changes in the precipitation
range (IPCC 2007). At medium to long time-scalesl am the absence of other
disturbances, new communities may arise as a restitte fitting between the species
niche and the new climatic conditions (Prentice 2.9%erson and Prasad 2001,
Bakkenes et al. 2002, Hamann and Wang 2006, Téwi#t al. 2006). However,

climatic trends have been more rarely addressestuidies of vegetation dynamics at
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time-scales of a few years or decades, in whickbéshment and decline of populations
occur (Brown et al. 1997Grime et al. 2000, Morecroft et al. 2004, Klandemrtd
Totland 2005). Particularly, if conditions becomesd productive, biomass
accumulation, typical of late successional stagesxpected to slow down. Patterns of
species replacements, however, may become more l@ongs recruitment and
biological interactions are often species-speciid sensitive to climate variability
(Choler et al. 2001, Greenlee and Callaway 1996tetlet al. 2005). So the resulting
pattern of plant diversity may be quite differembrh that expected under non-
directional climate fluctuations. For instance, @pe coexistence may be enhanced by
climate fluctuation preventing the dominance of s@pecies, and eventual competitive
exclusion, and by temporal fluctuation in coloniaat (Fernandez-lllescas and
Rodriguez-Iturbe 2003, Takenaka 2005).

In the eastern Iberian Peninsula early successishalblands have become
dominant in the last few decades as a result of ivain processes. First, secondary
succession occurs after the abandonment of cropland pastures (Baeza et al. 2002).
Second, there is a regressive impact on forestyst®ms as a consequence of the
increase in wildfires resulting from changes inm@ie and also in human socio-
economic activities involving land use (Lloret &t 2002). Several studies have been
addressed on post-fire time-course regeneratioerpat focusing on species richness
and diversity (Moreno and Oechel 1991, Ojeda e1 996, Kutiel 1997, Tarrega et al.
1997, Ne’eman and lzhaki 1999, Lloret et al. 20D3skalakou and Thanos 2004).
However climatic variability associated to globdhmate change has not been included
in these analyses.

General conclusions of most of the General Cirautaodels (GCMs) indicate

that over this century, the mean global surfacegature will increase by 1.1 — 6.4 °C
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depending on the socio-economic scenarios andethdting emissions of greenhouse
gases (IPCC 2007). Although there is no generateagent regarding future rainfall
regimes, there is evidence of increased variability rainfall distribution, and
particularly decreasing precipitation during sumimnethe Mediterranean area (Kutiel et
al. 2000, De Luis et al. 2001, Gibelin and Dequ®3}0 Moreover, the increased
potential evapo-transpiration linked to the warmimauld enhance the summer drought
and the water deficit in the Mediterranean ecosystas has already occurred in the last
decades (Le Houérou 1996, Pifiol et al. 1998, Pa&walal. 2002, 2005, Pefiuelas and
Boada 2003). The impact of climate change may bdicparly relevant in
Mediterranean post-fire shrublands where a stretagionship between species richness
and water availability has been described (Kutiedle1997, 2000, Keeley et al. 2005).
Particularly, changes in climate conditions mayeeiff the recovery ability after
disturbance because seedling emergence and reemjtras well as resprouting
capacity depend largely on rain events and on sunwager scarcity (Riba 1997,
Garcia-Fayos and Verdu 1998, Lloret et al. 1999).

Species response to climate directional changkalylto be non-random. Rare
and uncommon species seem more susceptible to beshgas a consequence of
widespread stress factors, such as drought, wararifrqggmentation whereas abundant
species are rarely lost (Tilman and El Haddi 199a@rte and Shaw 1995, Smith and
Knapp 2003, Symstad et al. 2003, Lloret et al. 208f%ecies responses can be related
to biological attributes but also to interactionghwother species, such as predators or
pathogens (Tilman and El Haddi 199%anderud and Totland 2009 huiller et al.
2006). Plant functional types (PFTs) have beerodutced as sets of species sharing
biological attributes that reflect ecological coastts at community level (Lavorel et al.

1997). Recently, Thuiller et al. (2006) found conmmmesponses to environmental
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changes in different species from Namibia groupgdlife-forms: perennial herbs,
geophytes and trees were predicted to be negaimglgcted, whereas annual herbs and
succulent species would remain relatively stable.

In the present study we report the results fromnasitu climate manipulation
performed in an early successional Mediterraneambtdnd established in 1994 after a
wildfire. We used a non-intrusive procedure in whigrecipitation and temperature
were manipulated for six consecutive years sinc@19he aim of this study was to
detect the impact of experimental drought and wagnmireatments on secondary
succession through changes in species richnessrsdiv and composition, and life-
forms abundance. Particularly, we focused on chemgeommon and dominant species
(Pinus halepensjsErica multiflora and Globularia alypum that have great influence
over the structure and functioning of the plant ommity, and that show differential
phenological, physiological and growth responsethédareatments (Llorens et al. 2003,
2004, Pefuelas et al. 2004, Llorens and Pefiuelas, Befiuelas et ah pres3. Since
in Mediterranean-type ecosystems water represent®apr limiting factor, we
hypothesized that drier or warmer (causing incréaseapotranspiration) conditions
would result in decreased species richness beadafugsesufficient growth rates and
because of a slower species replacement due ttedinsblonization. The result would
be the maintenance of the community at an earlys k&iverse successional stage
(Bazzaz 1996). Following previous observations aedings from the same
experimental plots (Lloret et al. 2004), we alsqdthesized that species losses in
drought or warming treatments would be inverselstesl to their relative abundance in
untreated (control) plots, although extreme coodgi might also result in species-

idiosyncratic responses.
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MATERIAL AND METHODS

Study site and plant species

The study was carried out in dry calcareous shrnabl@osmarino-Ericiop at the
Garraf Natural Park in North-East Spain (41° 18IR49’E), at 210 m above sea level.
The climate is typically Mediterranean with twomaiseasons (spring and autumn),
mild winters and hot dry summers. During the seyear study period (1998 to 2005),
the mean annual precipitation was 592 mm with mimmmmonthly averages in January
and June-July (20-25 mm). The mean annual air temtype was 15.2 °C and the
maximum monthly mean was 27 °C in the August 208& lwave, and the minimum
monthly mean was 5 °C in January 2005.

The site is located on the south facing slope dfilain old field terraces
abandoned during the last century. The substraisists of limestones and marls, with
a high presence of rock outcrops. In summer 1982 smming 1994 the area suffered
severe fires that wiped o#tinus halepensisorest and converted it into a shrubland.
The dominant species akgica multiflora and Globularia alypum Both species are
resprouter shrubs distributed in dry calcareous rac#ly places in the Mediterranean
Basin (Bolos and Vigo 1995Rinus halepensisvas reintroduced by seeding after the
last fire and is gaining dominance year on yeahe©tommon species aborycnium
pentaphyllum, Pistacia lentiscus, Rosmarinus oféits, Fumana ericoides, Fumana
thymifolia and Helianthemum syriacunirhe plant community has an average annual
aboveground net primary productivity of 160 ¢ ifPefiuelas et aln pres$ and the

plant cover in 2005 reached values of up to 75 %.
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Experimental design

We performed field-scale drought and night-time miaig in treatment plots and
compared them with untreated plots (controls). Sleere 4 m x 5 m, allowing for a
buffer strip of 0.5 m at the perimeter. Three regie plots were prepared per treatment,

giving a total of nine plots.

