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La vida de los seres vivos solo es posible dentro de un rango de condiciones ambientales
y de disponibilidad de recursos. Cada organismo presenta un valor 6ptimo de cada factor
ambiental en el que sus funciones bésicas se maximizan. Cualquier desviacién con respecto a
estos niveles éptimos reducen su desempenio funcional, fenémeno que se denomina estrés
(Larcher, 2003). Un factor ambiental, por tanto, se considera “estresante” cuando esta en
unos niveles que producen estrés a un organismo (Levitt, 1980; Lambers et al, 2008). Asi, la
reduccion del agua retenida en el suelo con respecto a la capacidad de campo causa estrés
hidrico en las plantas, del mismo modo que las temperaturas del aire por debajo del punto de
congelacion del agua son un factor de estrés para la inmensa mayoria de organismos.
Cuando un organismo sufre estrés se producen alteraciones en todos sus niveles de
organizacion, desde los moleculares hasta los organos. Estas alteraciones pueden ser
reversibles, pero si el estrés es muy intenso y prolongado pueden ser permanentes y conducir a
la muerte del organismo (Levitt, 1980; Lichtenthaler y Rinderle, 1988; Larcher, 2003).
La reducciéon en la disponibilidad de agua y las temperaturas extremas, especialmente las
bajas han condicionado la evolucién de las plantas y su distribucién en la Tierra (Beck et al,

2007; Prentice et al, 1992).

1.1 Efecto del estrés hidrico sobre la fisiologia de las planta

La escasez de precipitaciones y la alta demanda evaporativa del aire debido elevadas
temperaturas y baja humedad relativa (Larcher, 2000) son la principal causa de estrés hidrico
en las plantas. Sin embargo, el enfriamiento y la congelacion del agua del suelo ademas del
aumento en la salinidad del suelo también generan estrés hidrico (Kozlowski, 1971).
El estrés hidrico afecta negativamente la mayor parte de las funciones vitales de las plantas.
En la Tabla | se muestra la sensibilidad al estrés hidrico de algunos procesos fisiologicos en las
plantas. A nivel celular, la turgencia de las células es muy sensible al estrés hidrico.
Reducciones en la misma se traduce en la disminucién del volumen de la célula y, en
consecuencia, en el tamafo de los tejidos y 6rganos. La pérdida subita de agua de las células
debido a la deshidratacion de los tejidos puede danar las membranas celulares, que se
despegan de la pared, por lo que las células dejan de crecer. Ademas, la sintesis de proteinas
también disminuye con el estrés hidrico, y las proteinas se desnaturalizan al estar desprovistas
de la capa de hidratacion. El estrés hidrico provoca el cierre estomatico que disminuye la
evaporacion del agua por las hojas, pero como contrapartida la asimilaciéon de CO; y la

respiracion disminuyen (Kozlowski et al, 1991).
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Tabla 1. Sensibilidad general al estrés hidrico de una serie de procesos fisiologicos de las
plantas. *La longitud de las lineas horizontales representa el rango de los niveles de estrés en el
cual el proceso se ve afectado. Las porciones discontinuas de las lineas significan deducciones
basadas en datos. P Con un y de plantas regadas bajo demandas medias de evaporaciéon como

un punto de referencia. (Reproducido a partir de Hsiao, 1973).

Sensibilidad al estrés

Relativamente

Muy sensible insensible

Procesos o parametros

afectados Reduccion en el tejido del Y requerido para afectar
los procesos P

0 bar 10 bar 20 bar

Crecimiento celular

Sintesis de la pared
Sintesis de proteineas

Formacion de protoclorofila
Acumulacion de ABA --——-—
Apertura estomatica
Asimilacion de COq - =

Respiracion

Acumulacion de prolina
Acumulacién de aztcares

El estrés hidrico también reduce el flujo de agua en la planta, un proceso clave para su
balance de carbono y economia hidrica. Esta reduccion se debe al cierre de los estomas pero
también puede ocurrir por la formacion de embolias en el sistema vascular de la planta. La
circulacion del agua en las plantas ocurre desde la raiz a las hojas a través del xilema. En las
plantas con crecimiento secundario por el cambium vascular, el xilema es la madera. En el
caso de las coniferas (el grupo de plantas objeto de esta Tesis doctoral), el xilema es un tejido
compuesto principalmente por traqueidas y en menor abundancia por células
parenquimaticas, que forman los radios medulares. Las traqueidas son de forma alargada (Fig.
1) y estan muertas. Transportan el agua y los solutos absorbidos por las raices hasta las
superficies de evaporacion. (Evert, 2006). Las paredes de las traqueidas estan provistas de
punteaduras, que son zonas adelgazadas de la pared celular por donde circula el agua entre

traqueidas (Fig. 1) (Evert, 2006).
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Fig 1. Esquema de la circulacion del agua desde el suelo hasta las hojas. En el panel de la
derecha se muestran las diferencias de potencial hidrico a lo largo del continuo suelo-planta-
atmosfera. A) Corte transversal de tallo de Pinus sylvestris (200x), B) Traqueidas (Funiperus
oxycedrus, 400x (Imagenes de Villar-Salvador, 2000), C) Corte transversal de células Pinus
sylvestris (Imagen modificada de http://duplexjuanmiguel.blogspot.com.es/2015/02/el-pino-

silvestre.html).

El agua asciende por la columna de traqueidas debido las diferencias del potencial hidrico
(Yw) que se establecen entre la atmosfera, las distintas partes de la planta y el suelo; el agua
fluye, por tanto, desde las zonas con mayor potencial hidrico (suelo y raices) hacia las de
menor potencial (hojas) (Fig. 1) (Kozlowski et al, 1991; Lambers et al, 2008). La velocidad con
la que fluye el agua a lo largo del xilema dependeran de la intensidad de dicho gradiente
potencial hidrico, la apertura y ntmero de los estomas (Fig 1; Kramer y Kozlowski, 1979) y
las propiedades de las traqueidas, especialmente de su longitud y diametro, y el grosor de las
paredes de las células (Sperry et al, 2006). La construccion de elementos traqueales de mayor

diametro tiene dos consecuencias funcionales. En primer lugar se incrementa muy
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significativamente la capacidad de transportar agua. Un incremento del doble del diametro de
las traqueidas incrementa 16 veces la capacidad de transporte de agua (Zimmermann, 1983;
Tyree y Ewers, 1991). Por otro lado, se reducen los costes de construccion al producirse
menos pared celular por unidad de volumen de la madera.

El estrés hidrico induce la formacion de embolias en los conductos del xilema. Ocurre
cuando la disminuciéon del Y provoca que el aire contenido en las células vecinas de las
traqueidas es aspirado a través de las punteaduras de las traqueidas (Figura 2). Este aire
aspirado se expanden en el lumen de la traqueida porque la columna de agua esta sometida a
una tension causada por el gradiente de potencial hidrico que se genera a lo largo de la planta
(Zimmermann, 1983; Sperry y Tyree, 1990). Al expandirse la burbuja se tapona la traqueida,

interrumpiendo el flujo del agua.

| !
kg =d LadB
i |

Conducto

embaolizado

Fig. 2. Esquema de la formacién de embolias causada por estrés hidrico. (Modificado de

Sperry, 1993)

1.2 Efecto del estrés causado por las heladas sobre la fisiologia de las plantas

La congelacion del agua en los tejidos de las plantas por las heladas puede causar
danos por los propios cristales de hielo (Pearce, 2001) y/o por deshidratacion (Beck et al,
2004). A nivel celular, las heladas causan la pérdida de la integridad funcional de las
membranas celulares. Esto sucede cuando el agua intercelular (la del apoplasto) se congela y
provoca que el agua intracelular (la del simplasto) salga a los espacios intercelulares. Ello
produce un cambio brusco en el volumen del protoplasma que puede dafar la membrana
celular. Si el dano es muy intenso, puede desembocar en la pérdida de la integridad de la
célula (Prentice et al, 1992; Sakai y Larcher, 1987; Wesley-Smith et al, 2015). En este sentido,

este dano causado por las heladas es parecido a algunos danos causados por el estrés hidrico
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(Levitt, 1980). Las heladas también reducen la capacidad de fotosintesis debido a distorsiones
en los tilacoides que reducen la superficie funcional de los cloroplastos (Larcher, 2005).
Ademas, ciertos procesos metabolicos se detienen y se acumulan radicales libres que son
altamente oxidantes. (Larcher, 2005).

Las heladas también pueden reducir la circulaciéon de agua por la planta mediante la
formacion de embolias. Las embolias inducidas por las heladas ocurren cuando se descongela
el agua del xilema (por ejemplo, por la manana al incidir el sol en la planta después de las
heladas nocturnas) y el gas contenido en el agua liquida forma burbujas. Estas se expanden y
se unen entre si bloqueando los conductos del xilema (Fig. 3; Sperry and Sullivan, 1992; Feild
and Brodribb, 2001; Mayr et al, 2003; Pittermann and Sperry, 2006; McCulloh et al, 2011;
Charrier et al, 2014). Por tanto, el mecanismo de formacién de las embolias por las heladas es
diferente al mecanismo inducido por estrés hidrico y (Zimmermann, 1983; Sakai y Larcher
1987). Sin embargo, ambos mecanismos de embolizaciéon tienen algo en comun y es que la
propagacion e intensidad de la embolia aumenta con la reduccién del 1., del xilema (Davis et
al. 1999; Mayr et al, 2003). Si la planta presenta un potencial hidrico muy bajo en el
momento de la helada, la formaciéon de embolias serd mayor. Por tanto, en inviernos muy
secos con heladas intensas es esperable que las embolias sean mas intensas que en inviernos

hiimedos (Peguero-Pina et al, 2011).

Conducto funcional Conducto embalizado

Fig. 3 Esquema de la formacién de embolias causada por heladas (Imagen tomada de Sperry,
1993).

La vulnerabilidad a la formacién de embolias producidas por las heladas se incrementa con el
didametro de los conductos del xilema (Sperry et al, 2006). Por tanto, la formacién de
embolias puede ser muy variable entre las especies en funciéon del tamano de los conductos de

sus xilemas (Fig. 4) (Tognetti et al, 1998; Davis et al, 1999).
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1.3. Respuestas del crecimiento y la morfologia de los arboles a los factores de
estrés.

Los 4rboles presentan tanto crecimiento longitudinal como radial. Este tltimo ocurre
en aquellos 6rganos con cambium vascular, en concreto en troncos, ramas y raices no finas.
Las plantas lefiosas de climas templados y frios tienen un crecimiento radial ritmico que se
traduce en la formaciéon de un anillo por cada estaciéon de crecimiento. Este anillo de
crecimiento se forma por la actividad periddica del cambium vascular (Evert, 2006). Dentro
del anillo de crecimiento de las coniferas, se distinguen la madera temprana (EW) y la madera
tardia (LW) (Fig. 5) (Martinez-Meir et al, 2008). La EW se forma a principios de la temporada
de crecimiento y tiene una menor densidad debido a que las células son mas anchas y paredes
mas delgadas. La LW se produce al final de la temporada de crecimiento y tiene una mayor

densidad porque las células son mas estrechas y sus paredes son mas gruesas (Larsson, 1994).
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Fig. 4 Porcentaje de la pérdida de conductividad hidraulica por heladas de = -15°C (simbolos
cerrados) y sin heladas (simbolos abiertos) en relaciéon al tamano de los conductos del xilema
en diferentes especies lefiosas. Al: Abies lasiocarpa; Ek: Euonymus kiautschovicus Loes; Ag: Acer
grandidentatum Nutt.; Pv: Prunus virginiana L.; Ai: Alnus incana (L.) Moench; Bo: Betula occidentalis
Hook.; An: Acer negundo L.; Cs: Cornus sericea L.; Hh: Hedera helix L.; Ra: Rhus aromatica Ait.; Fa:
Eleagnus angustifolia L.; Qg: Quercus gambeliz Nutt (Tomado de Davis et al, 1999).
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La anchura de un anillo de crecimiento suele estar relacionada con la precipitacién durante la
estacion de crecimiento en la que se formo el anillo. Las estaciones de crecimiento secas se
asocian con anillos mas estrechos (Fritts,1976; Saranpaa, 2003). También pueden existir
diferencias en la anchura de EW y la LW en relacion con las precipitaciones; la anchura de
EW de un afo concreto esta mas relacionada con las precipitaciones del ano anterior,
mientras que la anchura de LW suele estar més relacionada con las precipitaciones de la
estacion de crecimiento en la que se form6 (Martin-Benito et al, 2013; Pompa-Garcia y
Camarero, 2015). Por tanto, los anillos de crecimiento integran la influencia de factores
ambientales del ano de crecimiento como el de los previos (Fritts, 1976).

Ademas de la anchura del anillo, la densidad de EW y la LW pueden también servir como
indicadores del clima a largo plazo. La densidad de la madera es la relacion entre su masa y
volumen, y esta relacionada con el soporte mecanico, la capacidad conductora y de
almacenamiento de sustancias de la madera, y la resistencia al viento, la gravedad y la nieve
(Hacke et al, 2001). Es comtn que las especies arbdéreas con una mayor densidad de la
madera (y por tanto baja conductividad hidraulica) muestren bajas tasas de crecimiento
(Chave et al. 2009). Las especies con maderas blandas, por el contrario, tienen una mayor
conductividad hidrdulica y crecen mas rapidamente (Hacke y Sperry, 2001; Bouche et al.

2014).

Anillo de
crecimiento

LW

Fig. 5 Superficie de los anillos de crecimiento en un individuo de dos anos de Pinus pinaster
mostrando la madera temprana (EW) y tardia (LW) en el anillo formado el segundo ano

(Muestra anatomica y foto: Laura Fernandez-Pérez).
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Algunos estudios han sugerido que los valores minimos y maximos de la densidad de la EW y
LW pueden servir como indicadores en los cambios climaticos de la temporada de
crecimiento. El valor maximo de la densidad (Dmax) de LW es una medida de la densidad mas
alta de las paredes celulares mas gruesas, formadas al final de la temporada de crecimiento
(Jacoby y D'Arrigo, 1992). La Dmax se se considera uno de los mejores parametros para la
reconstruccion del clima (Briffa et al, 2004; Brauning y Mantwill, 2004; Luckman y Wilson,
2005). Se ha utilizado para reconstruir las variaciones de la temperatura estival y los periodos
de sequia en el pasado (Rigling et al, 2002; Briffa et al, 2004; Bouriaud et al, 2005). La
densidad minima (Dmin) de la EW esta vinculada a condiciones climaticas prevalentes durante
la primera parte de la temporada de crecimiento (Grabner et al, 2006; Dalla-Sala et al, 2009).
La sequia provoca una reduccion del tamafio de la luz en las células (Olano et al, 2012), por lo
que Dumin en los anillos de los arboles podria ser una variable importante para detectar
periodos de sequia tempranos. Sin embargo, ha sido una variable poco utilizada para
determinar las condiciones ambientales estivales. En resumen, la anchura y densidad de cada
anillo de crecimiento puede variar enormemente entre especies (Muller-Landau 2004) v,
dentro de las especies) de un ano a otro en funcion de las condiciones ambientales como son la
temperatura, las precipitaciones, la disponibilidad de agua en el suelo, la luz y la duracion de
la temporada de crecimiento (Fritts, 1976; Zobel y van Buijtenen, 1989; Kozlowski y Pallardy,
1997; Bouriaud et al, 2005; Martinez-Vilalta et al, 2009; Fajardo, 2016).