Warming treatmentThe warming treatment consisted of covering theetagpn at

night with reflective curtains (Beier et al. 200§olar energy is accumulated in the
ecosystem during the day and a fraction of the ggnés re-radiated back to the
atmosphere at night as long wave IR-radiation. @tvering of the ecosystem during
the night with the reflective aluminium foil cuntai (ILS ALU, AB Ludvig Svensson,

Sweden) reduces the loss of IR radiation. The msteeflected 97 % of the direct and
96 % of the diffuse radiation. The warming plote aovered by light scaffolding

carrying the reflective aluminium curtain. The comg of the study plots is activated
automatically according to a preset light level2B0 lux). The curtains are removed
automatically if wind speed exceeds 10 th (8eier et al. 2004). In order to avoid
influencing the hydrological cycle, rain sensolngger the automatic removal of the
covers during rain events. The warming treatmest lbeen applied since spring 1999
with a warming effect on soil and plants of caClwith slight variations depending on

time of the year and meteorological conditions éBeit al. 2004).

Drought treatmentThe drought treatment was applied for 2 to 3 m@ahods in the
spring and autumn growing seasons from 1999 to »§0&overing the vegetation with
waterproof, transparent covers. The drought plots @nstructed similarly to the

warming plots except that the curtain material ismasparent plastic and the moving of
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the curtains is governed only by rain and wind. Whbke drought treatment is
operating, the rain sensors activate the curtaicot@r the plots whenever it rains and
remove the curtains when the rain stops. The awgtare removed automatically if the
wind speed exceeds 10 rit.sThe maximum decrease in soil moisture during the
applied drought treatment was 33 % while air anititemperatures were not affected.
For the rest of the year, the drought treatment m@sapplied and so the received
precipitation was not directly affected (Beier £t2004). Despite this soil moisture in

the drought plots never completely recovered tactiverol levels.

Untreated control.Three untreated control plots were set up for caiepa, with a
similar light scaffolding as for the warming andodght treatments but without any

curtains.

Environmental conditions were monitored in all ploPrecipitation within the plots was
measured using three water collectors. Soil mastuais also measured weekly by means
of three time domain reflectometry (TDR) probedaiied per plot. Air (+20 cm) and soll
temperatures (-5 and -10 cm) and the functioningheftreatments, (curtain closure and
removal detected by magnetic sensors installetleaeihd of the curtain movement), were

recorded in a datalogger (Campbell Scientific, lmagan, Utah, USA).

Data collection; Pin point method

The pin point method provides a record of specasposition and abundance in each
treatment, and indirectly an estimation of specigsness and diversity. We measured
all the vegetation contacts in the vertical of 3@nts per plot by a thin and long steel

pin (1 mm diameter) incorporating a vertical measpudevice. The points were equally
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distributed in 5 fixed and parallel transects plet geparated by a distance of 0.80 m
(61 points per transect separated by 5 cm). Fdr kiicthe height, the organ (leaf, stem
or reproductive structure) and the state (deadlige)awere recorded. Plants were
identified to species level, although Gramineaeewsoled. Sampling was always done
in July, during the non-growing season, from 19682005. In 1998 pre-treatment

measurements were taken in order to identify vditgalbetween plots.

Data analysis

We focused on the following components to descridieersity in the studied
community: number of species (species richnesgciep relative abundance, the
particular species present (species compositiod) tae diversity (Shannon Index).
Species richness was expressed as the numberfaredif species, with the Gramineae
being pooled. The variables were estimated pes#é@nand then we averaged the five
transect values to obtain a mean value per plait iBh transects were considered as the
sampling unit (alpha diversity). This made the gsial more sensitive, given that the
summation of the five transects per plot would espond to the asympthotic part of the
species-area relationship, where differences anr@agments are expected to be lower.
Results obtained in 2004 were compared with thase 1998 to evaluate the medium-
term responses of the number of species to thegtit@nd warming treatments. We did
not use the last year (2005) because the extrednglgpring of that year and previous
autumn (100 % less precipitation that an average)ydid not represent the standard
effects observed during the seven years of stulg.r&lative abundance of the species
was calculated as the proportion of alive contateach species relative to the total
number of alive contacts per transect. We usedhlive contact because most of the

studied species were perennials and dead planfdaat parts can persist. Relative
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abundances were chosen instead of cover in ordéak into account the vertical
structure of the community. We used the relativenalances in three complementary
ways:

a) to calculate the Diversity Shannon’s Index (84 equation in Begon et al. 1996),

b) to detect changes in composition linked to alamecd-dependent responses to
treatments,

c) to monitor the evolution of each dominant anchown species with respect to the
other species along the plant succession, and

d) to study changes in relative abundance of then i@ forms: herbs, shrubs (or

woody small plants) and trees.

Statistical analyses
Regression analyses were conducted in order to iegarhe influence of the
precipitation (from different periods previous tbetvegetation samplings) on the
species richness, the Shannon’s Index, and thedabae of life forms and dominant,
common and uncommon species. We chose the accedya¢cipitation during the
four months previous to sampling (growing seasa@ngxplicative variable. We used as
dependent variables the species number, the ammaiment in the number of contacts
for life forms and for dominant and common spedjealculated as the difference
between the numbers of contacts between two cotigecyears) and the annual
number of transects with presence of uncommon epetVe also used regressions
analyses to test the annual relationship betweemdlative abundance (transformed in
logarithms) of the different species in treated eoudtrol plots.

The effect of treatments was analyzed using oheey@er plot obtained from the

average of 5 transects. Drought and warming treatsnevere always compared

193



Drought and Warming decrease diversity and slowrdpwst-fire succession Chapter 5

separately with control. Repeated measures ANOVAmewconducted to check
treatment effects on species richness, Shannodaxland percentage of the relative
abundance of common and dominant species througheuexperimentation period
from 1999 to 2005. Relative abundances were arcsiaesformed to reach the
normality assumptions of the ANOVA.

All analyses were performed with th®tatview software package (Abacus
Concepts Inc., Cary, North Carolina) and 8tatisticasoftware package (StatSoft, Inc.

Tulsa, Oklahoma).

RESULTS

Environmental conditions
Precipitation during the seven-year study perioow&d high inter-annual variability.
The annual average accumulated precipitation was rbfh, with annual variations
between 421 mm in 1999 and 956 mm in 2002. Theildigion within each year was
also variable. For example, 2005 had an accumulatecipitation of 610 mm but with
a very dry first semester (140 mm). Distributionpoécipitation through the year was
typical of the Mediterranean Basin, with rainy sg8 and autumns and dry summers.
The three-month summer period, June, July and Audasl, on average, 80 mm of
precipitation (Fig 1).

Temperature through the year was also typically ie@nean with moderate
cold winters and warm summers (Pefiuelas et al. )200be annual mean air

temperature was 15.2 °C. In 2001 and 2003 it roskbt7 °C and 15.5 °C respectively

(Fig 2).
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Figure 1. Monthly average precipitation in the study site time period 1999-2005 and
accumulated precipitation by semesters for eachn yedhe same period. Bars indicate the

standard errors of the mean (n=7 year means).

Treatments effects on environmental conditions

Drought treatment reduced soil moisture throughytbar by an average of 19 % with
respect to control plots (RM-ANOVAP=0.005) (Fig 2), but this effect varied
depending on the season. When the drought treatmastoperating in spring, soll
moisture in drought plots was 21 % lower than intoal plots whereas the difference
reached 30 % in autumn. Warming treatment did mgptificantly affect soil moisture
(Beier et al. 2004, Pefiuelas et al. 2004) (Fig 2).

Warming treatment increased mean air temperatuoaigh the year an average
of 0.7 °C with respect to control plots (RM-ANOVR:0.03) (Fig 2). This increase was
greater in soil temperature (0.9 °C) and especiallythe minimum temperature (1.5
°C). Drought treatment did not significantly affeoean air temperature (Beier et al.

2004, Pefuelas et al. 2004) (Fig 2).
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Species composition, richness and Shannon’s Index

We found a total of 29 species and the Gramineaepgi(represented mainly by
Brachypodium phoenicoidesand also Hyparrhenia hirta and Ampelodesmos
mauritanica).Most of species are perennials and belong to a6t gamilies (Table 1).
The dominant Erica mutliflora and Globularia alypumy and common species
(Dorycnium pentaphyllum, Fumana ericoides, Fumamamifolia, Gramineae group,
Pinus halepensis, Pistacia lentiscaad Helianthemum syriacujmwere present in all
treatments throughout the study period. Severatiespewere uncommon and their
presence varied from year to year; this was the,das instance, witl@Galium lucidum
which only appeared in 2002 and 2004 in all treatiméyears with wet springs). Some
species were only observed in a certain ploliigium campestre, Sedum sedifogrme
Quercus coccifera, Juniperus oxycedrukithospermum fruticosum, Asperula

cynanchicaandBupleurum fruticosuip where they probably became established after
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the wildfire from seeds already present in thesmspbr from seeds dispersed from

nearby patches (Téarrega et al. 1997).

Table 1. Species detected in the shrubland and their féanilies, life form (H; herb S; shrub,

T, tree, P; parasite), and abundance (U; uncom@oepmmon, D; dominant). * indicates that

the abundance depended on the treatment. Uncommenies “U”, were those with

heterogeneous distribution among plots (not preaklgast in 2 out of the 3 plots) and relative

abundances lower than 1 %. Common species “C”, Warse with homogeneous distribution

(present at least in 2 out of the 3 plots) and wélative abundances higher than 1 %. Dominant

species “D” were those that presented also a honemges distribution and their relative

abundance was higher than 20 %.

Species Family Lifeform Abundance
Asperula cynanchica Rubiaceae H U
Argyrolobium zanonii Leguminosae S U
Bupleurum fruticosum Umbelliferae S U
Coris monspeliensis Primulaceae S U
Cuscuta epithymum Convolvulaceae P U
Dorycnium pentaphyllum Leguminosae S C
Eryngium campestre Umbelliferae H U
Erica multiflora Ericaceae S D
Euphorbia serrata Euphorbiaceae H U
Fumana ericoides Cistaceae S C
Fumana thymifolia Cistaceae S C
Globularia alypum Globulariaceae S D
Gramineae Gramiaceae H C*
Galium lucidum Rubiaceae H U
Helichrysum stoechas Asteraceae S U
Helianthemum syriacum Cistaceae S C*
Juniperus oxicedrus Cupressaceae S U
Lithospermum fruticosum Boraginaceae S U
Odontites lutea Scrophulariaceae P U
Ononis minutisima Leguminosae S U
Psoralea bituminosa Leguminosae H U
Pinus halepensis Pinaceae T C
Pistacia lentiscus Anarcadiaceae S C
Polygala rupestris Polygalaceae S C*
Quercus coccifera Fagaceae S U
Rosmarinus officinalis Labiatae S C
Rubia peregrina Rubiaceae H U
Sedum sediforme Crassulaceae S U
Teucrium polium Labiatae S U
Ulex parviflorus Leguminosae S U
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In control plots, the mean species richness parséet tended to increase
throughout the study period from 6.1 in 1998 t0i.8004 (Fig 3) although it showed a
significant inter-annual variability with importaniecreases in 2003 (when very high
summer temperatures were reached) and 2005 (aftey autumn 2004 and spring
2005) (Fig 3). Shannon's Index followed a simil@mid to species richness, rising from

1.3in 1998 to 1.7 in 2004 in controls (Fig 3).

T T T T
Drought P<0.02 Year P<0.000
10 - Drought * Year P=0.006 +

Year P<0.0001

Species richness
~

5L ——CONTROL - ——CONTROL
- DROUGHT = WARMING

Drought P<0.04
Drought * Year P=0.08
1,8 ryear P<0.0001 T

16 -

14 +

12 +

Shannon's Index

1999 2001 2003 2005 1999 2001 2003 2005

Figure 3. Number of species and Shannon’s Index per 3-nséeirin response to warming and
drought treatments in 1998 (pre-treatment year)iartte years of the experiment (1999-2005)
in a shrubland recovering from a fire in 1994. Wi significant (RM-ANOVA), the effects
of the studied factor are depicted in the corredpanpanel. Bars indicate the standard errors of

the mean (n=3 plots means).

A significantly lower species richness and Shansdndex per transect was
found in the drought plots than in the controlsrothee course of the experimerR (

<0.02 andP <0.05 respectively) (Fig 3) and the effect of dyouwas significant for the
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number of uncommon species although it dependedhenyear (drought * year
interaction, P=0.0002) (Fig 4). Uncommon species were clearlyg lespresented in
years such 2003 and 2005, with warm and dry pericoispared to more favourable
years (Fig 4 and 5). The relative increase in thmlmer of species in 2004 with respect
to the pre-treatment year (a six year period) wgaifscantly less in drought plots
compared to control plots (0.5 compared with 3.8litawhal species per transect
respectively) P=0.01). Although the increase in the number of Esewas also smaller

in the warming plots than in control plots, thefeliénce was not significant (Fig 6).

T T
Year P<0.02

Common species
(o))

4l ——CONTROL | ——CONTROL |

~-@--DROUGHT --— WARMING

Drought * Year P=0.0002
3,5 - Year P<0.0001

3L

Species richness (number per transect)

Uncommon species

1999 2001 2003 2005 1999 2001 2003 2005

Figure 4. Number of common and uncommon species per 3-nsdrdrnn response to warming
and drought treatments in 1998 (pre-treatment yaad)) in the years of the experiment (1999-
2005) in a shrubland recovering from a fire in 19®henever significant (RM-ANOVA), the
effects of the studied factor are depicted in tbeasponding panel. Bars indicate the standard

errors of the mean (n=3 plots means).
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We found a significant relationship between botd thean species richness and the
mean Shannon’s Index and the accumulated predipitat the 4 months previous to

measurements (R0.80,P<0.0001 and R=0.67,P<0.0001 respectively) (Fig 7).