Los 6rganos de la planta guardan unas proporciones en sus tamanos denominadas relaciones
alométricas. Estas relaciones, indican que existe una “coordinaciéon” en la asignaciéon de
recursos entre las distintas partes de la planta para que permite mantener la estabilidad e
integridad funcional del organismo. Las relaciones alométricas tienen unos limites de
variacion impuestos por constricciones fisicas que determinan la estabilidad estructural y los
estados de minima energia termodinamica. Por ejemplo, un arbol no puede crecer
indefinidamente en altura sin crecer en grosor porque perderia su estabilidad estructural o el
follaje no recibiria suficiente agua para su funcionamiento normal. Dentro de los margenes
impuestos por dichas constricciones, las relaciones alométricas pueden variar en funcién del
ambiente (respuestas plasticas), la ontogenia y la historia evolutiva de las especies
(adaptaciones) (Weiner, 2004). Los cambios durante el desarrollo ontogénico reflejan los
ajustes necesarios para mantener el equilibrio funcional y mecanico con la edad. Por ejemplo,
los individuos jévenes tienen en términos relativos mas hojas que los individuos mas viejos, los

cuales presentan una mayor proporcion de 6rganos de sostén y raices (Climent et al, 2011).
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La proporcion de follaje en la planta, estimada por ejemplo como la proporciéon del volumen
de la copa de un arbol, puede afectar a la economia energética e hidrica de la planta. En
primer lugar, porque condiciona la proporciéon de tejidos autotrofos y heterotrofos que, a su
vez, condicionara el peso relativo de la fotosintesis y la respiracion. Esta proporcion determina
la disponibilidad de carbohidratos y, por tanto, la capacidad de crecimiento en el futuro
(Maherali et al, 2002). En segundo lugar, porque un mayor desarrollo relativo del follaje
también suele implicar mayor transpiracion. A su vez, un incremento en la proporcion de los
troncos, ramas gruesas y raices, es decir, de 6érganos de sostén, transporte y almacenamiento,
pueden incrementar la resistencia y resiliencia de la planta a factores de estrés, pero con el
coste de una reduccion de la capacidad de crecimiento (Maherali et al, 2002). Una utilidad
aplicada de las relaciones alométricas de los arboles es que son una herramienta para estimar
la biomasa aérea y radical y por tanto la cantidad de carbono almacenado en los bosques
(Goodman et al, 2014).

El ambiente abidtico y bidtico modifica las relaciones alométricas de las plantas. La capacidad
de modificar una planta sus relaciones alométricas en respuestas al ambiente puede ser
importante para su persistencia. Se conocen muy bien las respuestas de asignacion de masa a
nivel de juveniles (Villar-Salvador et al. 2015; Markesteyn y Poorter, 2009; Poorter et al,
2012) pero son mucho menos conocidas en individuos mas viejos (Vizcaino-Palomar et al,
2016). En el norte de Europa, se ha observado un aumento en la masa aérea con respecto a la
altura de algunas especies de pinos por el aumento de COg y deposiciones de nitrogeno
(Broadmeadow y Jackson, 2000). Sin embargo, en otros estudios no se han observado
modificaciones en las relaciones alométricas de los arboles (Vanninen et al, 1996; Fréderic et
al, 2009). Para ambientes mediterraneos, se desconoce si el patron en las relaciones

alométricas de los arboles se ha modificado por efecto del reciente cambio global.

1.4 Estrategias adaptativas de las plantas a factores de estrés

Las plantas poseen diversos mecanismos para mitigar o prevenir el desequilibro entre el
ambiente exterior a la planta y el ambiente de sus células. En funcién de dichos mecanismos
las plantas se pueden clasificar en dos estrategias para afrontar el estrés: 1) tolerantes, son
aquellas que toleran que el estrés afecte sus tejidos; 2) evitadoras; son aquellas que
desencadenan mecanismos de proteccion y amortiguacion (Levitt, 1980; Larcher, 2003).

Los mecanismos funcionales que han desarrollado las distintas estrategias son muy variados y

afectan todos los niveles de organizacion de la planta, desde la expresiéon genética hasta la
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configuracion de los 6rganos en la planta. Las diferencias interespecificas en la resistencia al
estrés hidrico condicionan la distribucién de las plantas (Baltzer et al, 2008; Kursar et al,

2009; Maréchaux et al, 2015).

1.4.1 Adaptaciones fisiolégicas y morfologicas al estrés hidrico

Un buen ntmero de plantas han desarrollados mecanismos para evitar (evitadores del estrés
hidrico -avoiders-, segiin nomenclatura de Levitt, 1980) los efectos del estrés hidrico. Uno de
estos mecanismo es evitar la deshidratacion en los tejidos mediante mecanismos de ahorro de
agua como el cierre de los estomas (Ehleringer y Cooper, 1992). Esto, sin embargo, limita la
difusion del COg vy, por tanto, la fotosintesis, lo que se traduce en un menor crecimiento (Fig.
6; Grant, 2012). También se puede evitar la deshidratacion de los tejidos mediante la
reduccion de la superficie de transpiracion con la abscision de las hojas viejas durante la
sequia, y almacenando agua en el xilema. En este sentido, algunas especies de pinos pierden
entre el 30-50% del agua en las ramas y en los troncos antes de observarse reducciones
significativas del potencial hidrico de las hojas (Larcher, 2000). Las raices también juegan un
papel importante en la capacidad de las plantas de evitar los efectos del estrés hidrico. La
produccion de raices extensas y profundas permite la absorcion de agua de horizontes
profundos del suelo que permanecen himedos durante los periodos secos (Jackson et al, 2000;
Padilla et al, 2007; Comas et al, 2013; Andivia et al, 2017). Finalmente, los tejidos se pueden
mantener hidratados mediante una elevada capacidad para conducir el agua desde las raices

al resto de la planta incrementando el area del xilema, el diametro de los conductos del xilema

y la densidad de las venas de las hojas (Zimmermann, 1983; Levitt 1980; Larcher, 2000).

Ademas de evitar que los tejidos se desequen, algunas plantas también pueden tolerar un
cierto nivel de deshidrataciéon del protoplasma sin sufrir mermas importantes en su
funcionamiento. En casos mas extremos de deshidratacion, las plantas pueden detener casi
por completo su metabolismo para evitar los danos por la falta de agua (Larcher, 2000). Este
tipo de planta tolerante de la deshidratacién, acumula algunos tipos de proteinas y
carbohidratos que estabilizan las membranas celulares frente a su desnaturalizacion y hacen
ajustes osmoticos activos, es decir, reducen el potencial osmotico celular. El ajuste osmotico
permite mantener la turgencia de las células con elevadas pérdidas de agua y, por tanto,

mantener una cierta capacidad de crecimiento y apertura estomatica en situaciones de

moderado déficit hidrico (Levitt, 1980; Larcher, 2000; Chavés et al, 2003).
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Fig. 6. Respuestas al estrés hidrico. Izquierda, respuestas a largo plazo; derecha, respuestas a

corto plazo (tomado de Chavés et al, 2003).

1.4.2 Adaptaciones fisiolégicas a las heladas

Las plantas de climas frios y templados experimentan cambios estacionales en la temperatura
de su ambiente. Para sobrevivir a las bajas temperaturas, desencadenan una serie de cambios
fisiologicas antes de experimentar las heladas en un proceso denominado endurecimiento al
frio (Levitt, 1980; Sakai and Larcher, 1987). El endurecimiento comienza al final del verano o
principios del otono y alcanza su maxima intensidad a mitad del invierno. Durante el
endurecimiento, la concentracién de solutos osmoéticamente activos (especialmente azucares
solubles, aminoacido y pequenas proteinas) se incrementa en el protoplasma lo que reduce
levemente el punto de congelacion (Li y Palta, 1978) y el potencial osmético. Como se ha
mencionado previamente, esto ultimo permite mantener la turgencia celular en condiciones
de deshidratacion (Hinesley et al, 1992; Korner, 2006). Los azucares solubles también
aumentan la estabilidad de la membrana celular (Uemura y Steponkus 2003) y facilitan la
reparacion de las embolias (Zwieniecki y Holbrook, 2009). Finalmente, las plantas usan los
azucares solubles almacenados para llevar a cabo funciones metabolicas en el invierno y llevar
a cabo el crecimiento en la primavera (Uscola et al. 2015). En consecuencia, muchas plantas
de climas frios y templados aumentan la concentraciéon de aztcares durante la aclimatacion a

las heladas en el otofio, llegando a niveles maximos en pleno invierno, que luego se reducen
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en primavera y verano con la desaclimatacion al frio (Sakai y Larcher 1987, Martinez-Vilalta
et al. 2016). La magnitud de los cambios fisiologicos durante el endurecimiento difiere entre
especies, lo que condiciona la capacidad de colonizar los distintos ambientes (Sakai and

Larcher, 1987; Bigras y Colombo, 2000; Walther et al, 2002; Cavender-Bares, 2005).

1.5 Ecologia, distribuciéon y evolucion de las especies de Pinus nativas de la
Peninsula Ibérica

Las coniferas ocupan ambientes muy diversos en la Tierra destacando su capacidad de
colonizar los lugares mas frios del planeta donde la temperatura habitualmente pueden llegar
a -30 °C (Sakai, 1983; Bannister and Neuner, 2000). La familia Pinaceae, con 11 géneros, es la
mas grande en especies de las coniferas (Christenhusz et al, 2011). El género con mas especies
es Pinus que, de manera natural, se distribuye en el Hemisferio Norte. Se han descrito entre
110 y 120 especies de pinos (Farjon, 1998; Liston et al, 2003; Price et al. 1998) que colonizan
ambientes muy variados, desde lugares aridos o muy frios, hasta ecosistemas tropicales
(Mirov, 1967).

Los registros fosiles sugieren que el antecesor de los pinos actuales, Pinus belgica, evolucion6 en
el actual oriente asiatico durante el Jurasico, aunque se han encontrado registros poco fiables
en el Triasico y el Cretacico (Millar, 1993; Mirov, 1967; Stewart y Rothwell, 1993). Durante
el Cenozoico, el género Pimus extiendio su area de distribucion y se diversifico. Se cree que
entraron en Europa por Groenlandia, Islandia o las Islas Spitzbergen (Ruiz de la Torre y
Ceballos, 1979; Gil-Sanchez et al, 1996). Los primeros restos fosiles de pinos en el area
mediterranea datan del periodo comprendido entre el Cretacico y el Terciario (Klaus, 1989).
La diversificacion del género en el Mediterraneo se debié dar principalmente durante el
Terciario (Gil-Sanchez et al, 1996).

En Europa, las especies nativas de pinos se pueden agrupar en tres grupos en funcion de la
regiéon que ocupan: la atlantica, la centroeuropea y la mediterranea (Richardson, 2000). La
distribucion espacial de los pinos europeos aparece segregada a lo largo de gradientes
latitudinales y altitudinales de una manera predecible, lo que sugiere que algunos factores
ambientales abidticos podrian controlar su distribucién. Algunas especies, concretamente
Pinus halepensis Mill, Pinus pinea L. y Pinus pinaster Aiton, se concentran en el sur de Europa,
particularmente en sitios de clima mediterraneo con inviernos suaves y veranos calurosos y

secos. Otras especies, como Pinus nigra subsp. salzamannu (Dunal) Franco, (en adelante P. nigra),
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Pinus sylvestris L. y Pinus uncinata Raymond ex A. D.C. se encuentran en sitios con inviernos
frios, ya sea por estar elevada latitud (en el centro y norte de Europa) o por estar a gran altitud
(Europa meridional, incluida Peninsula Ibérica) (Richardson, 2000).

Para Espana se han descrito siete especies con poblaciones naturales (Tabla 2, Fig. 7), que se
separan en dos subsecciones. La primera es la subseccion Pinaster formada por Pinus canariensis
C. Sm. ex DC., Pinus halepensis Mill, Pinus pinea L. y Pinus pinaster Aiton. La segunda es la
subseccion Pinus constituida por Pinus nigra subsp. salzamannii (Dunal) Franco, (en adelante P.
migra), Pinus sylvestris L. y Pinus uncinata Raymond ex A. D.C. (Gernandt et al, 2005). Todas las
especies tienen poblaciones naturales en la Peninsula Ibérica (Fig. 6) excepto P. canariensis que
es un endemismo de las Islas Canarias. Las masas naturales de estas especies se localizan
principalmente en la cordillera Pirenaica e Ibérica, Serrania de Segura, montanas catalanas,
sureste semiarido y su litoral (Ruiz de la Torre, 1990), a lo largo de un gradiente altitudinal
entre 0 y 2700 msnm (Amaral, 1986). Cabe mencionar que la Peninsula Ibérica es el limite
latitudinal para las especies eurosiberianas P. uncinata (Ceballos, 1968) y P. sylvestris (Sinclair et

al, 1999) ésta tltima con poblaciones muy grandes en Centroeuropa y Fenoscandia.

Las masas naturales de las distintas especies de pinos de la Peninsula Ibérica se segregan a lo
largo de un gradiente altitudinal entre el nivel del mar y 2700 m s.n.m. (Blanco et al, 2005).
Las especies tipicamente mediterraneas (P. halepensis y P. pinea) se distribuyen desde el nivel del
mar hasta aproximadamente los 1000 m s.n.m. Pinus pinaster, que tiene poblaciones tanto en
ambientes mediterraneos como atlanticos, se distribuyen desde el nivel del mar hasta los 1700
m s.n.m (Fig. 8). A bajas altitudes los inviernos son suaves y hiimedos pero los veranos son
calidos y muy secos (Tabla 2) lo que ocasiona un fuerte déficit de agua en el suelo y en la
atmosfera (Bolle, 2003). Dichas condiciones ocasionan un fuerte estrés hidrico y térmico a la
vegetacion. Por dltimo, las especies de climas continentales himedos y alpinos (P. nigra, P.
sylvestris y P. uncinata) se localizan aproximadamente a partir de los (800)1000 m s.n.m. hasta
los 2700 m s.n.m. En estos sitios de alta montana el principal factor de estrés es el frio. La
precipitacion es mas alta y la evapotranspiracion menor y, por tanto, la sequia de verano es
mas corta y de intensidad moderada en relacién con los sitios emplazados a menor altitud

(Tabla 2, Fig. 8).
Por lo tanto, en la Peninsula Ibérica y en el resto del sur de Europa las especies de pino se
distribuyen a lo largo de un gradiente de aridez y de temperaturas que posiblemente refleje

diferencias funcionales entre las especies.
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Fig. 8 Esquema de la distribucion altitudinal de las especies del género Pinus en la Peninsula
Ibérica. Los simbolos representan la magnitud de los principales factores ambientales a los

que estan expuestas las especies en el gradiente altitudinal

El suelo también parece que también condiciona la distribucion de los pinos. En concreto, las
poblaciones naturales de P. pinaster y P. pinea son raras en suelos ricos en cal activa, mientras
que las poblaciones naturales de P. halepensis son infrecuentes en suelos siliceos (Barbero et al,
1998; Costa et al, 1998; Ruiz de la Torre, 2006). El resto de las especies parece ser
independiente de las propiedades quimicas del suelo. Aunado a los factores abidticos, la
distribucion de algunas especies forestales se ha visto afectada por la actividad humana, en
particular, el cambio de uso de la tierra, las reforestaciones y el abandono de las tierras
agricolas. Como resultado, algunas especies de pinos han aumentado su area de distribucion
en la Peninsula Ibérica (Huntley y Birks, 1983; Delcourt y Delcourt, 1987; Ruiz de la Torre,
1990). Algunas poblaciones de los pinos ibéricos han presentado una alta mortalidad en los
ultimos 20 anos, siendo las causas probables los cambios en el manejo forestal, cambios en el
clima (aumento de temperatura) y la estructura de los bosques (Camarero et al, 2015), que a
menudo presenta elevadas densidades ligadas a menudo a la forma de regeneracion de las

especies las repoblaciones forestales.
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Tabla 2. Caracteristicas ecologicas de las especies de Pinus sp. en la Peninsula Ibérica (S/D:

Sin determinar).

3 T° media
Epoca de Precipitacion
Especie Antecesor anual (°C,
aparicién (1,2) (mm)
1,6)
Holoceno/
P. halepensis P. herpios (2) 14 350 -700 (5)
Eoceno
P. pinea S/D Pal. medio 11.7-17. 623 (8)
P. pinaster P. praepinaster (3) Holoceno 11.8 390-1810 (7)
. . Mioceno y
P. migra P. laricioides (4) 9.2-13 500-950 (8)
Plioceno
P. sylvestris S/D Plioceno 9.4 963 (8)
P. uncinata S/D S/D 2 1400 (8)

IAlia et al (2009); 2Palamarev (1987); 3Willis et al. (1998); *Vernet et al. (2005); 5Gil et al. (1996);
6Ruiz de la Torre y Ceballos (1979); 7Alia et al. (1996); 8Martin et al. (1998); 9Martinez-Garcia
(1999).

En los dltimos 30 afos se ha avanzado enormemente en la comprension de las estrategias
funcionales de las especies mediterraneas (por ejemplo, Tenhunen et al 1987; Tretiach, 1993;
Valladares et al, 2000; Martinez-Vilalta et al, 2002; Mediavilla y Escudero, 2003; Vilagrosa et
al, 2003; Quero et al, 2006). Sin embargo, la mayor parte de estos trabajos se han centrado en
frondosas habiendo muy poca informacién sobre las respuestas funcionales de los pinos
ibéricos frente a los factores ambientales abioticos. La escasa informacién experimental sobre
las diferencias comparadas de la ecofisiologia de los pinos ibéricos se ha centrado sobre
biologia de las semillas (Escudero et al, 1999), respuesta de la fotosintesis a la luz (Awada et al,
2003), hidraulica (Martinez-Vilalta et al, 2004) y, mas recientemente, diferencias de resistencia
a la helada y transpiraciéon cuticular (Climent et al, 2009; Pardos et al, 2009), y la asignacion
de masa (Climent et al, 2011; Matias et al, 2017). Este conocimiento es muy importante para
establecer una base ecologica soélida y fundamentada empiricamente de la distribucién actual
de las poblaciones naturales de las especies ibéricas de pino, predecir su potencial distribucion
y vulnerabilidad en escenarios climaticos y disefiar estrategias de mitigacion contra el cambio

climatico.
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1.6 Influencia del cambio global en la distribucion de las especies

El cambio climatico consiste en una desviacion significativa y prolongada en el tiempo de la
temperatura y/o la precipitacion a escala regional y global con respecto a la media historica
previa. El dltimo gran cambio climatico ocurrido en la Tierra ha sido el calentamiento
después de la ultima era glaciar. Estas condiciones climaticas post-glaciares han determinado
en buena medida la distribucion de la flora y el funcionamiento de las comunidades de plantas
actuales. Durante el siglo XX, especialmente en los altimos 40 anos, se ha producido un
cambio a escala global en la temperatura y en la disponibilidad de algunos recursos claves
para los organismos (agua, por cambios en el régimen de precipitacion, COs atmosférico y
deposicion atmostérica de nitrogeno -N-). La temperatura global ha aumentado en promedio
0.85 °C (0.65-1.06 °C) en el periodo 1880- al 2012 (IPCC, 2014). Estos cambios ambientales
estan en buena medida ligadas a la actividad del ser humano (Fig. 9; Christensen et al, 2007) y

estan afectando el funcionamiento y estructura de los ecosistemas forestales (Parmesan y

Yohe, 2003; Churkina et al, 2010; IPCC, 2014, Pachauri et al, 2014).

En consecuencia, los estreses que sufren las plantas en algunos ecosistemas forestales se estan
agudizando (por ejemplo, el estrés hidrico), mientras que en otros se estan relajando (estrés
térmico por frio y nutricional). El cambio climatico modifica la distribucion de las especies
(Parmesan y Yohe, 2003). En el norte y centro de Europa, algunas poblaciones de P. splvestris
han colonizado sitios a mayor latitud y altitud (Bolker et al, 1995; Koutavas, 2008; Lamarche
et al, 1984), y los individuos han incrementado su crecimiento (Pretzsch et al, 2014). Se cree
que ello ha podido deberse principalmente al aumento del CO2 atmosférico, la deposicion de
N y de la temperatura (Briffa et al, 1995; Pretzsch et al, 2014). Ademas, el cese de algunas
actividades humanas como la ganaderia ha podido favorecer que las poblaciones de pinos han
podido expandirse y recuperarse en los sitios localizados a mayores altitudes (Gehrig-Fasel et
al, 2007). Por el contrario, otros estudios han evidenciado un decaimiento en el crecimiento
de los arboles (Oberhuber, 2004). El patron de respuesta fisiologica de las plantas a los
factores ambientales asociados al cambio climatico (COg2 y T) no es claro. El aumento en la
concentracion de COg, la deposicion de N y la temperatura pueden mejorar la fotosintesis,
pero tienen efectos variables en la conductancia estomatica. Cuando la fotosintesis aumenta
mas rapido que la conductancia estomatica puede incrementarse la eficiencia en el uso del
agua (Morison 1985; Norby et al, 1999; Ainsworth y Rogers 2007), como lo muestran algunos
experimentos (Gunderson et al. 1993; Norby et al. 2005).
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Fig. 9. Arriba: aumento en las concentraciones de gases de efecto invernadero: CO2 (color
verde), metano (color naranja), 6xido nitroso (color rojo) determinados por nucleos de hielo
(puntos) y medidas directas de la atmosfera (lineas). Panel derecho: efecto global de la
acumulacion de CHs y N2O. Abajo. Emisiones antropogénicas globales de CO: por la
selvicultura y otros cambios de uso de suelo, quema de combustibles fosiles, produccion de
cemento. Lado derecho: emisiones acumuladas por COq por estas fuentes (barras) y sus

incertidumbres (barras de significacion) (Fuente: IPCC, 2014).

En paralelo al incremento de COy, la frecuencia de sequias ha aumentado durante de las
ultimas décadas del siglo XX (Resco De Dios et al, 2007; Wallace et al, 2007). Algunos
estudios sugieren que el efecto del estrés hidrico puede anular los efectos positivos de la
fertilizacion por CO» (Korner y Miglietta 1994; Camarero et al, 2015b). Por tanto, no existe
un consenso claro si la “fertilizacion” por CO:2 y N pueden compensar los costos del
incremento de la aridez. En concreto, en climas mediterraneos no hay un consenso sobre el
efecto del cambio climatico en el crecimiento de las especies forestales. Mientras que algunos
estudios observacionales han reportado respuestas neutras (Penuelas et al, 2011) e incluso

negativas del crecimiento con el tiempo (que en este caso se usa como sustituto o correlato del
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incremento del COp9) (Linares and Camarero 2012), otros apuntan a efectos positivos
(Koutavas 2008; Madrigal-Gonzalez et al. 2015; Marqués et al, 2016). Por ejemplo, se
observo una reduccion en el crecimiento asociado al aumento de la temperatura en P. pinaster,

mientras que el incremento de CO32 lo aumenté (Kramer et al, 2000).

En conclusion, el efecto de estreses ambientales abidticos en las respuestas fisiologicas,
morfologicas y de crecimiento son variables entre las especies. Las respuestas variables entre
las especies pueden estar condicionando su crecimiento, supervivencia y, por tanto, su

distribucién.

2. OBJETIVOS DE LA TESIS Y ESTRUCTURA DE LA MEMORIA DE LA TESIS
DOCTORAL

El objetivo general de la tesis doctoral es estudiar las respuestas fisiologicas y de
crecimiento a las bajas temperaturas y sequia en las especies de pinos nativas de la Peninsula
Ibérica. Las cuestiones que se plantean abarcan multitud de procesos ecologicos
(supervivencia, crecimiento, tolerancia al frio y estrés hidrico) en diferentes niveles de
organizacion (desde la bioquimica al individuo), escalas espaciales (local y regional), y estadios

ontogenéticos (desde juveniles a arboles maduros).

La hipotesis general de la tesis es que las especies de pinos tienen respuestas funcionales
distintas a los factores ambientales abidticos lo que condiciona su distribucion y su capacidad

de respuesta a factores de estrés.

La Memoria de esta tesis doctoral comprende siete capitulos. Tras el capitulo introductorio
(Gapitulo 1), se presentan cuatro capitulos con los resultados de un experimento y tres
estudios observacionales (Capitulos 2-3). Tres de estos capitulos corresponden con articulos
cientificos publicados o en revision en revistas cientificas internacionales, mientras que el
cuarto estd practicamente finalizado, pero todavia no se ha enviado para su publicacion. La
estructura de los capitulos se ha mantenido fiel a la versién publicada/enviada. En todos los
casos estan escritos en inglés excepto un resumen anadido en espafiol. A continuacion, se

desarrolla una discusion general que integra los resultados de toda la investigacion (Capitulo
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6). Para terminar, se presentan las conclusiones mas relevantes de esta tesis doctoral en el

Capitulo 7.

Capitulo 2 “La distribucion de los pinos en la Peninsula Ibérica concuerda con las
diferencias en la tolerancia a las heladas en hojas, no con la vulnerabilidad a la formacion de
embolias en el xilema causadas por las heladas”. Las preguntas que se han formulado son:
¢Tienen las especies de pino que viven en lugares frios una mayor tolerancia inherente a las
heladas que las especies que viven en lugares templados? En caso de haber diferencias ¢Estan
determinadas por diferencias en la vulnerabilidad a la formacién de embolias, la tolerancia a
las heladas de las aciculas y la concentracion de azacares solubles? ;Cudl es el efecto del estrés
hidrico sobre la tolerancia a las heladas? ¢lo incrementa? Para responder a estas preguntas Se
llevo a cabo un experimento en el que se midieron la supervivencia a las heladas (objetivo
especifico 1), las diferencias en la formacién de embolias, el dafo en las aciculas y la
concentracion de azucares solubles en plantulas de dos anos de seis especies de pinos
(objetivo especifico 2) y la interaccion entre el estrés hidrico y las heladas (objetivo
especifico 3). La hipotesis de este trabajo es que vulnerabilidad a la formacién de embolias,
el dano en las aciculas y el contenido de azicares solubles entre las especies de pino son

distintas para cada una y depende del estado hidrico de las plantas.

Capitulo 3. “La densidad minima de la madera de las coniferas describe cambios en la
precipitaciéon durante la época temprana de crecimiento en regiones Eurasiaticas secas y frias”
¢Se incrementa la densidad minima de la madera bajo condiciones de sequia temprana?
¢Como responden las caracteristicas anatomicas de la madera (anchura de los anillos y
densidad) a las precipitaciones? ;Puede la densidad minima de la madera ser un buen
indicador de las precipitaciones de primavera? Para ello, se analizaron datos de densidad de la
madera y la anchura de los anillos de crecimiento en dos géneros de coniferas (Larix sibirica,
Pinus migra y Pinus sylvestris) para determinar como el crecimiento estacional y la densidad de la
madera responden al clima (objetivo especifico 1), y si la densidad minima de la madera
esta relacionada negativamente con las precipitaciones de primavera (objetivo especifico
2). La hipotesis del trabajo es la densidad minima de la madera aumenta en condiciones de

sequia estacional (primavera).
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Capitulo 4 “Crecimiento divergente del tltimo siglo a lo largo de un gradiente altitudinal en
poblaciones de Pinus sylvestris localizadas en el extremo seco de la distribucion de la especie”.
Las preguntas de este capitulo han sido: ;Ha cambiado el crecimiento de Pinus sylvestris en
paralelo al aumento en la concentracion de COg y las deposiciones de nitrégeno en el altimo
siglo? En caso de haber diferencias, ¢las condiciones de crecimiento a lo largo de un gradiente
altitudinal y la edad de los arboles pueden modular dicho patréon de crecimiento? Para
contestar dichas preguntas, se examinaron datos de crecimiento radial decadal desde 1930
hasta 2010 para determinar si el crecimiento de los pinos se ha acelerado durante el altimo
siglo y st esta aceleracion cambia a lo largo de gradientes ambientales y ontogenéticos
(objetivo especifico 1). La hipotesis de este trabajo es que el crecimiento de los arboles se
ha modificado diferencialmente a lo largo del gradiente altitudinal a consecuencia del cambio

climatico y estos cambios seran distintos dependiendo de la edad de los arboles.

Capitulo 5. “Factores que determinan la alometria aérea de los arboles de Punus sylvestris™.
¢Han cambiado las relaciones alométricas de Pinus sylvestris por efecto del cambio climatico
durante el ultimo siglo? (Existen cambios en las relaciones alométricas dependiendo de la
edad de los arboles? ¢Las relaciones alométricas son diferentes a través del gradiente
altitudinal? Se examinaron las relaciones alométricas entre la altura y el diametro a la altura
del pecho (DBH), asi como la relaciéon entre el DBH y la copa de los arboles desde 1930 hasta
2010. Lo anterior se realiz6 para determinar si algunas relaciones alométricas de los arboles
relacionadas con la economia hidrica y de carbono han cambiado durante el tltimo siglo y st
estos cambios ocurren a lo largo de gradientes ambientales y ontogenéticos (objetivo
especifico 1). La hipotesis de este trabajo es que las relaciones entre la altura y el DBH, asi
como las relaciones entre el DBH y la copa de los arboles se han modificado diferencialmente

debido al cambio climatico.
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RESUMEN

La sequia y las heladas son los principales determinantes en el funcionamiento y la
distribucion de las plantas. Ambos estreses pueden causar embolias en el xilema y danos en el
follaje. El objetivo de este estudio fue analizar si la distribucion altitudinal y latitudinal de seis
especies comunes en Europa esta relacionada con sus diferencias interespecificas en la
tolerancia a las heladas, asi como determinar los mecanismos fisiologicos que subyacen dicha
tolerancia. También evaluamos si la tolerancia a las heladas depende del estado hidrico de las
plantas. Se estudi6 la supervivencia en plantas de 2 afos en un rango de temperaturas de
congelacion y evaluamos el porcentaje de pérdida de conductividad hidraulica (PLC) por la
formacion de embolias en el xilema, asi como el dano foliar por la liberacion de electrolitos en
las aciculas (EL) después de un ciclo de helada a -15 © C y en un rango de valores de
potencial hidrico antes del amanecer (pq). Las especies que experimentan inviernos frios en su
area de distribucion (Pinus nigra J.F. Arnold, Pinus sylvestris L. y Pinus uncinata Raymond ex A.
DC.) tuvieron las mayores tasas de supervivencia a las heladas, y los menores EL y
concentracion de azucares solubles (SS). Por el contrario, los pinos que habitaban lugares
templados o frios en invierno (especialmente Pinus halepensis Mill. y Pinus pinea L. y, en menor
medida, Pinus pinaster Ait.) tuvieron una supervivencia baja y valores elevados de EL y SS. El
PLC inducido por la helada fue muy bajo y las diferencias entre las especies no se
relacionaron con los dafios sufridos en las aciculas por la helada. La reduccion del pa
disminuy¢ el dafio en las aciculas por las heladas en P. pinea y P. sylvestris, lo aument6 en P.
uncinata y tuvo un efecto neutral en el resto de la especies. Este estudio demuestra que las
temperaturas de congelacion son un importante condicionante ambiental para la distribucion

de los pinos y sugiere que las diferencias interespecificas en la sensibilidad del follaje a las
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heladas, y no la vulnerabilidad a las embolias por heladas o SS explican la supervivencia de

las plantulas de pino a las heladas

Palabras clave: azucares solubles, diametro de las traqueidas. ecofisiologia, embolias, estrés
hidrico, liberacion de electrolitos, Pinus.

ABSTRACT

Drought and frosts are major determinants of plant functioning and distribution. Both stresses
can cause xylem embolism and foliage damage. The objective of this study was to analyse if
the distribution of six common pine species along latitudinal and altitudinal gradients in
Europe is related to their interspecific differences in frost tolerance and to the physiological
mechanisms underlying species-specific frost tolerance. We also evaluate if frost tolerance
depends on plant water status. We studied survival to a range of freezing temperatures in 2-
year-old plants and assessed the percentage loss of hydraulic conductivity (PLC) due xylem
embolism formation and foliage damage determined by needle electrolyte leakage (EL) after a
single frost cycle to —15 °C and over a range of predawn water potential (Pppa) values. Species
experiencing cold winters in their range (Pinus nigra J.F. Arnold, Pinus sylvestris L. and Pinus
uncinata Raymond ex A. DC.) had the highest frost survival rates and lowest needle EL. and
soluble sugar (SS) concentration. In contrast, the pines inhabiting mild or cool winter
locations (especially Pinus halepensis Mill. and Pinus pinea L. and, to a lesser extent, Pinus pinaster
Ait.) had the lowest frost survival and highest needle EL and SS values. Freezing induced PLC
was very low and differences among species were not related to frost damage. Reduction in
Ppd decreased leaf frost damage in P. pinea and P. sylvestris, increased it in P. uncinata and had a
neutral effect on the rest of the species. This study demonstrates that freezing temperatures
are a major environmental driver for pine distribution and suggests that interspecific
differences in leaf frost sensitivity rather than vulnerability to freezing-induced embolism or

SS explain pine juvenile frost survival.