2003
2005

Number of transects with presence
of uncommon species

0 5 10 15 0 5 10 15

Figure 5. Relationship between the number of transects witsgnce of uncommon species (for
the 9 plots) in the hot 2003 and dry 2005 (Jandarne precipitation; 239 mm and 138 mm
respectively) and the relatively wet 2002 and 2QIahuary-June precipitation; 364 and 295 mm

respectively). Each dot represents the data fdn @acommon species.

Significant positive linear relationships were alsand between the annual increase in
the number of contacts of some dominant and comspaties Globularia alypum
Erica multiflora, Dorycnium pentaphyllupPinus halepensiand Gramineae group) and
the accumulated precipitation in the four previowsnths (Table 2). The presence of
some uncommon speciesrgyrolobium zanonii, Coris monspeliensizalium lucidum,
Helichrysum stoechas, Lithospermum fruticosum, @tkenlutea, Ononis minutissima
and Polygala rupestris) expressed as number of transects with presenas, al6o
related to the accumulated precipitation during toair months previous to

measurements (Table 2).
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Figure 6. Change in the total number of species per
4+ [ 1 transect in control, drought, and warming treatraexfiter 7
years of monitoring in the period 1998-2004 (199%5\the

pre-treatment year). Bars indicate the standawt®of the

mean (n=3 plot means). Different letters indicate
significantly different means (Bonferroni post-htast of
the ANOVA).

Increment of species number
(2004-1998)

Control  Drought Warming

Life-form changes during succession and resporsgsdatments
Shrubs were the most abundant life form in all gla@tlthough in control plots their
relative abundance was reduced from 95 % to 78 %r dhe study period.
Simultaneously, in control plots the relative abamck of treesRinus halepens)s
increased from less than 1 % to 18 %, whereas blo@dance of herbs fluctuated,
although they always showed low relative abunddbetveen 2 and 5 %) (Fig 8).

Drought treatment reduced herb and tree abundawee the experimentation
period (1999-2005) relative to control plots (RM-ANA; drought * year interaction,
P=0.06 andP=0.04, respectively) and increased shrub abundgRdid-ANOVA,
drought * year interactiorR=0.0004),although this effect varied between years. Shrub
and tree abundance also was different in warmiegttnent and control plots over the
experimentation period (RM-ANOVA,; drought * year temaction, P=0.005 and
P=0.0003, respectively), but herb abundance wagrigt8).

For the three main life forms into which speciesevgrouped (herbs, shrubs and
trees), positive linear relationships between ahmaiease in the number of contacts
and the accumulated precipitation in the 4 monttevipus to sampling were found

(Table 2).
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Figure 7. Relationship between the species
number and the Shannon’s diversity Index
and the accumulated precipitation for each

treatment during the four months previous to

sampling (growing season). Each point

R?=0.80

represents a mean value per treatment for
P<0.0001

each year (2000-2005).

Species richness
~

15 4

14t .

13+

R?=0.67
P<0.0001

Shannon's Index

1 1 1
50 100 150 200 250 300

Precipitation (mm)

Abundance-dependent responses to treatments

We found significant positive linear correlatiorstween the relative abundances of the
different species in treated and control plotstfar different years (Fig 9, 10). These
comparisons showed that the less abundant spetiéeated plots were also less
abundant species in control plots. We transfornedative abundances into logarithms
to visualize the less abundant species. The rektip between the relative abundance
in treated and control plots tended to become wealkk increasing number of years of
experimental treatments. This decrease in theioakdtip was statistically significant
for the drought treatment, indicating a shift ie tommunity in relation to control plots

(Fig 11).
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Table 2. Linear regression analyses per species and lifaf®etween the annual increment in the
number of contacts (for the dominant or common igseand life forms) or the annual number of
transects with presence (for the uncommon spec@s), the accumulated precipitation (mm)
during the four months previous to sampling (grapéeason). Whenever significaBRtyalues are
highlighted in bold type.

Dominant or Common Species R? P n F
Dorycnium pentaphyllum 0.35 0.009 |18 8.77
Erica multiflora 0.21 0.05 18 4.30
Fumana ericoides 0.12 0.16 18 2.19
Fumana thymifolia 0.01 0.65 18 0.22
Globularia alypum 0.23 0.04 18 4.78
Gramineae 0.46 0.002 |18 13.55
Pinus halepensis 0.47 0.001 |18 14.50
Pistacia lentiscus 0.01 0.67 18 0.19
Rosmarinus officinalis 0.19 0.07 18 3.73
Helianthemum syriacum 0.05 0.40 18 0.85
Uncommon Species R* P n F
Argyrolobium zanonii 0.44 0.003 |18 12.43
Coris monspeliensis 0.60 0.0002 |18 23.92
Eryngium campestre 0.14 0.13 18 2.59
Euphorbia serrata 0.13 0.15 18 2.30
Galium lucidum 0.56 0.004 |18 20.28
Helichrysum stoechas 0.41 0.004 |18 11.02
Lithospermum fruticosum 0.24 0.04 18 5.18
Odontites lutea 0.56 0.0003 |18 20.48
Ononis minutissima 0.31 0.02 18 7.15
Psoralea bituminosa 0.13 0.14 18 2.45
Polygala rupestris 0.41 0.004 |18 10.94
Rubia peregrina 0.05 0.39 18 0.80
Cuscuta epithymum 0.0005 | 0.93 18 0.008
Ulex parviflorus 0.04 0.42 18 0.69
Lifeform R* P n F
Herb 0.30 0.02 18 6.77
Shrub 0.22 0.002 |18 4.47
Tree 0.46 0.05 18 13.55

Species-specific responses of common and domipaaies to treatments
The sequential changes in the relative abundarfabde @ominant and common species
reflected the dynamic stage of the studied shrubédter the last fire in 1994 (Fig 12).

In control plots, some common species, suchRasmarinus officinalisand Pinus
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halepensistended to increase in relative abundance, whiters tended to diminish
(Globularia alypum, Fumana ericoideand Dorycnium pentaphyllujnor showed no
clear trend (Gramineae grgupumana thymifoliaandErica multiflora).