Keywords: drought stress, ecophysiology, electrolyte leakage, embolism, Pinus, soluble

sugars, tracheid diameter.
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1. INTRODUCTION

Drought and frosts are major drivers of plant evolution and distribution (Woodward and
Williams 1987, Pockman and Sperry 1997, Choat et al. 2012). Both stress factors affect
important plant physiological processes (Sakai and Larcher 1987, Mayr et al. 2006).
Particularly, water transport and gas exchange are usually reduced due to frost-induced
embolism and drought-induced stomatal closure (Sperry and Sullivan 1992, Davis et al. 1999,
Willson and Jackson 2006). These physiological responses reduce the productive capacity and
hydration of plants, and might damage the plant and eventually cause their death (McCulloh
et al. 2011, McDowell 2011, Peguero-Pina et al. 2011). Most comparative studies on frost
tolerance use foliage EL or decrease in fluorescence activity of photosystems to assess tissue
damage (Strand and Oquist 1988, Climent et al. 2009), while few studies report plant survival
(Hawkins et al. 2003), which is key for plant fitness. However, while simple and fast, EL or
fluorescence of photosystems do not inform on the capacity of individuals to remain alive after
a stress event. The mechanism by which drought and frosts cause xylem embolism 1s different
(Zimmermann 1983), but in both cases the amount of embolism is expected to increase with
declining xylem water potential () (Davis et al. 1999, Mayr et al. 2003). Drought-induced
embolism occurs when low § causes the air contained in air filled cells to be sucked through
the pits of water-filled xylem conduits, forming bubbles that block the conduit (Zimmermann
1983). Frost-induced embolism occurs when the bubbles formed after thawing of frozen water
inside the xylem conduits expand and block xylem conduits (Robson et al. 1988, Langan et al.
1997). Frosts can also damage plants by causing the loss of cell membrane functional integrity
(Uemura et al. 2006), which mainly occurs in the most exposed organs. Freezing of apoplast
causes the water to move outside the cell, producing large changes in protoplasm volume,
which can damage the cell membrane and hinder metabolism (Sakai and Larcher 1987,
Wesley-Smith et al. 2015). Soluble sugars (SS) play an important role in plant frost tolerance.
Soluble sugars increase the stability of cell membranes to frost damage (Uemura and
Steponkus 2003), may contribute to embolism repair (Zwieniecki and Holbrook 2009) and
reduce the protoplasm osmotic potential, which increases cell desiccation tolerance and
reduces the freezing point (Hinesley et al. 1992). Finally, plants use stored SS to support
winter metabolism and early spring growth (Uscola et al. 2015). Consequently, many plants
from the cold and temperate biomes increase their SS concentration during frost acclimation
in the fall to a maximum level in midwinter, which is then reduced in spring and summer with
cold deacclimation (Sakai and Larcher 1987, Martinez-Vilalta et al. 2016). Distribution of

pine species native to Europe appears segregated along latitudinal and altitudinal gradients in
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a predictable manner, suggesting the existence of environmental factors that differentially
influence the species. Some species, namely Pinus halepensis Mill., Pinus pinaster Ait. and Pinus
pinea L., are concentrated in southern of Europe, particularly at Mediterranean climate sites
with mild to cool winters and hot and dry summers (see Figure S1 available as Supplementary
Material). Other species, such as Punus migra J.F. Arnold, Pinus sylvestris L. and Pinus uncinata
Raymond ex A. DC., are located in cold winter sites, either at high latitude (in central and
northern Europe) or at high altitude (southern Europe including the Iberian Peninsula; see
Figure S1 available as Supplementary Material) (Richardson 1998). In these high-mountain
locations rainfall can be higher, evapotranspiration is lower and thus summer drought is
shorter and of moderate intensity relative to lower altitude sites. Intra- and inter-specific
variability to drought-induced embolism is low in pines (Martinez-Vilalta and Pifol 2002,
Martinez-Vilalta et al. 2004, Martinez-Vilalta et al. 2009, Lamy et al. 2014) which make
differences in drought-induced embolism an unlikely explanation for differences in species
distribution. We hypothesize that this latitudinal and altitudinal distribution pattern of
European pines could be driven by species differences in cold tolerance. The Mediterranean
climate has a dry season concentrated in the summer but occasionally winters can also be dry.
High altitude locations in the Mediterranean basin such as the plateaus and mountain ranges
of the Iberian Peninsula have cold winters. The combination of cold temperatures in winter
and summer drought is an important determinant for plant life in these environments
(Mitrakos 1980). Besides, in dry winter years, plants at Mediterranean cold winter sites can
suffer drought stress (Peguero-Pina et al. 2011), which can enhanced the negative effects of
frost-induced embolism (Willson and Jackson 2006). This phenomenon has been related to
pine dieback in high elevations in the Mediterranean mountains and boreal forests (Kullman
1991, Peguero-Pina et al. 2011). At the same time, drought stress can also increase frost
tolerance in some plant organs (Medeiros and Pockman 2011, Villar-Salvador et al. 2013,
Sperling et al. 2017). It is possible that drought-induced physiological acclimation responses
such as changes in SS concentration, cell membrane stability or the reduction of cell osmotic
potential (Serrano et al. 2005, Beck et al. 2007, Villar-Salvador et al. 2013) may also enhance
cold tolerance. Numerous studies have addressed the effect of drought and frost independently
on plant physiological performance (see Beck et al. 2004, Dobbertin et al. 2005), but relatively
few studies have analysed experimentally how drought affects frost tolerance of plants
(Grossnickle et al. 1991, Medeiros and Pockman 2011). The general objective of this study is
to assess whether interspecific differences in frost tolerance are related to the distribution of

the six-pine species native to the Iberian Peninsula and the physiological mechanisms
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underlying species differences in frost tolerance. These pine species (P. halepensis, P. pinea, P.
pinaster, P. mgra, P. sylvestris and P. uncinata) are also common throughout Europe. Specifically,
we asked: (1) Do pine species inhabiting cold sites have higher inherent cold tolerance than
pines inhabiting mild or cool winter locations? (ii) Are differences in frost tolerance explained
by differences in frost-induced embolism, needle frost tolerance or tissue SS? (ii1) What is the
effect of drought stress on frost tolerance? To answer these questions, we conducted an
experiment in which the frost survival, and the interaction between drought and frost on
xylem embolism and needle damage were assessed in 2-year-old plants. We used juveniles as
early life stages are important bottlenecks in pine population dynamics (Castro 1999, Herrero

etal. 2013).

2. MATERIALS AND METHODS

2.1 Plant material

Seeds of pine species were collected in populations of the Iberian Range (Eastern Spain),
except for P. uncinata, whose seeds were collected in the Pyrenees (Table S1). Seeding was
done in 2012 on different dates to synchronize seedling emergence. Pinus halepensis was seeded
on 30 January, while P. pinaster and P. pinea were seeded 7 and 11 days later, respectively, than
P. halepensis. Pinus nigra subsp. salzmanni (here after P. migra) and P. uncinata were seeded on 15
February, while P. sylvestris was seeded on 20 February. Seedlings were cultivated in Plasnor
trays (190/300-45, Plasnor, Legazpi, Spain) with 45 cavities of 300 ml. Growing medium was
fertilized peat (White 420 F6 Kekkild, Vantaa, Finland; pH 4.7, containing 0.8-1 kgm 3 of a
slow-release fertilizer NPK 16-10-20). Seedlings were initially grown in a greenhouse of the
Centro Nacional de Recursos Genéticos Forestales ‘El Serranillo’ (Guadalajara, Spain,
40°40’N, 3°10°'W, 650 m above sea level) to avoid frost damage. In mid May 2012, seedlings
were moved outdoorsand were kept well-watered, periodically fertilized and exposed to the
natural seasonal changes in temperature, radiation and day length until January 2014. Testing
differences in seedling frost survival Frost tolerance in the experiment was assessed by seedling
survival, xylem embolism and needle damage. Survival was assessed after freezing batches of
seedlings at the following target temperatures: —5, =8, —12, —16, =20, —25 and —30 °C. For
each temperature, we used 10 seedlings per species, which were transplanted into styrofoam
containers to isolate the roots. Plants were placed in a programmable freezing chamber
(Dycometal, CCK, Viladecans, Barcelona, Spain) at the INIA (Madrid, Spain), and subjected

to one frost cycle. Temperature was reduced from 5 to 0 °C in | h. Then, the temperature
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decreased at a ~3 °C h—1 rate to the target temperature, which was maintained for 3 h.
Finally, temperature was increased at a rate of 5 °C h—1 up to 5 °C, where temperature was
maintained for 1 h. Then, seedlings were moved to a greenhouse and were well-watered to
favour their recovery. After 2 months, we verified seedling status and we considered a seedling

to be dead when it had not resumed growth and >95% of needles were brown.

2.2 Foliage electrolyte leakage and xylem embolism measurements

In early March 2014, we performed an experiment in which seedlings of all species were
randomly distributed into four treatments: (1) frost and well irrigated, (i1) frost with restricted
watering, (iii) unfrozen and well irrigated and (iv) unfrozen with restricted watering. We used
1418 seedlings per species and treatment. The sizes of shoot fractions of the seedlings used in
the experiment are presented in Table 2. Restricted watering was achieved by stopping
watering 7-10 days before physiological measurements. The remaining seedlings were
irrigated every 2-3 days to keep them well-watered. For the frost treatments, seedlings were
subjected to a single —15 °C frost cycle using a programmable freezing chamber (A.S.L.
Aralab International®-CON-550-20, Madrid, Spain), using the same protocol explained in
the previous section. Before frost exposure, we measured seedling predawn water potential
(Ppa) using a Scholander Pressure Chamber (SKPM 1400, Skye Instruments, Llandrindod
Wells, UK). In most cases, the 4 was measured on lateral twigs, but in a few cases we used
needles attached to brachiblasts. Seedlings were covered with opaque plastic bags overnight to
reduce seedling transpiration before 4 measurements. {pd ranged between —0.23 and —1.68
MPa in P. migra, P. splvestris and P. uncinata, and from —0.16 to —2.0 MPa in P. halepensis, P.
pinaster and P. pinea. We measured damage in secondary needles and xylem embolism after the
—15 °C frost to assess the importance of the interaction of frost and drought on species
physiological performance. Needle frost damage was assessed by EL (Earnshaw1993), while
xylem frost-induced embolism was measured as the percentage loss in stem hydraulic
conductivity (PLC) (Charrier et al. 2013). For needle EL measurements, secondary needles
were cut in small pieces (fresh weight ~0.30 g) after the —15 °C treatment, and washed twice
in distilled water for 20 min and left in a vial with 20 ml of deionized water that was gently
shaken (Orbital shaker, Selecta, Abrera, Barcelona, Spain) on an illuminated bench under
laboratory temperature (2022 °C). After 24 h, the electrical conductivity (C;) of the water
bathing the needles was measured with an electro conductivity meter (Crison® CM 35+,

L’Hospitalet, Barcelona, Spain). Then, the needles were autoclaved at 120 kg cm? for 10 min.
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After cooling the samples at room temperature, electrical conductivity was remeasured (Cy).

Electrolyte leakage (EL) was calculated as:

EL= (£ X 100) .o (Equation 1).

PLC was measured in stem segments 3 cm long excised from the lower part of the stem
(immediately above the cotyledon insertion point). Working under water to prevent air entry
into the tracheids, we cut the stem segments, removed the bark in the 3—4 mm extremes of the
segments and then recut the stems to remove resin remains with a fresh razor blade under
water. Water flow through the stem segments was measured using the Xyl’em Plus apparatus
(Embolism Meter, INRA Licensed Instrumentec, Bronkhorst France S. A.S.,; Montigny-Les-
Cormeilles, France, Version 2.1, Cochard 2002). Previously, the extremes of the stems
segments were wrapped with Teflon tape before connection to the tubes to prevent lateral

leaks. We calculated the PLC as:

X100 e (Equation 2),

where Ki (mmol ms™! MPa™!) is the hydraulic conductivity of the segment after seedling
freezing and before embolism removal and Ku i1s the maximum hydraulic conductivity,
measured after removing embolism by immersing the stem segments in the same solution used
for the flow measurements in a vacuum chamber (BR116, Selecta) for at least 12 h at a
suction of 90 kPa. Both conductivities were calculated as the ratio between the flow of a 10
mmol KCI + I mmol of CaCly solution through the segment divided by the pressure gradient
(pressure difference = 0.49-0.52 kPa). In all cases, the solution used for measurements was
previously filtered with a 0.45 pm nylon syringe filter membrane (Filter-Lab, Barcelona,
Spain) and degassed in the mentioned vacuum chamber for 24 h at a suction of 90 kPa.
Measurement of tracheid diameter Tracheid diameter was measured only in the unfrozen,
well watered plants. Cross-sections 20 pm in thickness were cut from six individuals per
species using a cryostat microtome (Microm HM 505 E, Ramsey, MN, USA). We used the
same stem segments used for PLC. Cross-sections were bathed in bleach for 30 min, rinsed in
tap water and finally stained with safranin (1 g in 50% ethanol). Tracheid diameter was

measured using the Image] software on all the tracheids located in three randomly selected
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radial rows, from the pit to the outer border of the section. A minimum of 160 tracheids per

individual was measured.

2.3 Soluble sugars determination

Soluble sugars were determined only in unfrozen well-watered plants. Needles of six seedlings
per species were stored frozen immediately after EL measurements. When SS were
determined, needles were thawed and dried at 50 °C for 24 h. Soluble sugars were extracted
following the methodology in Chow and Landhdusser (2004). Briefly, needles were ground in
a ball mill (PM100, Retsch, Haan, Germany) and 50 mg of ground needles was used for SS
extraction with 5 ml of ethanol 80% at 90 °C for 10 min. Then, the tubes were centrifuged at
2500 rpm for 5 min, and the supernatant was preserved. We repeated the extraction three
times and the supernatant of the three extractions was combined and oven-dried at 50 °C
until complete evaporation of the ethanol. Then, the residue was dissolved in 1 ml hot
deionized water and filtered with 0.45 pm nylon syringe filter membrane (Filter-Lab). We
analysed the concentration of main SS (see Table 2) using a high performance liquid
chromatography system (Agilent Technologies, 1100 series, Palo Alto, CA, USA) coupled to
the refractive index detector (HPLC-RI) equipped with a quaternary pump, degasser, auto
mnjector and HP-1047A RI detector. The chromatographic data were acquired using the
ChemStation software. The samples were analysed using a Supelcogel column Ca-59305U
(30 cm X 7.8 mm) under isocratic condition with ultrapure water (Milli-Q)). The injection
volume was 20 pl and the flow rate was 0.5 ml min !. Column and detector temperature were
80 and 50 °C, respectively. Identification and quantification of sugars were determined by
comparing the peak retention time and area of the samples with pure standard solutions of

each sugar that were made by us in the laboratory.

2.4 Data analysis

To compare the frost survival of pine species, we compared the temperature at which survival
1s 50% (L'T50). We used a logistic model to fit survival data for each species against freezing
temperatures (see Figure 1). LT50 is the inflection point of the logistic model. We used a
logistic model to fit survival data for each species against freezing temperatures (see Figure 1).
For each LT50 value, we calculated its 95% confidence intervals following Collett (1991).