The relative abundance of common and dominant epacas more sensitive to
the drought treatment than to the warming one dred dffects of both treatments
depended on the year. Drought treatment signifigaatiuced the relative abundance of
the Gramineae group arRinus halepensisver the experimentation period although
these effects were dependent on the year (for BtKQVA, drought * year interaction,
P=0.04) (Fig 12). In 2005 the Gramineae group intdrplots represented 2 % of the
total contacts while it had almost disappearedrought plots. The relative abundance
of Pinus halepensig 2005 rose to almost 20 % of the total contastsantrol plots
while in drought plots the figure was only 8 %. Falobularia alypum the drought
treatment had the opposite effect (ANOVA, droughear interactionP=0.09) and in
the last sampled year, the relative abundancei®fsfiecies in drought plots was 80 %
higher than in the controls (Fig 12). The relatdmindance dfumana ericoidesended
also to be affected by drought treatment over thgeemental period although the
effects were dependent on the year (ANOVA, drodgyear interactionP=0.07) (Fig
12). Warming only reduced the relative abundanc®infis halepensisalthough the
effect of this treatment varied depending on thary@varming * year interaction,
P=0.0003) and in 2005 this specias 56 % less abundant in warming plots than in

control ones (Fig 12).
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DISCUSSION

Plant species richness and
diversity increased during the
study period (1998-2005), which
indicates that the studied
shrubland was still in the process
of successional recovery eleven
years after a fire. This is in
accordance with the parallel

increases that we found in plant

cover (from 52 % in 1998 to 76 % in 2005) and algoeend biomass (from 433 dim

1998 to 829 grfin 2005) in control plots (Prieto 2007).

Plant species richness and diversity were veryitbengo reductions in water

availability from the first year of experimentatiotn 2004, after six years of
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monitoring, drought plots only showed a mean in@etof 0.5 species per transect
whereas control plots showed an increment of 3.Bcisg per transect. In the
Mediterranean Basin, water availability is gengratonsidered the main climatic
constraint for plant activity (Larcher 2000). Iretpresent study, the number of species
and the Shannon’s Index were significantly corezlatvith previous precipitation in
accordance with other studies that have also destrihese positive correlations in
post-fire successions under Mediterranean condit{&utiel et al. 1997, Keeley et al.
2005). Other studies in temperate and tropicalsimasgls have also shown reductions in
the species richness under drier conditions (Tilmad EI Haddi 1992, Kennedy et al.
2003) or increases if summer rainfall was supplasteiiSternberg et al. 1999). Our
results show the sensitivity to drought of a woodymmunity under a moderate
reduction of water availability during a relativeBhort period of time. Since our
information about diversity comes from transeceiogpts that are influenced by plant
structure we can expect that the observed patrtecreased species richness are
partially related to plant growth.

The appearance of uncommon specigggifolobium zanonii, Coris monspeliensis,
Galium lucidum, Helichrysum stoechas, OdontitesdutOnonis minutissimahat led

to the continuous increase in species richnessnatdd from transect contacts was
reduced in drier conditions (drought plots and gears). A large effect of water
availability has been widely described for the véonent of annuals (Fowler 1986,
Shoshany et al. 1996). However, in our study alnadisthe described species were
perennials (excepDdontites luteaand Cuscuta epithymum)The positive significant
correlations of the annual increase in the numlderoatacts of some dominant and
common species and the presence of uncommon spegiesthe accumulated

precipitation in the 4 months previous to the measients could indicate the effects
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that of water availability has on different phaséshe plant life cycles such as seedling
recruitment, reproduction, and growth, thus resgltin biomass accumulation. In
particular, the lower species richness and diwengitiues observed in drought plots
compared to controls could be in part a resulthe# effects of treatments on the
establishment of the different species. Lloretakt (2004) reported that drought
treatment decreased species richness and the nuwhlemnerging seedlings. Some
authors have pointed out that seedlings of diffesgrecies can respond differently in
conditions of water competition for example, asesutt of their ability to use below-
ground resources (Brown and Archer 1999, Lloretl e1999, Gasque and Garcia-Fayos
2004). Similarly, the warming treatment could irage abiotic stress on seedlings by
increasing evaporative demand (Lloret et al. 20@3actor less relevant for established
plants with a developed root system.

Several studies carried out in northern communitidgere climate warming is
expected to have a strong effect (Corlett and Inkiea 1998), did not report the
expected positive effects of warming over spedigsness or even described negative
effects, suggesting that the potential effects lwhate warming depend on the plant
community studied (the identity and responsiven&sgthe dominant species) or the
duration of the experiment (short and long- terrspomses) (Chapin et al. 1995,
Farnsworth et al. 1995, Sandvik et al. 2004, Hifiet al. 2005, Jonsdattir et al. 2005).
Even though winter temperatures have been recagnge an important factor
controlling plant structure, functioning, distrilbart and phenology in the Mediterranean
region (Mitrakos 1980, Tretiach 1993, Oliveira defiuelas 2000, Ogaya and Pefiuelas
2003), our warming treatment did not significandifect the species richness and

diversity during the studied period.
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Figure 9. Annual relationship between the relative abundaficelgarithms) of the different species in
drought and control plots for the studied eightryeriod (1998-2005). Each point represents tha fimt
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epithymum. DP; Dorycnium pentaphyllumEC; Eryngium campestreEM; Erica multiflora, ES
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Euphorbia serrata,FE, Fumana ericoides FT; Fumana thymifolia, GA; Globularia alypunGG;
Gramineae grouypsL; Galium lucidumHSY; Helianthemum syriacunST; Helichrysum stoechasF;
Lithospermum fruticosun@L; Odontites lutea@M; Ononis minutissimaPB; Psoralea bituminosaPH;
Pinus halepensi®L; Pistacia lentiscusPR;Polygala rupestrisRO; Rosmarinus officinalisRP, Rubia

peregrina,UP; Ulex parviflorus.

In Mediterranean areas, plant regeneration afteriéi considered a process of
“autosucession”. Accordingly, the species that texidefore fire have mechanisms of
regeneration, such as resprouting and dormanttssdds, which allow a rapid recovery
of the structure and the species composition (Ogddal. 1996, Tarrega et al. 1997,
Lloret et al. 2002, Pausas and Verdu 2005). Theniohtion process after fire is
determinant in defining the future composition atidicture of the community (Lloret
1998, Keeley 2005). Throughout the study period, fasend co-dominance between
species with sprouting and seeding strategies.tiRelabundances in 1998 show that
resprouting shrubg3lobularia alypum Erica multifloraandDorycnium pentaphyllujm
and short-lived seeder shrubs with germination gtited by fire Fumanasp.) (Lloret
1998) had a great ability to take advantage ofltle plant density and the greater
availability of resources after fire. The fast gtbvof these species in the first years
probably gave them an advantage over other lomgtliobligate seeders such as
Rosmarinus officinalisand Pinus halepensiswhich took longer to expand their
distribution within control plots. Other workers Vga also pointed to competition
between the rapidly developing shrubs d@idus halepensiss the factor delaying
regeneration in a post-fire succession in Algekaravec 1990). In our study site, the
recruitment ofRosmarinus officinali@nd Pinus halepensigfter the fire in 1994 was
probably dependent on the arrival of seeds fronrosading areas and on the
reintroduction of seeds respectively. Since thiklfive occurred in spring only twelve

years after a previous fire, the seed bank of tepseies was probably depleted (Lloret
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Figure 10. Annual relationship between the relative abundaficelbgarithms) of the different

species in warming and control plots for the stdddgght-year period (1998-2005). Each point

represents the data for each species present imvimtming and control treatments. For the

acronyms of the species present in treated andatquivts see Fig 9.
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1998, Lloret et al. 2003). However, after seveedrg, the abundance of shrubs began
to decline whilePinus halepensistarted to gain dominance as a consequence of its
increasing plant size and the likely change in gheitioning of resources (Martinez-
Sanchez et al. 2003). Probably, the reductionshénabundance of some small and
medium size shrubs such Esmana ericoidesnd Dorycnium pentaphyllunwvere also

due to the shading in the subcanopy environmertyaed by the taller shrubs.