A generalized linear model (GLM) was performed to test the effect of species (six levels), frost
(two levels, unfrozen and —15 °C frost) and {pd on EL and PLC, testing all the interactions. As
the Species X Frost X §p4 was significant for EL, the least square means and standard errors

were calculated at specific Ppq values, —0.4, —1.2 and —1.5 MPa (see Figure 2). Selected values
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are a compromise between choosing values within the range of water potential values
measured in all species and the water potential values that these species show in the field
under dry winter conditions (Martinez-Ferri et al. 2004, Poyatos et al. 2008, Peguero-Pina et
al. 2011). A general linear mixed model (GLMM) was performed to compare the tracheid
diameter among species. Data of tracheids in a row were nested within the individual, which
was included as a random effect. Species differences in SS were analysed using one-way
ANOVA. Tukey’s honest significance difference (HSD) test (a = 0.05) was used for multiple
comparisons of mean values. All data were checked for residual normal distribution (Shapiro
test) and variance homoscedasticity (Levene’s test). Statistical analyses were performed in R

platform and Statistica 7.0 (StatSoft, Inc., Tulsa, OK, USA).

3. RESULTS

3.1 Survival

In all species, fitted curves of survival against freezing temperatures were highly significant (P
< 0.001). Frost survival significantly differed among species (Figure 1) with a two-fold LT50
variation between P. halepensis, the species with the lowest L'T50, and P. nigra, the species with
the highest L'Ts0. Pinus nigra, P. sylvestris and P. uncinata did not show any mortality until —15
°C, while at this temperature survival of P. halepensis and P. pinea was only around 20%. Four
groups according to their L'T50 values and confidence intervals were distinguished: P. halepensis
= P. pinea > P. pinaster > P. sylvestris = P. uncinata > P. nigra. The survival curve was similar for
P. sylvestris and P. uncinata, and their LT5o values were slightly higher than those estimated for
P. mgra. Pinus pinaster had lower frost survival than P. uncinata, P. sylvestris and P. nigra, but
higher frost survival than the Mediterranean pines P. halepensis and P. pinea, which showed

little frost survival differences between them.
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Fig. 1 Relationship between survival and freezing temperatures among six pine species
distributed in Europe. Data inserted in the figure are the mean L'T50 values (°C) and the 95%

confidence interval (in brackets). See Materials and methods for data fitting details.

3.2 Foliage electrolyte leakage

Across species, a single —15 °C frost increased foliage EL relative to unfrozen plants,
particularly in P. halepensis and P. pinea (Figure 2). However, the effect of the frost on EL
depended on seedling §p4 and the species (Species X Frost X §pq interaction, Table 1). Thus,
among the unfrozen seedlings, reduction in pq increased EL in P. nigra and P. sylvestris, while
EL remained low and was unaffected by §pq in the remaining species. Among the frozen
plants, species differences in EL depended on seedling water status. Frozen P. halepensis
seedlings had the highest EL values and reduction in ¢pq did not affect EL. Reduction in
seedling Ppa strongly decreased EL after frost in P. pinea and to a lesser extent in P. sylvestris. In
contrast, reduction of seedling Ppa increased foliage EL after frost in P. wuncinata. Finally,

reduction in Ppq had no effect on EL after frost in P. pinaster and P. nigra.
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3.3 Percentage loss in stem hydraulic conductivity and tracheid diameter

Frost and §pq did not affect PLLC (Table 1). However, P. uncinata, P. nigra and to a less extent P.
sylvestris, tended to have slightly higher PLC values than the rest of the species (Table 2).
Species differed in tracheid diameter (P < 0.001; Table 2). Pinus uncinata had the narrowest
tracheids followed by P. halepensis. In contrast, P. pinaster and P. pinea had the widest tracheids,
while P. migra and P. splvestris had intermediate tracheid diameter. We did not find any
significant correlation between PLC and §pa (P. halepensis: v = —0.17, P = 0.35; P. pinea: v =
0.064, P = 0.72; P. pinaster: r = —0.06, P = 0.73; P. mgra: r = 0.18, P = 0.33; P. sylvestris: v =
0.16, P = 0.36; P. uncinata: r = —0.33, P = 0.03).

Table 1. Model results of the effect of predawn water potential, frost, species and their
interactions on the needle electrolyte leakage (EL) and percentage loss in stem hydraulic

conductivity (PLC) in six pine species.

Effoct Needle EL PLC

DF c? p-value DF Fvalue p-value
Predawn water potential (Ypa) 1 2.43 0.020 1 0.0119 0.91
Frost 1 168 < 0.0001 1 0.881 0.35
Species 5 39.4 <0.0001 9] 2.26 0.050
Ppa X Frost 1 4.45 0.035 1 1.66 0.20
Frost X Species 5 56.0 < 0.0001 5 0.615 0.69
Ppd X Species 5 10.7 0.060 5 1.35 0.24
Ppa X Frost X Species 5 25.2  <0.0001 5 0.693 0.63
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Fig. 2 Variation of foliage electrolyte leakage with seedling §pa in unfrozen (upper panel) and
frozen seedlings (subjected to a single -15°C frost, lower panel) in six pine species. Data are

least square means *SE, estimated at -0.4, -1.0 and -1.5 MPa after ANCOVA.
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Table 2. Percent loss in stem hydraulic conductivity (PLC) after a single -15 °C treatment, and tracheid diameters and concentration of different

foliage soluble sugars of unfrozen, well-watered plants of six Iberian pine species. Data are mean * SE. Same letter indicates not significant

differences. SML: sucrose+maltose+lactose.

Tracheid Soluble sugars (mg g-!)
Specie PLC (%) diameter
Raffinose Glucose Fructose Fructose SML Total
(mm)
P /zalepensis 15.0+1.24 ¢ 7.6%£0.44 bc 0.53+0.42 41.0x59 a 30.216.3 a 1.8t04a 1.8+0.4a 73.5%11.3 ab
P pinea 16.6+1.28 be 10.5+0.3 a 0.31+£0.49 34.7+5.2 ab 27.9139ab 0.9x03b 0.9%£0.3b 63.8+8.4 abc
P pinaster 16.0£0.89 bce 10.6+0.63 a Not detected 41.0x11 a 30.6x4.2 a 0.910.3b 0.9%0.3b 80.0x12.3 a
P nigm 21.8x1.35a 9.5+0.72 ab 0.61+0.66 26.3+8.9 ab 23.1x6.1ab 0.2+0.3c¢ 0.2+0.3c¢ 50.2%14 ¢
P gylvesm's 20.0£1.22 ab 9.610.32 ab 0.80%0.57 224+8.0b 19.9+4.2 b 0.1£0.2c¢ 0.1£0.2c¢c 43.2+10.5 ¢
P. uncinata 23.8+1.24 a 6.6+0.37 ¢ 0.33+0.47 31.5+8.5 ab 24.7£5.2ab  0.1£0.2c¢ 0.1x0.2c¢ 56.6x11.7 be




3.4 Soluble sugars

Four SS were detected in the foliage in the following concentration trend: glucose >
fructose > galactose > raffinose. A complex of sucrose, maltose and lactose (SML) was
also detected in all species. Raffinose occurred at a very low concentration, it was found
in all species but P. pinaster and no species differences in raffinose were observed (Table
2). Galactose was only found in P. pinaster (7.51 £ 3.9 mg g—1). The total concentration
of SS, SML and glucose and fructose showed significant differences among species (P <
0.0001): P. halepensis and P. pinaster had overall the highest concentration while P. nigra
and P. sylvestris had the lowest concentrations. Across species, total concentration of SS

tended to increase with LTs0, but the correlation was not statistically significant (r =

0.59, P = 0.22).

4. DISCUSSION

4.1 Differences in seedling frost survival are related to the natural
distribution of pine species in Europe

Juveniles of the pine species studied showed remarkable differences in their ability to
survive freezing temperatures. These differences in survival are largely consistent with
their range in the Iberian Peninsula, suggesting that the distribution of studied pine
species 1s in part controlled by low temperatures. Our frost survival results agree with
the distribution of theses species at European scale; but the use of one provenance per
species restricted to the Iberian Peninsula requires some caution. Pinus sylvestris reaches
very high latitudes and together with P. uncinata and P. nigra constitute the tree line in
many mountains in the Iberian Peninsula and in other areas in southern Europe
(Barbero et al. 1998, Strimbeck and Schaberg 2009). These pine species had LT5o
values <—21 °C. On the contrary, P. halepensis and P. pinea showed almost two-fold
higher L'T50 values than the pines of the cold winter zones; a single —10 °C frost may
cause 30% mortality in both species. The low frost tolerance of P. halepensis and P. pinea
is consistent with their distribution in mild to cool-winter locations in southern Europe
and indicate that strong frosts likely limit the colonization of these Mediterranean pines
at higher latitude and altitude locations. Consistent with our findings, Climent et al.
(2009) observed a negative relationship between the needle frost damage and the mean

temperature of the coldest month of the seed source across several pine species.

61



Similarly, comparing several provenances, Bachofen et al. (2016) observed that P.
halepensis needles were less frost tolerant than P. splvestris and P. migra needles. An
unexpected result was that P. nigra had a slightly higher frost tolerance than P. sylvestris
and P. uncinata. Climent et al. (2009) also observed that P. nigra secondary needles were
less frost damaged than P. sylvestris needles. In the high mountains of southern Europe,
P. migra 1s distributed slightly below the P. sylvestris and clearly below P. uncinata altitudinal
belts (Tapias et al. 2011), which would imply that P. nigra should be less frost tolerant
than P. sylvestris and P. uncinata. This conflict between frost tolerance and the altitudinal
distribution of P. migra may be explained by provenances used in the study or species
differences in competitive capacity at the coldest sites and/or the lower capacity of P.
sylvestris and P. uncinata to withstand summer drought (Herrero et al. 2013, Matias et al.
2017, Tiscar et al. 2017). Drought usually increases at lower altitudes in the mountains
of southern Europe (Barbero et al. 1998). Frost tolerance was significantly higher in P.
pinaster than in two species with which it frequently coexists, P. halepensis and P. pinea.
Pinus pinaster has remarkable interpopulation differences in frost tolerance with the
provenances of cold continental climates having higher frost tolerance than the mild
winter sources (Corcuera et al. 2011). In this study, the seeds used to cultivate P. pinaster
plants come from a cold winter site (see Table S1 available as Supplementary Material),
which may explain the observed high frost tolerance of this species. Similarly, we
selected rather cold and continental provenances for P. halepensis and P. pinea and
provenances for P. sylvestris and P. migra near the rear edge of their southern distribution
in Europe, which might have contributed to reduce species differences in frost tolerance.
Consequently, results in this study probably show a conservative measurement of the

cold tolerance differences among studied species.

4.2 Frost tolerance differences among pine species is explained by needle
frost.

Our results provide insights into the mechanisms underlying the differences in frost
survival among pines. Electrolyte leakage is a measure of cell membrane integrity after
subjecting plants to stress (Earnshaw 1993). We found that the two Mediterranean
pines, P. halepensis and P. pinea, which showed the lowest frost survival presented the
highest needle EL values after a frost of —15 °C (particularly at high {pq4, Figure 2). This

indicates that the low frost survival of the Mediterranean pines is mostly due to
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differences in the vulnerability of foliage to low temperature. We cannot exclude that
differences in other organs, such as roots also contribute to the observed species
differences in frost survival. Toca et al. (2018) reported that root frost tolerance in P.
halepensis and P. pinea is lower than in P. pinaster and much lower than in P. nigra.

Glucose and fructose were the most important sugars in the SS pool in all
species, consistent with previous findings in other conifers (Hoch et al. 2003). In
contrast, raffinose concentration remained low in all species, which contrasts with results
in Strimbeck and Schaberg (2009), who reported high leaf concentrations of raffinose
and that seasonal increase in raffinose was positively associated to higher frost tolerance
in several conifer species. Similar to our findings, Hoch et al. (2003) observed very low
levels of raffinose at the end of the winter in P. sylvestris. The concentration of SS in plant
tissues increases during cold acclimation of perennial plants in temperate and cold
biomes to a maximum in the middle of the winter, coinciding with the period of greatest
frost tolerance (Chomba et al. 1993, Cavender-Bares et al. 2005, Tjoelker et al. 2008).
Soluble sugars increase the fluidity and stability of the cellular membranes, which
prevents tissue freezing damage (Sakai and Larcher 1987, Uemura and Steponkus
2003). Contrary to our expectation we did not find SS concentration to increase with
frost tolerance across pine species. Rather, pines that live in mild or cool winter sites
tended to have higher SS concentration than cold winter pines (Table 2). Most of the
studies that have demonstrated a relationship between frost tolerance and SS are at the
intraspecific scale (Hinesley et al. 1992, Ogren et al. 1997, Charrier et al. 2013). For
example, Charrier et al. (2013) observed SS to increase with frost tolerance in 9 out of
11 tree species. In contrast to intraspecific comparisons, interspecific studies on the
relation between frost tolerance and tissue SS are relatively scarce. Among Quercus
species no clear relationship was observed between frost tolerance and tissue SS
(Cavender-Bares et al. 2005, Morin et al. 2007). Overall, these results suggest that SS do
not necessarily explain interspecific differences in frost tolerance. It is possible that
compounds other than SS, such as specific proteins (Kontunen-Soppela et al. 2000),
might be more important to explain frost tolerance across species.

Plants from cold climates tend to have higher respiration rates than their
counterparts from mild climates (Mariko and Koizumi 1993, Reich et al. 1996, Heskel
et al. 2016), which may lead to higher non-structural carbohydrate consumption under
cool conditions. As the plants used in our study were cultivated in an open nursery,

where the mean air temperature varied between 0 and 8 °C most of the winter, species
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differences in respiration and probably in photosynthesis may explain the lower SS
concentration attained by the most frost tolerant species (P. uncinata, P. sylvestris and P.
migra) relative to frost intolerant ones (P. halepensis and P. pinea). Similarly, growth
differences among species were large (see Table S2 available as Supplementary
Material), which may have affected the species SS differences.

In contrast to needle frost sensitivity differences, the very low PLC values and the
lack of species differences in PLC after exposure to —15 °C indicate that freezing-
induced xylem embolism does not explain frost survival differences among pine species.
Vulnerability to freezing-induced embolism is directly related to the diameter of xylem
conduits and increases with decreasing xylem water potential (Sperry 1995, Davis et al.
1999, Pittermann and Sperry 2003). Xylem conduits in conifers are much narrower and
consequently safer than angiosperm vessels (Cavender-Bares 2005, Pittermann and
Sperry 2006). We observed that species differences in tracheid diameter were relative
small, with average values ranging from 6.6 to 10.6 pm and unrelated to native PL.C
(Table 2). For frost-induced embolisms to occur in such narrow tracheids, xylem water
potential must be <—2.0 MPa (Pittermann and Sperry 2006), which is significantly
lower than both the lowest 4 to which the plants were subjected in our study and the
Ppd that these species commonly experience in the field during winter (Martinez-Ferri et
al. 2004, Poyatos et al. 2008, Peguero-Pina et al. 2011).

A very interesting result of our study was that a moderate increase in drought
stress (Ppd up to —1.5 MPa) modulated the effect of frost on foliage damage. However,
this effect differed among species (Figure 2) and, apparently, it was not associated with
species ecology. Drought stress significantly reduced frost damage in P. sylvestris and,
especially, in P. pinea. However, it slightly increased it in P. uncinata and had minor
effects in the rest of the species. A similar reduction in frost damage in drought-stressed
P. sylvestris plants was reported by Sutinen et al. (1992). However, our results for P.
sylvestris are not consistent with the interpretation by Peguero-Pina et al. (2011). They
mentioned that defoliation in P. silvestris population at the southern edge of the species
range during a dry winter could be a result of the fact that drought-stressed trees were
more predisposed to frost damage than relatively hydrated trees.