= DROUGHT R’= 0.71, P=0.009

=
T
|

e ) Figure 11. Reduction of the Rof the annual
WARMING R°=0.16, NS
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g ——_Te 4 . . .

-% *g 07 . “*‘w..:__ - * E plots for the studied eight-year period (1998-
o 2 05| ®== | 2005). Each dot represents the data for each
4 ' e, .

ez os | a e | year (see Fig 9, 10).
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w £
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In drought and warming plots there were increasdhle relative abundance of
shrubs over herbs and trees, represented onBjirnys halepensiOur results suggest
that drier and warmer conditions in the Mediteraanearea may enhance the
competitive disadvantage oPinus halepensisin favour of native shrubs and
consequently, may slow down the post-fire trans&irom from a shrub to tree
dominated vegetation. Other negative competitiiece$ of shrubs of the Cistaceae
family on the establishment &finus halepensi®iave been described in burnt stands
(Martinez-Sanchez et al. 2003)he negative effects of low water availability Bmus
halepensiscould accumulate over different life phases. Frangple, it has been
described that seedlings Binus halepensisre very susceptible to summer drought

(Martinez-Sanchez et al. 2003, Daskalakou and Tha004). Additionally, low water
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availability may affect the growth of pines (Borgfineet al. 1998), resulting in them
reaching a size that allows them to compete suftdgs$or water and nutrients with
coexisting species later (Martinez-Sanchez etQ)3p The increased shrub/pines ratio
in the warming treatment may also be explained bgdaiction in water availability in
sensitive growing periods of the pines during thdyeand middle successional stages.
Although Pinus halepensitas been widely used for restoration of burnedsarhigh
fire recurrences could decrease its abundancedtL&iral. 2003, Lloret and Vila 2003)
because it needs 7-10 years to produce enougheved#ds to ensure regeneration
(Kutiel 1997, Ne’eman and Izhaki 1999, Daskalakowal &hanos 2004). Therefore,
lower water availability in future may increasesthpre-reproductive period if pine
recruitment, growth and reproduction are affected.

There is evidence of a current increase in shrum@énce in different plant
communities around the world as consequence ofatdirchange and changes in land
use and management (Brown and Archer 1999, Van A@k®0, Sturm et al. 2001).
Zavaleta and Kettley (2006) showed how shrub imrasn Californian grasslands
increased the total ecosystem carbon storageetet of which was still increasing 25
years after the shrub establishment. In our cdse,btomass accumulation was not
significantly different between treatments and oolst although differences may appear
in the longer term (Pefiuelas etialpress Prieto 2007).

We analyzed changes in the species compositionhef dommunity by
comparing patterns of species abundance in coatrdl treated plots and we found
constant positive linear correlations between th&hus, the least abundant species in
control plots were also the least abundant in éckg@iots. Several studies have shown
that, under drier and warmer climatic conditionscammon species are more likely to

disappear from the community than abundant speciego their low population
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densities (Tilman and El Haddi 1992, Symstad et2@D3, Smith and Knapp 2003,
Lloret et al. 2004). Lloret et al. (2004) descriltbed same relationships for seedlings
less than 1l-year old in the treated and in compfots suggesting that species that
produce fewer recruits are more likely to disappeardrier or warmer scenarios.
However, they found that in the drought treatmdrdré were more idiosyncratic
changes in the drier years (species abundanceoughit treatment was not as strongly
correlated to the abundance in the control plobserestingly in our study, the
correlation coefficients between species abundanceontrol and drought plots
decreased with time of treatment (Figures 9 and IBlese trends support the
hypothesis that the likelihood of being locally iegt is firmly related to species
abundance at low to intermediate levels of drought, it tends to become species-
specific when conditions become more extreme.

In a scenario of non-random species loss, ecosygsponses should largely be
influenced by persistent common or dominant spg8ésrnberg et al. 1999). We found
that the treatment effects on the relative abungla@icdominant species were species-
specific according to attributes related to thaiolegy, phenology and water use or
regeneration strategy. The direction and rate ahgk in their relative abundance will
determine the changes at stand level bec@isbularia alypumandErica multiflora
were directly responsible for 75 % of the biomassuaulation throughout the study
period (46 % and 29 % respectively) (Prieto 20&tand dynamics are also indirectly
determined by these species because changes cailopy may affect the use of the
space by other species (Fowler 1986, Holmgren. 08I0, Pugnaire et al. 2004, Tirado
and Pugnaire 2004, Lloret et al. 2005).

In drier conditionsGlobularia alypuntended to maintain a dominant position in

relation to other species. However, their redudembselongation of established plants
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in drought plots (Llorens et al. 2004, Pefiuelaglein pres$ implies that drought
treatment could have an effect on the plant archite. This is probably related to the
high mortality of branches observed in drought qisi These branches begin to dry
from the apex to the base, followed by the appe&ai new sprouts. Other authors
have also shown the large potential of plant stmecand canopy to acclimate when
faced with environmental limitations (Niinemets awvdlladares 2004, Sardans et al.
2006). The maintenance of dominance in drought itiond agrees with findings from
previous ecophysiological experiments in the suidigots. They showed that
Globularia alypumhas a prodigal or non-conservative water useegjyatsuggesting
that this would be advantageous in the competfborvater (Llorens et al. 2003).

The relative abundance drica multiflora in control plots did not vary
throughout the succession occurring in the stugiedod, as shown by the almost
constant values of 20-25 % measured in controkplatwarming plot&rica multiflora
tends to increase, but this tendency is not stalbt significant. Previous studies have
shown thatErica multiflora is very sensitive to warmer temperatures. Accaigirin
the warming treatment seedling density increasddrét et al. 2004), and shoot
elongation in adults was significantly enhanced ¥d0(Llorens et al. 2004, Pefiuelas et
al., in pres3, probably due to an advanced growth phenologyei®r2007). These
results suggest that in future warmer conditidrsca multiflora may maintain a
dominant position in the latter stages of the sswiom. Additionally, Sardans et al.
(2006) suggested thakErica multiflora may persist in increasingly disturbed
Mediterranean ecosystems. However, a trend fordetrease in abundance in response
to higher fire recurrences, because of its lifeleynd regenerative traits was indicated
by Lloret et al. (2003), so further research isdeekto improve our understanding of the

complex responses of this species to changing@mwiental conditions.