It 1s important to note that the EL values after freezing to —15 °C in P. pinea
seedlings subjected to Ppa <—1 MPa were similar to the EL values of the most frost
tolerant pine species at high {pqa. Similarly, Villar-Salvador et al. (2013) observed that P.

pinea seedlings subjected to moderate drought stress cycles showed higher tolerance to
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frost than well-watered plants. The increase in frost tolerance when plants are subjected
to moderate drought stress may explain that P. pinea can develop in sandy soils in the
north of the Iberian Peninsula where the winters are colder than those experienced by
P. pinea throughout much its range (Campelo et al. 2006). Increases in frost tolerance
with drought can be due to activation of generic stress tolerance physiological
mechanisms such as abscisic acid or changes in cell membrane composition in lipids and
proteins induced by either frost or drought stress (Méantyld et al. 1995, Pearce 2001,
Shinozaki et al. 2003).

5. CONCLUSIONS

Our study evidences remarkable differences in the ability of juveniles of six common
pines in Europe to survive to frosts, which were related to the winter climatic conditions
within their Iberian range. This supports the idea that frost is an important filter for the
distribution of the studied pine species in the Iberian Peninsula and likely in the rest of
Europe. The Mediterranean pines, P. halepensis and P. pinea, were the least frost tolerant
species, while P. sylvestris, P. uncinata and P. nigra, which inhabit the coldest locations,
were the most frost tolerant species. Interspecific differences in frost tolerance were due
to differences in the frost tolerance of foliage, and not to different vulnerability to
freezing-induced xylem embolism. Drought increased frost tolerance in P. pinea and P.
sylvestris, but decreased it in P. uncinata. Species showing high frost survival had similar or
lower concentration of SS than species having a low frost tolerance, indicating that
other elements are more important than SS in determining differences in frost tolerance
across pine species. Our results suggest that the expected increase in winter
temperatures associated with climate change will reduce the cold limitations of

Mediterranean pines to colonize sites at higher latitude and altitude in Europe.
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9. SUPLEMENTARY DATA

Figure S1. Range and altitudinal segregation (inserted pictograph) of the natural stands
of pine species native to Spain. Yellow symbols represent the species in the pictograph
and the location of the seed sources of each species used to cultivate the seedlings.
Source: Third National Forestry Inventory of the Spanish government

http://www.mapama.gob.es/ es/biodiversidad/servicios/banco-datos-

naturaleza/informacion-disponible/ifn3.aspx
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Table S1. Geographic location and climatic characteristics of the provenances where

seeds of the study were collected. MAT= mean annual temperature, TCM= mean of

the minimum temperatures of the coldest month. Provenance names follow

nomenclature in Alia et al (2009)*.

. Latitude Longitud Altitud MAT TC Axtnual
Species Provenance (N) e (W) °C) M rainfall
(masl) (°C)  (mm)
P. halepensis Alcarria 40°24°52”  2°24°33” 860 12.6  -0.6 580
P. pinea La Mancha 39°12°02” 1°57°59” 675 142 0.7 397
P. pinaster Cuenca 39°38°44” 1°13°52” 1135 12 -1.5 540
P. migra subsp. Sistema Ibérico 7
40°15’16” 1°58°22” 1515 104 -3.2 617
salzmanu Meridional
P. sylvestris Montes Universales 40°28°09” 1°38’42” 1725 9.2 48 894
P. uncinata Pirineo Central =~ 42°25°59” 1°40°18” 2050 2.3 -7.5 888

* Alia Miranda R, Garcia del Barrio, J.M. Iglesias Sauce S, Mancha Nuiiez JA, de
Miguel y del Angel J, Nicolas Peragén JL, Pérez Martin F, Sanchez de Ron D (2009)
Regiones de procedencia de especies forestales espanolas. Organismo Autéonomo de

Parques Nacionales, Madrid, Spain.
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CAPITULO 3
Minimum wood density of conifers portrays changes in early
season precipitation at dry and cold Eurasian regions
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Key message Minimum wood density exhibits strong responses to precipitation and,

thus, it 1s a robust proxy of early season water availability.

RESUMEN

En las coniferas, las traqueidas cumplen la mayoria de las funciones de la madera
(soporte mecanico y transporte de agua). La mayor parte de la conductividad hidraulica
la llevan a cabo las traqueidas de la madera temprana dentro del anillo de crecimiento
anual del arbol. Eventos de sequia durante la temporada de crecimiento, cuando se
forma la madera temprana, pueden conducir a la formaciéon de lamenes estrechos en las
traqueidas y una madera temprana densa. En este articulo evaluamos si existe una
relacion negativa entre la densidad minima de madera y la precipitacion de la estacion
de crecimiento temprana (primavera). Usando dendrocronologia, estudiamos los datos
de crecimiento y densidad en nueve rodales forestales de tres especies de Pinaceae (Larix
sthirica, Pinus migra y Pinus sylvestris) ampliamente distribuidas en tres regiones eurasiaticas
frescas y secas de la estepa forestal (Rusia, Mongolia) y del Mediterraneo (Espana).
Medimos para cada anillo anual de arbol y el periodo comin de 1950-2002 las
siguientes variables: madera temprana y ancho de madera tardia, y densidad de madera
minima y maxima. Como era de esperar, las condiciones secas durante la estacién de

crecimiento temprana (primavera) se asociaron con una baja produccién de madera
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temprana pero, lo que es mas importante, con una alta densidad minima en las tres
especies de coniferas. Las asociaciones entre la densidad minima y la precipitacion
primaveral fueron mas fuertes (r = -0.65) que las observadas con el ancho de la madera
temprana (r = 0.57). Interpretamos la relacion entre la disponibilidad de agua y la alta
densidad minima como una reduccion inducida por la sequia del diametro del lumen, la
conductividad hidraulica y el crecimiento. En consecuencia, las condiciones secas
pronosticadas en la estacion de crecimiento se traducirian en un aumento de la
densidad minima de la madera y reflejarian una reducciéon en la conductividad
hidraulica, el crecimiento radial y la formaciéon de la madera. Dada la naturaleza del
estudio de este trabajo, se necesitan mas investigaciones sobre otros sitios secos y frios
con especies de coniferas adicionales para probar si la densidad minima de madera es
un indicador robusto de la disponibilidad de agua a principios de la temporada de

crecimiento.

Palabras clave: Alerce siberiano, dendrocronologia, densidad de la madera,

disponibilidad de agua, pino negro, pino silvestre.

ABSTRACT

Tracheids fulfill most wood functions in conifers (mechanical support and water
transport) and earlywood tracheids account for most hydraulic conductivity within the
annual tree ring. Dry conditions during the early growing season, when earlywood 1s
formed, could lead to the formation of narrow tracheid lumens and a dense earlywood.
Here, we assessed if there is a negative association between minimum wood density and
early growing-season (spring) precipitation. Using dendrochronology, we studied growth
and density data at nine forest stands of three Pinaceae species (Larix sibirica, Pinus nigra,
and Pinus sylvestris) widely distributed in three cool—dry Eurasian regions from the forest-
steppe (Russia, Mongolia) and Mediterranean (Spain) biomes. We measured for each
annual tree ring and the common 1950-2002 period the following variables: earlywood
and latewood width, and minimum and maximum wood density. As expected, dry early
growing season (spring) conditions were associated with low earlywood production but,
most importantly, to high minimum density in the three conifer species. The
associations between minimum density and spring precipitation were stronger (r=-0.65)

than those observed with earlywood width (r=0.57). We interpret the relationship
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between spring water availability and high minimum density as a drought-induced
reduction in lumen diameter, hydraulic conductivity, and growth. Consequently,
forecasted growing-season drier conditions would translate into increased minimum
wood density and reflect a reduction in hydraulic conductivity, radial growth, and wood
formation. Given the case-study-like nature of this work, more research on other cold—
dry sites with additional conifer species is needed to test if minimum wood density is a

robust proxy of early season water availability.

Keywords: Black pine, Scots pine, Siberian larch, Dendroecology, Water availability,
Wood density.
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1. INTRODUCTION

In trees, wood fulfils multiple functions including mechanical support, transport,
storage, and defense against biotic agents (Zobel and van Buijtenen 1989). The balances
between these functions are reflected in changes of wood density between (Muller-
Landau 2004) and within tree species (Martinez-Vilalta et al. 2009; Fajardo 2016).
Trade-offs determining wood density result from the conflict between xylem filling with
carbon-rich walls and parenchyma vs. leaving open conduit spaces (Carlquist 1975). A
higher wood density provides greater strength but also entails higher construction costs
(Niklas 1992). It is common that tree species forming narrow conduits and having high
wood density show low growth rates (Chave et al. 2009). Conversely, conduit diameter
increases in tree species with softer wood (Hacke and Sperry 2001; Bouche et al. 2014),
thus providing a high hydraulic conductivity. However, presumed conflicts in wood
functions may reflect evolutionary paths of co-varying traits, and caution must be taken
to interpret such assumed trade-offs (Larjavaara and Muller-Landau 2010). In addition,
wood density is a very conservative trait showing low variation along climatic gradients
(Zhang et al. 2011). Nevertheless, since both radial growth and density determine forest
carbon uptake, assessments of their responses to climate together with a better
characterization of climate-growth-wood density associations are required (Bouriaud et
al. 2015).

Conifers subjected to double stress during seasonal wood formation (i.e., growing
under cold and dry conditions) are particularly suited to perform such assessments,
because wood functions are mostly carried out by tracheids which are formed during a
short growing season (Larson 1994). In conifers, wood density may be defined as the
ratio of cell-wall thickness to transversal lumen diameter, which is a proxy of absolute
wood density (Yasue et al. 2000). This thickness—span ratio is considered a surrogate of
xylem hydraulic functions, since a large tracheid lumen (low thickness—span ratio)
provides more hydraulic conductivity but increases the risk of frost- or drought-induced
embolism (Hacke et al. 2001, 2015). Under dry conditions during the early growing
season, conifers produce narrow earlywood tracheid lumens, which account for most
hydraulic conductivity within the annual tree ring (Domec et al. 2009) and, therefore, a
dense earlywood. However, large tracheid lumens have also been reported in Scots pine
(Pinus sylvestris) provenances from dry sites (Martin et al. 2010) or in trees subjected to
imposed dry conditions (Eilmann et al. 2011). These contradictory patterns require a

better interpretation. Therefore, more research is needed to ascertain how density
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responds to changes in water availability during the growing season in conifers thriving
in cold and seasonally dry climates. A negative association between minimum wood
density and early growing-season (spring) precipitation was already observed in the
Cupressaceae Spanish juniper (Funmiperus thurifera L.) subjected to cool-dry conditions
(Gamarero et al. 2014). Nevertheless, this relationship has to be investigated in other
species as pines and larches which are widely distributed in cool-dry regions and form
the world’s largest conifer forests (Richardson 1998). A reduction in hydraulic
conductivity would be linked to narrower tracheid lumens and higher minimum density
values (Pittermann et al. 2006). Thus, we hypothesize that dry spring conditions would
increase minimum wood density. Specifically, we aim to: (1) analyse how seasonal
growth (earlywood and latewood widths) and wood density components (minimum and
maximum density) respond to climate (mean monthly and seasonal temperatures, and

total precipitation); and (2) assess whether minimum wood density is consistently
(negatively) associated with spring precipitation in Pinaceae species of two genera (Larix

and Pinus) across a broad range of environmental conditions in Eurasia.

2. MATERIALS AND METHODS

2.1 Study sites and species

Sampling regions were selected to include Pinaceae species whose radial growth and
wood formation were constrained by two stress types, namely low temperatures
shortening the growing-season length and drought reducing the growth rates during the
growing season. We selected four Eurasian regions from three countries subjected to
cold and dry climatic conditions: southern Siberia and southern Urals in Russia,
Khangai in Mongolia, and Sierra de Gudar in eastern Spain (Table 1; Supporting
Information, Fig. S1). Continental climate conditions (cold winters, ample temperature
range) and warm conditions and low precipitation during the growing season constrain
tree radial growth in all the study areas (Block et al. 2004, Dulamsuren et al. 2009,
Velisevich and Kozlov 2006, Devi et al. 2008, Knorre et al. 2010, Camarero et al.
2015). In southern Siberia and Mongolia, we sampled Siberian larch (Larix sibirica
Ledeb.), whilst Scots pine (Pinus sylvestris 1..) was sampled in the Urals and Spain. In
Spain, we also sampled Black pine (Pinus nigra Arn. subsp. salzmannii (Dunal) Franco), a

typical Mediterranean tree species (Richardson 1998).
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The northernmost study region is located in southern Siberian forest-steppe zone
where open larch forests are typical (Dylis 1961, Knorre et al, 2010). The forest sampled
in the Urals is situated in the Aldan plateau where open conifer forests predominate up
to 1250 m (Devi et al. 2008). In Mongolian lowlands, sampled trees formed forest-
steppe ecotones which constitute the lower treeline (Treter 2000, Dulamsuren et al.
2010). The southernmost study region is located in Sierra de Gu’dar (southern Iberian
Range, eastern Spain) and includes two Scots pine stands and two Black pine stands. In
this region, the study sites were distributed along an altitudinal gradient, because Scots
pine dominates at cold sub-Mediterranean sites situated at higher elevation, whereas
Black pine is dominant at mid-elevation sites experiencing Mediterranean climate
(Gamarero et al. 2015). We sampled one site (LR in Table 1) where the two species co-
occur. The selected study stands were not impacted by local anthropogenic disturbances
(grazing, fires, and logging) since the 1960s. The understory is dominated by shrubs in
most of the study sites (e.g., Juniperus communis L.). Soils are brown in the Russian and

Mongolian sites, whereas basic and clayey soils appear in Spain.

2.2 Field sampling

We randomly selected and sampled 15-30 dominant trees per site in ca. 1-ha large
sampling areas (Table 1). A 10-mm wide core per tree was extracted at 1.3 m for
densitometry analyses using Pressler increment borers. We took special care for
sampling this last core perpendicular to the main stem so as to capture the main fibre
direction. We also measured diameter at 1.3 m and total height of each tree using tapes
and clinometers, respectively. Trees selected for sampling had diameters ranging
between 39.0 and 47.0 cm, heights between 9.3 and 10.5 m, and ages (estimated at 1.3
m) between 79 and 318 years (Table 1). Stands are relatively open, with basal area
values ranging between 12 and 38 m2 ha-1. We took two additional 5-mm wide cores
from each tree for obtaining tree-ring width data so as to cross-date the densitometry
samples. These cores were glued onto wooden mounts, sanded, visually cross-dated, and

checked for dating accuracy using dendrochronology (Fritts 2001).

2.3 Width and density measurements
One radial X-ray density profile was obtained from each tree using indirect X-ray

densitometry. Prior to further treatment, resin was extracted from the wood samples
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with alcohol in a Soxhlet extractor. Then, each core was cut carefully using a double-
bladed saw to obtain ca. 1.5-mm thick laths. These samples were air dried to moisture
equilibrium and then subjected to X-ray exposure. The resulting X-ray films were
scanned with a resolution of 10 pm using a microdensitometer DENDRO-2003
(Walesch Electronics Ltd., Switzerland). The measured grey levels of the X-ray films
were transferred to density values by comparing them to a standard of known physical
and optical density also exposed on the same film. For each annual ring, the following
variables were obtained from the tree-ring density profiles: earlywood (EW hereafter)
and latewood widths (LW hereafter), and minimum (MN hereafter) and maximum
wood densities (MX hereafter). Note that MN and MX are tightly related to earlywood
and latewood mean densities, so we only analysed the former two variables, because
they are easier to define and show a stronger response to climate variables (Camarero et
al. 2014). To define the earlywood-latewood transition, we used the 50% level between
the MN and MX values of each ring following Polge (1978), and confirmed this

separation with a visual checking of the tree rings (Makinen and Hynynen 2014).
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Table 1. Characteristics of the study sites. Age values are means + SD.