215



Drought and Warming decrease diversity and slowrdpwst-fire succession Chapter 5

In summary, drier conditions in Mediterranean areaay seriously affect
species richness and diversity recovery after fitee to lower levels of plant
establishment and reduced growth rates. Theset®fi®eay especially reduce the
presence of species with current low abundancéswih species-specific responses
may also occur, related to biological attributes.olr case, drier conditions in earlier
successional stages may increase the competitsaglvintage of the obligate seeder
treePinus halepensis favour of native resprouter shrubs. Moreovieg, Wwater spender
strategy of species such @obularia alypummay allow it to take advantage of these
new drier conditions. However, continued studyaitet successional stages is needed to
monitor the changing species assemblies, theirgthgrcompetitive relationships, and
thus the effects at stand level that may need gelomperiod to show statistically

significant changes.
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CONCLUSIONES

Las conclusiones de los cinco capitulos que conforman este trabajo de investigacioén ponen de
manifiesto la complejidad de los efectos que pueden tener unas condiciones mas célidas y
secas en la estructura, composicion y funcionamiento de los matorrales en Europa y
particularmente en el matorral mediterraneo. Tal y como se hipotetizé en la introduccion
general, en base a las premisas de la bibliografia consultada y de los resultados de los estudios
previos realizados en las mismas parcelas de estudio, los efectos detectados variaron segun el
sitio (latitud, clima, litologia,...), el estado sucesional de la comunidad, las especies, la
variable o el pardmetro monitorizados, la estacion y afio de medida e incluso las
especificidades concretas, en lo que se refiere a temperatura y a precipitacion, del periodo en
que se realizé la medida.

A continuacion, presentamos los resultados mas significativos obtenidos en cada uno

de los capitulos asi como las conclusiones que de cada uno de ellos deducimos.
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Chapter 1-Response of plant species richness and primary productivity in shrublands

along a north-south gradient in Europe to seven years of experimental warming and

drought. Reductions in primary productivity in the heat and drought year of 2003.

- Resultados més significativos del capitulo:

En un sitio con clima Atlantico-himedo como Gales, la biomasa anual acumulada
estuvo relacionada positivamente con la temperatura del periodo de crecimiento. En
cambio, en Garraf (Barcelona-Espafia) con clima mediterraneo, la biomasa anual
acumulada estuvo negativamente relacionada con la temperatura y positivamente
relacionada con la humedad del suelo.

Las mayores respuestas de la biomasa acumulada al tratamiento del calentamiento se
encontraron en los sitios con menor aridez. Sin embargo, este tratamiento de
calentamiento no afecté significativamente esta variable durante el periodo de estudio
(a excepcion de Hungria).

Condiciones de temperatura extremas como las detectadas durante la ola de calor en
Europa en el verano del 2003, resultaron en reducciones de la biomasa acumulada,
aumentos de la produccién de hojarasca y en una menor riqueza de especies en la
mayoria de matorrales estudiados.

En Espafia, Erica multiflora crecié mas en las parcelas de calentamiento mientras que
Globularia alypum crecié menos en las de sequia. Tambien observamos diferentes
tendencias no significativas en las respuestas al calentamiento del crecimiento de las
especies coexistentes en Gales, efectos de la sequia dependientes del afio 0 no efectos.

El nimero de especies por transecto en las parcelas de sequia en Espafia fue
significativamente menor que en las control. El resto de matorrales, en un estado méas

maduro, no presentd ningin cambio significativo.
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- Conclusiones:

Aunque las respuestas al calentamiento de la biomasa anual acumulada fueron
mas positivas en aquellos paises con menor aridez, el hecho de que también
encontremos especies mediterraneas, como Erica multiflora, que responden
positivamente al calentamiento y el hecho de que fendmenos extremos como la ola de
calor Europea en 2003 reduzcan la productividad primaria, matizan la hipotesis de
que sea en los ecosistemas mas frios en los que el calentamiento global de lugar a una
mayor absorcién de carbono.

La clara reduccion en el nimero de especies por transecto en las parcelas de sequia en
Garraf (Barcelona) sugiere que la riqueza de especies en aquellas comunidades en
proceso de recuperacidén después de una perturbacion, puede ser especialmente

sensible al cambio climatico respecto a otras comunidades en estadios mas maduros.

Chapter 2- Effects of experimental warming and drought on photosynthesis, shoot

elongation and biomass accumulation in the dominant species of a Mediterranean

shrubland.

- Resultados mas significativos del capitulo:

Las tasas fotosintéticas y de conductancia estomatica y la fluorescencia presentaron una
gran variabilidad estacional y también entre las mismas estaciones de diferentes afios.
Tanto las temperaturas extremas (altas o bajas) como la baja disponibilidad de agua o la

interaccion de ambos factores dieron lugar a reducciones en el ratio Fv/Fm, fotosintesis

230



Conclusiones generales

y conductancia estomatica. EI verano en 2003 y el invierno en 2005 fueron las
estaciones en que la actividad de las plantas estuvo mas limitada.

Las medidas instantédneas de fotosintesis, conductancia estomatica y fluorescencia
fueron sensibles al tratamiento de sequia s6lo en Pinus halepensis. El tratamiento de
sequia tendid a reducir el ratio Fv/Fm durante la ola de calor en el verano del 2003 y
ademas redujo globalmente la fotosintesis y la conductancia estomatica. Sin embargo, la
sequia experimental no afect6 significativamente ni la elongacion de esta especie ni su
biomasa acumulada.

Las variables instantaneas de fotosintesis y conductancia estomatica para las especies
arbustivas (Erica multiflora y Globularia alypum) fueron mucho menos sensibles a los
tratamientos de calentamiento y sequia que el crecimiento medido como medida
integrada de la elongacion estacional. El calentamiento experimental produjo ramas mas
largas en Erica multiflora y la sequia experimental redujo la longitud de las ramas en
Globularia alypum.

La biomasa acumulada para estas especies no alcanzé variaciones significativas bajo
los tratamientos a los que el crecimiento fue sensible. Sin embargo, sti observamos
tendencias como una mayor biomasa de Erica multiflora y Globularia alypum en las
parcelas de calentamiento y sequia respectivamente.

Ni el calentamiento ni la sequia experimental llegaron a afectar significativamente la

biomasa acumulada aérea total en la comunidad.
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- Conclusiones:

e Segun nuestros resultados, no podemos inferir los efectos que tendrian unas
condiciones méas calidas y secas en la acumulacion de biomasa de especies
mediterraneas a partir de los efectos de los tratamientos en las variables
ecofisiolégicas instantaneas, muy dependientes de las especificidades ambientales
del periodo de muestreo.

e Los efectos de los tratamientos en la elongacion de ramas fueron mas consistentes
para las especies dominantes arbustivas. Bajo unas condiciones méas calidas Erica
multiflora podria crecer mas lo que también se reflejé, aunque s6lo como tendencia,
en una mayor biomasa acumulada. Sin embargo, para especies como Globularia
alypum, con un uso de agua no conservador y una gran capacidad rebrotadora, el
efecto negativo de la sequia sobre la elongacion de las ramas principales no impidio6
la tendencia positiva observada en la biomasa acumulada de esta especie en este
tratamiento.

e Las diferentes respuestas de la biomasa acumulada por Erica multiflora y Globularia
alypum en las parcelas de sequia (negativo y positivo respectivamente) pueden anular
la aparicion de una respuesta clara a nivel de biomasa total. Pero ademas, la falta de
efectos de los tratamientos en la acumulacion de biomasa a nivel de cubierta puede
reflejar la necesidad un periodo de estudio méas largo para la deteccion de respuestas
secundarias de la vegetacion (por ejemplo efectos en los nuevos individuos reclutados)
0 la necesidad de un mayor numero de replicas experimentales para aumentar la

potencia del test.
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Chapter 3- Acceleration of the onset of shrubland species spring growth in response to

an experimental warming along a north-south gradient in Europe

- Resultados més significativos del capitulo:

La fenologia del crecimiento de Vaccinium myrtillus y Empetrum nigrum en Gales,
Deschampsia flexuosa en Dinamarca, Calluna vulgaris en Holanda, Populus alba en
Hungria y Erica multiflora en Espafia fue sensible al calentamiento experimental en
algunos afos.