Region (country) Species (code) Site (code) Latitud Longitude Elevation No. Age at 1.3 m (years) Timespan with > 5
e(N) (m a.s.l.) trees trees

Larix sibirica (Ls) Efremkino (EF) 54° 29 89° 28’ E 520 17 194 + 49 1766-2002
Siberia (Russia) Shira (KH) 54° 24 89° 58’ E 590 24 142 + 40 1877-2005
Southern Urals (Russia) Pinus sylvestris (Ps) Aldanskoye (CA) 52° 11 59°44’ E 740 16 809 1902-2005
Larix sibirica (Ls) Khangai 2 (M7) 47° 24 100° 43’ E 1920 24 137 £ 75 1838-2002
Khangai (Mongolia) Khangai 1 (MO0) 46° 44° 102° 40’ E 1870 30 228 £ 80 1695-2002
Pinus sylvestris (Ps) Pefiarroya (PN) 42° 23’ 0°39° W 2020 16 79+ 19 1906-2011
Las Roquetas (LR) 40° 19’ 0°43° W 1615 15 103 + 20 1875-2011
Sierra de Gudar (Spain) Pinus nigra (Pn) Las Roquetas (LR) 40°19° 0°43°W 1615 15 131 + 33 1847-2011
Alto de Cabra (AC)  40°20° 0°48 W 1090 16 120 + 21 1859-2011




2.4 Chronology building

The accurately dated tree-ring series produced in the previous step (EW, LW, MN, and
MX) were individually detrended to remove non-climatic biological growth trends
(Cook and Kairiukstis 1990). Prior to trend removal, however, a power transformation
was applied to the raw density data. A 2/3 cubic smoothing spline with 50% frequency—
response cutoff was fitted to the individual records and indexed values were calculated.
Then, indexed tree-ring series were subjected to autoregressive modelling to remove the
first-order autocorrelation and produce residual indices. This autoregressive (pre-
whitening) method was applied, because instrumental target data may reflect white
noise behaviour (Bu'ntgen et al. 2010). Finally, site chronologies for each species and
variable were obtained by averaging the residual indices on a yearly basis using a bi-
weight robust mean. These procedures were performed using the library dplR in the R
platform (Bunn 2008, Bunn et al. 2016). To compare the resulting chronologies, several
statistics were calculated for the common period 19502002 considering either the raw
site chronologies (mean; SD, standard deviation; AR1, first-order autocorrelation) or the
residual chronologies (rbt, mean inter-series correlation; MSx, mean sensitivity, a

measure of the relative variability between consecutive years; cf. Fritts 2011).

2.5 Climate data

Local climate data (monthly total precipitation and mean temperature) were retrieved
from the nearest meteorological stations for all study sites (Table 2; Supporting
Information, Fig. S2), excepting Mongolian sites which are located far away from
climate stations with long and homogeneous precipitation records. There, precipitation
was obtained from the nearest 0.5_ grid box to each sampling site of the high-resolution
gridded climate data set (Climatic Research Unit, CRU TS 3.22; Harris et al. 2014). In
Spain, local data from ten stations situated in the study area were converted into a
regional climate series and elevation differences were corrected by calculating
regressions between the station elevation and mean annual temperature or total annual
precipitation. To take into account the elevation difference between climate stations and
sampling sites, we corrected the regional mean temperature and precipitation data
considering a mean lapse rate of -7.8 °C km! and +420 mm km-!, respectively (see more
details in Sangiiesa-Barreda et al. 2014). Climate data were obtained for the common

period 1950-2002 when tree-ring data were available for all sites (Table 1).

84



To estimate the water balance at each study site, we calculated the potential
evapotranspiration (PET) following the Hargreaves—Samani method (Hargreaves and
Samani 1982). Then, we calculated the annual water balance as the sum of the monthly
differences between precipitation and PET. We also calculated the Conrad
continentality index to characterize the temperature range at each site (Tuhkanen

1980).

Table 2. Climatic characterization of the study sites calculated for the common period
1950-2002. Sites’ and species’ codes are as in Table 1. In climate-growth analyses, CRU
gridded climate data (0.5° resolution) were used for Mongolian sites.

Study Closest Mean Annual Annual
Region sites meteorological annual . n.ltlat. water Continentality
count species station temperature P’ _ pration balance index (type)
( ry) (species) P (mm)
(coordinates) (°C) (mm)
Siberia EF (Ls), Shira (54° 29’ N, 89° 19° 316 161 63
(Russia) KH (Ls) 58 E, 448 m a.s.l.) ' (Continental)
CA (Ps)  Bredy (52° 25" N,
5. Urals 60° 20" E, 305 m 2.4 ° 352 -240 00
(Russia) asl) (Continental)
. M7 (Ls), TTsetserleg (47° 24’
Rhangai —yio 100 N 101901 B, 1691 0.4° 331 -124 50 (Sub-
(Mongolia) m asl) continental)
Gad Elli <£S> > Mora de Rubielos
Su a IR <P %400 15 N, 0°45° W, 9.5 533 -849 96 (Oceanic)
(Spain) (Pn), 1038 m a.s.L.)

2.6 Statistical analyses

To compare tree-ring statistics (means, rbt, MSx) of width and density variables, we
performed one-way analysis of variance (ANOVA) in cases when data were normal
(means, rbt) or Kruskal-Wallis test when normality could not be assumed (MSx). These
comparisons were followed by Tukey’s Honest Significant Difference test for normally
distributed data or Mann—Whitney U test otherwise. To evaluate how tree-ring
variables were related, we calculated Pearson correlation coeflicients between site
chronologies for each species considering the common 1950-2002 period. We also
performed separate Principal Component Analysis (PCA) on variance—covariance
matrices of width and density chronologies to summarize their variability into a few

principal components (Jolliffe 2002). Then, we used Pearson correlations to characterize

85



climate—growth associations by relating either tree-ring width or density variables or the
first (PC1) and second (PC2) principal components of their corresponding PCAs
(summarizing their variability) with monthly climate data (mean temperature and
precipitation). The first two PCA axes were retained as they accounted for at least 50%
of the total variance (Jolliffe 2002). Climate-growth relationships were analysed from
September prior to tree-ring formation to October of the growth year based on previous
studies in the study regions (Kirdyanov et al. 2007, Camarero et al. 2010, 2015). Partial
correlation analyses were calculated to discern if some variables (EW and MN) were
more related to early season precipitation than to temperature data in sites where
significant (P<0.03) correlations were found for those variables. Analyses were done
using the vegan package (Oksanen et al. 2013) in the R environment (R Development
Core Team, 2015).

3. RESULTS

3.1 General features of width and density site chronologies

Overall, Scots pine showed higher EW and LW, followed by Siberian larch and Black
pine (Table 3). Conversely, Black pine presented the highest MN values, whereas larch
showed the highest MX values. On average, MN showed the lowest mean
autocorrelation (0.35), whilst EW showed the highest one (0.64). The coherence
between trees (rbt) was significantly (FF = 2.53, P = 0.03) higher in the case of seasonal
width variables (EW 0.49; LW 0.51) than in the case of density variables (MN, 0.31;
MX, 0.36). Note that the highest rbt values for MN were observed for the
Mediterranean Black pine. Finally, the year-to-year variability (MSx) was significantly
(K = 0.99, P\0.001) higher in the case of width variables (EW 0.44; LW 0.55) as
compared with density variables (MN 0.14; MX 0.13).
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Table 3. Comparison of the dendrochronological statistics calculated for the standard (mean, SD, AC) and residual site chronologies (1 and
MSx) of the three tree species considering four variables (EW, earlywood width; LW, latewood width; MN, minimum wood density; MX,
maximum wood density). Values were calculated for the common 1950-2002 period. Statistics abbreviations: AR, first-order autocorrelation; ry,
mean inter-sites correlation; MSx, mean sensitivity. Significant (P < 0.03) differences between sites and species are indicated by different letters

according to Tukey’s Honest Significant Difference (ri,) or Mann-Whitney U tests (MSx). Site’s codes are as in Table 1.

Site EW LW

Species Mean * SD (mm) AR1 rbe MSx Mean * SD (mm) AC rbe MSx

CA 097 +0.17 b 0.52 0.41 0.39 0.22 + 0.08 ab 032 049 0.62

Pinus spboestris LR 0.80 + 0.16 ab 0.65 0.46 0.35 0.20 + 0.06 ab 041 054 0.58

PN 1.05+0.18 b 0.58 0.62 0.48 0.26 + 0.08 b 060 046 0.46

. AC 047 +0.07 a 0.62 0.55 0.52 0.15+ 0.04 a 050  0.48 0.55
Pinus nigra

LR 0.56 + 0.13 a 0.69 0.48 0.38 0.18 + 0.06 a 039  0.55 0.60

EF 058 % 0.15 a 0.71 0.63 0.54 0.24 %+ 0.09 ab 063 0.2 0.59

i siia KH 0.36 +0.17 a 054  0.66 0.63 0.10 + 0.02 a 051 051 0.60

M7 0.37 + 0.06 a 0.78 0.33 0.26 0.13 % 0.03 a 041  0.48 0.54

MO 0.78 + 0.15 ab 0.68 0.45 0.38 0.21 + 0.05 ab 061 036 0.42

MN MX

Mean £ SD (g cm3) AR1 Tht MSx Mean £ SD (g cm3) AC Tht MSx

CA 0.28% 0.0l a 0.39 031 0.27 0.82 % 0.03 a 041 026 0.14

Pinus syloestris LR 0.33 + 0.02 ab 030 034 0.11 0.89 + 0.05 ab 036  0.35 0.11

PN 0.30 + 0.02 ab 0.41 0.25 0.09 0.82 + 0.03 a 039  0.32 0.12

e AC 0.39 + 0.02 b 0.22 0.40 0.16 0.88 + 0.04 ab 032 0.9 0.13

R 0.35 + 0.01 ab 035  0.38 0.11 0.85 + 0.04 a 043  0.38 0.10

EF 0.28 + 0.02 a 0.37 0.31 0.15 0.93 + 0.04 b 040 0.7 0.17

.. KH 0.32 + 0.02 ab 034 032 0.15 0.90 + 0.03 ab 034 043 0.18
Larix sibirica

M7 0.27 +0.01 a 046 0.5 0.10 0.93 + 0.05 b 051 034 0.10

MO 0.28 +0.01 a 0.35 0.26 0.14 0.94 + 0.06 b 041 037 0.13
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3.2 Associations between tree-ring variables

EW and LW records were positively associated for all species and sites, being stronger in
the case of larch (r = 0.70-0.87), followed by Black pine (r = 0.45-0.60) and Scots pine
(r = 0.28-0.39) (Table 4). In contrast, EW and MN records were negatively related with
stronger associations found for Black pine (r = -0.73 to -0.81), followed by larch (r = -
0.66 to -0.75) and Scots pine (r = -0.38 to -0.71) (Table 4). More latewood production
(higher LW) was also related to heavy latewood (higher MX), but this association was
again particularly strong for larch and Black pine, which explains the strong positive
EW-MX and the negative LW-MN associations observed for these species. MN and
MX records were negatively associated, with this relationship being significant in all

larch forests and one Black pine (AC site) and one Scots pine (CA site) sites (Table 4).

Table 4. Pearson correlations calculated between tree ring variables (EW, earlywood
width; LW, latewood width; MN, minimum wood density; MX, maximum wood
density) for each site-species combination. Correlations were calculated based on
residual tree-ring chronologies for the common 1950-2002 period and values with P >

0.05 are in bold. Sites’ codes are as in Table 1.

Species Site EW-LW  EW-MN EW-MX LW-MN LW-MX MN-MX
Pinus sylvestris CA 0.39 -0.41 0.55 -0.32 0.43 -0.36
LR 0.34 -0.71 0.22 -0.23 0.55 -0.14
PN 0.28 -0.38 0.02 -0.19 0.28 -0.04
Pinus nigra AC 0.60 -0.81 0.65 -0.34 0.64 -0.49
LR 0.45 -0.73 0.44 -0.34 0.53 -0.19
Larix sibirica EF 0.70 -0.75 0.81 -0.45 0.72 -0.73
KH 0.75 -0.70 0.76 -0.41 0.80 -0.45
M7 0.81 -0.69 0.31 -0.45 0.68 -0.34
MO 0.87 -0.66 0.80 -0.52 0.74 -0.68

3.3 Common patterns in width and density data between sites and species
According to the Principal Component Analyses (PCA), the variance captured by the

first two axes was about the same for width and density variables, with the first principal
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component (PC1) accounting for about 35% of the total variance (Fig. 1). The second
principal component (PC2) accounted for more variance in width than in density
variables (21 vs. 15%; Fig. 1). The loadings of EW and LW data of the same species and
sites were grouped together in the PCA diagram with maximum loadings on the PCl1
corresponding to LW data from the low-elevation Spanish sites (Fig. la). In turn, EW-
LW data for the larch sites had the highest loadings on the PC2 (Fig. 1a). Considering
density data, larch MX and MN chronologies showed the highest and lowest PCl1
loadings, respectively (Fig. 1b). The minimum and maximum PC2 loadings were
observed for MIN chronologies from the Black pine in AC site and Siberian larch in M7

site, respectively.
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Figure 1. Scatter plots showing the loadings of the first (PC1) and second (PC2) principal
components obtained by calculating Principal Component Analyses on the variance-
covariance matrices of residual a width and b density site chronologies. a Earlywood
and latewood widths are abbreviated as EW and LW, respectively. b Minimum and
maximum wood densities are abbreviated as MIN and MX, Sites are abbreviated as in
Table 1. Tree species are abbreviated by the codes written between parentheses (Ls,

Larix sibirica; Ps, Pinus sylvestris; Pn, Pinus nigra).
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Regarding the width chronologies, low EW and LW values of the driest Black pine site
(the low-elevation AC site) correspond to severe droughts (e.g., 1986 and 1994; Fig. 2).
Low EW and LW values were also observed during the 1980s in Russian and
Mongolian sites (Fig. 2). Regarding density data, high MN was found during dry years
(e.g., 1994 in Spain, 19791980 in Russia and Mongolia, 1986—-1987 in Mongolia), and
this pattern was most evident in dry sites as the Spanish AC site (Fig. 3a). Low MX
values were observed during cool summers in cold sites (e.g., 1972 in the high-elevation

PN Scots pine site; 1976 in Russian and Mongolian sites; Fig. 3b).
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Figure 2. Residual earlywood (upper panels) and latewood chronologies (lower panel)
for the study sites abbreviated as in Table 1. Graphs are plotted for each country. Tree
species are abbreviated by the codes written between parentheses (Ls, Larix sibirica; Ps,

Pinus sylvestris; Pn, Pinus nigra).
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3.4 Relationships between climate, width, and density variables

The first axis of the PCA based on climate—growth or climate—density relationships
accounted for a high common variance in the case of LW (50%) and MN (46%) (see
Supporting Information, Fig. S3). In both cases, Spanish sites grouped together and
showed the highest PC1 scores, albeit the high-elevation PN Scots pine site showed a
low PC1 score in the case of MN. Mongolian and Russian larch sites also grouped
together and showed high PC2 loadings in the LW and MN. In the PCAs based on EW
and MX data, the PC1 separated the PN site from the rest of Spanish sites suggesting a
different impact of climate on the determination of EW and MX at this high-elevation
location. Similarly, Siberian larch chronologies showed higher PC2 loadings compared
to Mongolian sites.

Wet and cool spring (May to June) conditions enhanced EW formation but lead
to low MN values, 1.e., dry spring conditions were associated with low EW and high MN
across sites and species (Fig. 4; see also Supporting Information, Table S1). LW
formation was enhanced by wet—cool conditions during the growing season (May—
September), particularly in Spanish pinewoods (excluding the high-elevation PN site)
and Mongolian larch sites. MX increased in response to high May—June precipitation
values and low June—July temperatures (Fig. 4; Table S1).