Teniendo en cuenta todas las series de datos, un 68 % de las respuestas fueron avances en
el dia del crecimiento (el 23% fueron significativos) mientras sélo un 27 % fueron

retrasos (el 9 % significativos).

- Conclusiones:

Este estudio muestra los grandes efectos que puede tener el aumento de temperaturas en
la fenologia del crecimiento de primavera de las especies dominantes de diferentes
matorrales europeos.

El gradiente geografico que dibuja los matorrales estudiados no determino las especies
sensibles al calentamiento ni la intensidad de la respuesta. Es decir, la fenologia del
crecimiento de primavera de las especies mediterraneas puede ser tan sensible al
calentamiento como la de especies de distribucion mas septentrional.

Nuestros resultados manifiestan la dificultad de hacer predicciones generales sobre los
efectos del calentamiento global debido a las respuestas especificas y a la influencia de la

interaccion de las diferentes variables climaticas de un lugar. Consideramos que una
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continuacion de este estudio seria aconsejable para mejorar nuestra capacidad de prever si

un avance en el periodo de crecimiento resulta en una mayor captacion de carbono.

4- Precipitation-dependent autumn flowering of Globularia alypum and Erica
multiflora, two co-occurring species in a Mediterranean shrubland, and its response to

experimental drought and warming

- Resultados més significativos del capitulo:

e La floracion de otofio-invierno de Erica multiflora y Globularia alypum mostr6
variabilidad interanual en las fechas de comienzo y pico de floracion. Ademas la
floracion de G. alypum present6 dos patrones segun el afio (unimodal/bimodal) y los
picos de floracién maxima tuvieron diferente intensidad.

e La distribucion de lluvias en primavera-verano y el agua acumulada en los meses de
verano previos a la floracion explico en parte esta variacion. Asimismo, encontramos
relacion entre la fecha del Gltimo episodio de lluvia de mediana o fuerte intensidad
(mayor de 10 litros) justo antes del pico de floracion y la fecha en la que éste se
produjo.

e Los efectos del calentamiento y sequia experimentales en Globularia alypum
dependieron del afio aunque fue en el 2001 (afio seco con distribucién de lluvias muy
irregular) cuando la floracion de esta especies estuvo mas afectada por la sequia
experimental. Los tratamientos no afectaron la floracion de Erica multiflora en

ninguno de los cuatro afios de estudio.
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- Conclusiones:

La floracion en otofio-invierno de Erica multiflora y Globularia alypum depende en
gran medida de la lluvia acumulada y su distribucion en primavera-verano.

Esta relacion entre floracion y disponibilidad de agua y la gran plasticidad que muestra
la floracién de estas especies sugiere que florecer en otofio-invierno es una estrategia
frente a cambios de temperatura y lluvia en el area Mediterranea. Sin embargo, cambios
mas importantes en la distribucion de lluvias en primavera-verano pueden afectar a la

floracion de Globularia alypum.

5- Experimental Drought and Warming decrease diversity and slow down post-fire

succession in a Mediterranean shrubland.

- Resultados mas significativos del capitulo:

La riqueza de especies vegetales y el Indice de Shannon estuvieron positivamente
correlacionados con la lluvia acumulada durante la estacion de crecimiento, y la sequia
experimental afect negativamente a ambas variables.

También encontramos relaciones lineales positivas entre la abundancia relativa de
las diferentes especies en las parcelas de calentamiento o sequia y su abundancia en
las parcelas control. Sin embargo, estas relaciones en el tratamiento de sequia fueron
debilitandose con el tiempo.

En las parcelas control, la abundancia relativa de las especies arbustivas disminuyd

con los afios en pos de un aumento en la abundancia relativa de Pinus halepensis. Sin
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embargo, en las parcelas de calentamiento y sequia los arbustos se mantuvieron en
una alta proporcién y la abundancia del pino no crecio tanto como lo hizo en las
parcelas control. Particularmente, Globularia alypum tendio a estar mas representada

en las parcelas de sequia.

- Conclusiones:

e Unas condiciones mas secas en el area Mediterranea pueden afectar seriamente la
recuperacion de la composicién y estructura de la comunidad después de una
perturbacion y estos efectos pueden estar relacionados con un menor establecimiento
de plantulas y menores tasas de crecimiento.

e Las especies que actualmente son poco frecuentes, lo seguiran siendo bajo unas
condiciones mas calidas y secas, aunque con el tiempo estas especies pueden presentar
respuestas mas idiosincrasicas (especialmente frente a las sequias).

e Las abundancias relativas de las especies dominantes y comunes presentaron
respuestas especificas a los tratamientos relacionadas con caracteristicas de la especie.
Los tratamientos de calentamiento y sequia redujeron la habilidad competitiva de
Pinus halepensis (germinador obligado) frente a los arbustos rebrotadores. La
estrategia en el uso del agua pudo ayudar a Globularia alypum a mantener una
posicion dominante en las parcelas de sequia.

e Las respuestas de las diferentes especies, ya sean dependientes de su abundancia o de
algun caracter especifico que posean, pueden dar lugar a cambios en las relaciones
competitivas y por lo tanto a cambios en la estructura y composicién de los

matorrales bajo un clima cambiante. En Garraf, la sequia y el calentamiento ralentiz6
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el proceso de transformacion de una comunidad dominada por arbustos a una

comunidad dominada por pinos.

En resumen podemos concluir que:

Nuestros resultados confirman pero matizan la hipGtesis de que en ecosistemas
templados, y particularmente en los més frios y himedos, el calentamiento global de
lugar a un mayor aumento en la absorcion de carbono. Periodos como los vividos en
el verano del 2003 (ola de calor europea) o en el invierno del 2005 (el més frio y seco
del periodo de estudio en Garraf) pueden afectar negativamente la actividad de las
plantas.

Los resultados nos muestran como la sensibilidad de una comunidad o especie frente
al cambio climatico puede variar segun la variable estudiada, el afio, la estacion o el
momento concreto en el que éste tiene lugar.

Diferentes respuestas especificas de especies co-dominantes en una comunidad,
como las mostradas por Erica multiflora, Globularia alypum y Pinus halepensis en
Garraf, sugieren que la direccion de los cambios ambientales puede dar lugar a
cambios en sus relaciones competitivas, en sus abundancias y por lo tanto en los
caracteres de la comunidad (estructura, composicién, funcionamiento) a medio y

largo plazo.
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