The strongest associations between climate and width or density variables were
found for May or June precipitation and MN (Supporting Information, Table S1). The
negative precipitation—-MN relationship was consistently observed across species and
countries. The strongest correlations were detected either in May (Spain, Black pine AC
site; Russia, Scots pine CA site) or in June (e.g., Mongolia Siberian larch M7 site) (Fig.
5). May or June precipitation explained ca. 32-42% of the MN variance in these
drought-prone sites (Fig. 5). Finally, partial correlation analyses confirmed that EW and
MN responded more strongly to May—June precipitation than to temperatures. Partial
correlations of EW and MN with May—June precipitation remained significant at the
0.01 significance after controlling for temperature effects (Supporting Information,
Table S2), whilst partial correlations with May—June temperatures after controlling for

precipitation effects were not significant (P>0.05).
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4. DISCUSSION

In agreement with our hypothesis, dry spring conditions were associated with high MN
values and, consequently, to a dense earlywood across species and sites in Eurasia. Such
strong response of MN to precipitation indicates that it is a robust proxy of early season
water availability at the beginning of the growing season, when the earlywood is formed,
leads to a dense earlywood (Vaganov et al. 2009). Such dense earlywood 1s
characterized by tracheids with narrow lumens and a decreased hydraulic conductivity
(Domec et al. 2009).

Our results confirm the previous studies showing that: (1) seasonal density data
better reflect the moisture status of conifer species during the growing season than width
variables, and (2) this difference is noticeable in drought-prone sites (Cleaveland 1986).
Such precipitation-density coupling, possibly mediated by adjustments in hydraulic
conductivity, could also explain the decrease in earlywood production observed in
response to water deficit in drought-prone sites as showed for forest-steppe and
Mediterranean biomes (e.g., Dulamsuren et al. 2010; Camarero et al. 2015). According
to ecophysiological studies, photosynthesis rates decrease in both winter and summer in
these cool-dry regions, and growing-season drought stress caused by elevated
atmospheric vapour pressure deficit and low soil water availability leads to radial growth
reduction (Dulamsuren et al. 2009; Gimeno et al. 2012). Nevertheless, the correlations
between spring precipitation and MIN were always stronger, in absolute terms, than
those detected between precipitation and EW (Fig. 4; Table S1). Consequently, MN
exhibits strong response to precipitation and, thus, it is a robust proxy of early season
water availability. This agrees with empirical approaches demonstrating that an
improved water status is linked to a lower density in Norway spruce (Picea abies)
(Lundgren 2004).

The correlations found between MN and spring precipitation in pine and larch
(Fig. 5) were similar to those observed in Spanish juniper (Funiperus thurifera) (Camarero
et al. 2014), explaining on average 37% of variability in minimum density. Indeed,
further investigations should explore the nature of climate-MN associations in more
detail. This research could explicitly consider wood anatomy to disentangle whether
MN changes are mainly due to lumen modifications, as we assumed here, or to changes
in cell-wall thickness. For instance, in drought exposed Norway spruce trees, wood
density augmented as a consequence of the formation of thicker cell walls (Jyske et al.

2010), whilst increased tracheid lignin content was observed in drought-prone Austrian
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Black pine forests (Pinus nigra) (Gindl 2001). Climate-MN associations could also reflect
the extent of plastic responses to drought stress. For instance, Douglas fir (Pseudotsuga
menziesit) trees showing high resistance to xylem cavitation and lower drought-induced
mortality also presented the highest minimum wood density values (Dalla-Salda et al.
2009; Ruiz Diaz Britez et al. 2014), which could reflect narrower tracheid lumens.
Nevertheless, other parameters affecting cavitation and hydraulic conductivity should be
also considered, including conduit length, pit size, and the numbers of tracheids per unit
area (Carlquist 1975).

Tree-ring width and density data often provide redundant information
(Kirdyanov et al. 2007; Biintgen et al. 2010; Vaganov and Kirdyanov 2010, Galvan et
al. 2015). This redundancy could apply to MN, which is negatively related to EW
(Tables 4) and, in turn, both variables show opposite associations with precipitation (Fig.
4). Note that we opted for analysing residual growth and density chronologies without
removing dependences between them (e.g., EW-MN and LW-MX relationships), since
our purpose was to assess how climate distinctively influenced seasonal growth and
density data. A pro of analysing MN is that it offers indirect clues on wood phenology.
For example, the shift in the strongest precipitation-MN association from May (Spanish
and Russian sites) to June (Mongolian sites; Table S1) could be caused by a late peak of
earlywood formation in Mongolian sites. This agrees with our knowledge of xylogenesis,
with, e.g., maximum rates of tracheid production occurring from May to July (Antonova
and Stasova 1993; Vaganov et al. 2006; Camarero et al. 2010).

In cold northern Siberian larch forests, width and density variables mainly
respond to temperature changes during the short growing season (June—July) (Esper et
al. 2010), and indirectly to winter precipitation which affects the length of snow melt
season and soil temperatures (Vaganov et al. 1999; Kirdyanov et al. 2003). Our results
also evidenced that MIN was negatively related to spring precipitation in southern
Siberia sites subjected to water shortage during that season (Fig. 4), suggesting that
earlywood tracheid expansion is constrained by water availability. Low soil temperature
can increase water viscosity leading to a high root hydraulic resistance, decreasing water
flow from the soil to the tree and reducing stomatal conductance (Wan et al. 2001).
Spring cold conditions could therefore constrain the radial enlargement of earlywood
tracheids. Despite variables as EW and MN showed significant correlations with May—
June temperatures, the associations between them and precipitation were stronger in

absolute terms suggesting a secondary role of thermal factors (Fig. 4, Supporting
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Information, Table S1). Partial correlation analyses and the aforementioned arguments
on xylogenesis confirm that temperature does not influence EW and MN in the study
sites as much as precipitation does.

In cool-arid inner Asian forests, wet conditions during the growing season
enhance radial growth (Poulter et al. 2013). However, Mongolian forest-steppe ecotones
are experiencing warmer and drier conditions since the 1940s, causing growth decline
and the retreat of larch forests (Dulamsuren et al. 2010). Increased aridity and drought
stress are major restrictions of tree growth and functioning in these biomes where
larches show low shoot water potentials and high stomatal conductance (Dulamsuren et
al. 2009). This agrees with our findings and emphasizes the key role of sufficient
moisture availability for tree growth and wood formation.

In Mediterranean pine forests, wet conditions during the previous winter and the
current spring are associated with improved earlywood production (De Luis et al. 2007;
Martin-Benito et al. 2008; Pasho et al. 2012) and a decrease in minimum density (Olivar
et al. 2015). Wet conditions favour tracheid division which results in low minimum
density (Bouriaud et al. 2005), as we found in the low elevation Spanish sites (Fig. 5a;
Table S1). Under more continental and colder conditions, cambial resumption is
delayed and summer conditions become more relevant as drivers of Scots pine growth
(Sanchez-Salguero et al. 2015). This explains why earlywood density may not be related
to spring precipitation in some Mediterranean Scots pine stands (Olivar et al. 2015). In
contrast, the positive association between summer temperatures and maximum density
found in high-elevation Scots pine stands (PN site) (Table S1) is in agreement with other
studies of cold biomes such as boreal and subalpine forests (e.g., Briffa et al. 1998). This
relationship has previously been reported for pine species in Mediterranean
environments (Olivar et al. 2015), and it is due to an improved thickening and
lignification of latewood cell walls in response to warm summer and fall conditions
(Gindl et al. 2000; Yasue et al. 2000).

Contrary to most previous studies at cold sites which found that summer
temperatures and maximum latewood density are positively associated (e.g., Briffa et al.
2004), we found significant and negative correlations of MX with May-to-July
temperatures (Fig. 4). We assume that such negative relationships are driven by water
shortage caused by warm spring-to-summer temperatures. This is a typical climate effect
observed in Mediterranean forests such as the Spanish study sites, but we also found

such effect in other drought-prone sites from Russia (Scots pine CA site) and Mongolia
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(Siberian larch M7 site). We interpret this negative association as a drought-related
reduction in the thickening and lignifications rates of latewood tracheids. This is
confirmed by the positive effect of wet June conditions on MX observed in most of those
sites, whilst MX was mainly negatively related to July temperatures, because water
deficit usually peaks during that month.

An increasing influence of climate warming on temporal coherence in ring width
records (spatial synchrony) has been observed across some of the studied Eurasian
regions (1.e., Iberian Peninsula and Siberia; Shestakova et al. 2016). It could be tested if
this enhanced synchrony holds too for density records at similar sub-continental scales,
since wood density seasonal components (MN and MX) respond to different climate
variables, and wood density is a fundamental variable to estimate forest carbon uptake
and woody biomass pools (Bouriaud et al. 2015). It is expected that growing-season
precipitation would drive earlywood density and hydraulic conductivity (Pacheco et al.
2016). Consequently, we predict that warmer and drier conditions during the most
active phase of the growing season would reduce earlywood production, but increase
earlywood density. These predictions must be taken with caution because of the case-
study-like nature of this investigation. It should be underlined that much more research
1s needed to prove the validity and generality of our findings. If they turn to be true for
other cold—dry sites where other Pinaceae species dominate, this would imply that
minimum wood density could be a valuable proxy of early season precipitation.

To conclude, minimum wood density of three conifer species (L. sibirica, P. nigra,
and P. sylvestris) reflects changes in growing-season (spring) precipitation in cool— dry
Eurasian regions. An increase in minimum wood density in response to dry spring
conditions was observed in drought-prone sites from the forest-steppe and
Mediterranean biomes. The associations between minimum wood density and
precipitation were stronger than those observed with seasonal width variables. Future
drier conditions during the growing season may increase minimum wood density and
reduce radial growth of Eurasian conifer forests, negatively affecting their potential to

fix and store carbon pools as stem wood.
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7. Supplementary Material

Table S1. Correlations (Pearson coefficients) calculated by relating monthly climatic variables (precipitation, mean temperature) and residual
tree-ring chronologies (EW, earlywood width; LW, latewood width; MIN, minimum density; MX, maximum density) considering the common
1950-2002 period. Data correspond to the nine study sites sampled at three countries (Spain, Russia and Mongolia) and corresponding to three
conifer species (Ls, Larix sibirica; Pn, Pinus nigra; Ps, Pinus sylvestris). Correlations were calculated from September prior to tree-ring formation up
to October (previous- and current-year months are abbreviated by lowercase and uppercase letters, respectively). Cells with grey background

indicate correlations significant at the 0.05 level, and bold values indicate P < 0.01.

Precipitation Mean temperature
Previous year Current year Previous year Current year

Country | Site | Species | Variable | sep | oct | nov | dec | Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | sep | oct | nov | dec | Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct
Russia | CA Ps 0.12 [ 0.22 [ 0.04 | 0.06 | -0.06 | -0.05 | 0.I6 | -0.09 [ 027 |-0.02 [0:29] 0.02 | 0.15 | 019 [ 012 | 0.06 | 0.21 | 022 | 021 | 0.30 | 026 | 0.06 | -0.48 ozs 0.3 ] 0.03 | -0.08 | -0.06
EF Is 021 | 0.00 | 0.14 | 0.23 oo 008 | 008 | 005 | 008 | 0.2 | 001 | 0.7 | 005 | <002 | 028 [ 0.09 | 0.5 | 0.10 | 0.08 | 0.01 | 0.13 | 006 | -0.16 | 0.20 | 0.05 [T0877 008 | 001

KH 033 | 003 | 0.14 | 021 | -035 | 0.06 | -0.08 [ 028 | 011 | 0.05 | -0.20 | -0.18 | 0.14 | -0.15 | -0:35 | -0.05 | 0.07 | -0.01 | 0.02 | 0.08 | 0.08 | 0.08 [ -029 | -0.23 [ -0.02 | 0.07 | -0.07 | -0.10

Mongolia | MO Ls 0.10 | -0.10 | -0.08 | -0.05 | -0.23 | -0.01 | -0.28 | 0.15 | -0.06 | 0.47 [ -0.01 [ 0.11 | 0.14 | 0.07 | -0.25 [ -0.12 | 0.10 | -0.04 | 0.07 [ 0.26 | -0.13 | 0.09 | 0.03 | -0.16 o3 012 | 017 | 0.06
M7 EW 001 [ 001 [ 021 | 003 (08T 020 | 000 | 029 | 0.23 [ 055 | 013 | 005 | 0.05 | 007 | -0.12 | 0.08 | 008 | 0.02 | 0.05 | 0.01 | 001 | 028 | -0.10 [S028 081 | 0.09 | 006 | 0.19

Spain PN Ps 0.16 | -0.24 | -0.01 | 0.03 [ 0.29 [ 0.04 | -0.03 | -0.16 | 0.05 | 0.12 [ 0.10 | -0.08 | -0.I1 | 0.06 | -0.15 | 0.12 | 0.01 | -0.33 | -0.24 | -0.05 | 0.2 | 0.1 | 0.3% | -0.01 | -0.23 | -0.18 | 0.01 | -0.12
LR 0.03 | -0.22 [ 0.12 | 018 | -0.07 | 0.19 [ 0:27 | 0.09 | 056 | 0.I1 | 0.I1 | -0.26 | -0.07 | 0.3 | 0.06 | -0.13 | 0.09 | 0.16 | 0.06 | 0.14 | -0.23 | 0.03 | -0.14 | -0.14 | 021 | 012 | 0.02 | -0.18

LR Pn 0.13 | -0.19 | 0.13 | 0.20 | 012 | 0.01 | 0.04 [ 0.03 | 0.44 | 0.30 | 0.10 | -0.08 | -0.12 | 0.08 | -0.13 [ -0.08 | 0.10 | 0.20 | 0.07 | 0.5 | 0.01 | 0.13 | -0.03 | -0.11 [ 081 | 0.09 | 0.07 | -0.14

AC 032 | -0.10 | 0.21 | 0:28 | 011 | 013 | 0.19 | 0.17 | 057 | 0.24 | 0.16 | -0.02 | -0.17 | -0.06 | -0.01 | -0.06 | 0.00 | 0.05 | 0.01 | 0.17 | -0.12 | -0.07 | 0:26 | -0.12 | 0.33 | -0.03 | 0.10 | -0.15

Russia | CA Ps 0.20 | -0.08 | 030 | -0.21 [ 0.03 | 028 | 0.07 [-022 | 040 | 0.01 [-0.06| 0.05 | 011 | 003 | -0.09 | -0.02 | -0.09 | -0.11 | -0.02 | -0.01 | 0.02 | -0.08 | -0.44 | 0.35 | -0.22 | -0.09 | -0.18 | -0.05
EF Ls 0.20 | 0.00 | 0.14 | 0.23 oo 0.03 [ -0.08 | 0.02 | -0.04 | 0.13 [ -0.09 | -0.17 | 0.06 | -0.1T | -0.28 | -0.09 | 0.17 | 0.09 | 0.04 | 012 | 0.14 | 0.04 | -0.19 | -0.20 | 0.03 | 0.28 | -0.03 | -0.02

KH Lw 0.29 | -0.04 | -0.02 | -0.08 | 0.29 | -0.02 | -0.12 | 0.10 | 0.08 | 0.3% | -0.02 | 0.12 | -0.01 | -0.10 | -0.25 | -0.03 | 0.I5 | 0.00 | 0.04 | 0.10 | 0.12 [ 021 | -0.26 | -0.16 | -0.10 | -0.08 | -0.01 | 0.06

Mongolia | MO Ls 0.09 | -0.02 [ -0.03 | -0.08 | 0.22 | 0.08 | -0.10 | 0.18 | -0.06 | 0.36 | 0.16 | 012 | 0.17 | -0.07 | -0.05 | 0.11 | 0.10 | 0.04 | 0.06 | -0.02 | -0.05 | 0.03 | 006 |-0.25[-025] 019 [ -0.16 | 0.20
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M7 0.07 [ 0.04 [ 018 [ -0.07 [ -023| 020 [ -0.08 [ 0.27 | 023 [0.56 | 034 | 0.1 | 0.12 [ -0.08 | -0.15 [ -0.05 [ -0.06 | 0.05 | 0.05 [ 0.08 [ 0.13 [ -0.06 | -0.16 [ 032 [ -081 | -0.10 | -0.07 | 0.13
Spain PN Ps -0.14 | 024 | 020 | 012 | -0.06 | -0.08 | -0.08 | 0.02 | 0.08 [ 0.28 [ 0.24 [ 036 | 0.16 | -0.17 | 024 | 0.17 | 026 | -0.15 | -0.04 | 0.06 | 0.03 | 0.42 [ 026 | -0.02 | -0.17 | -0.26 | -0.I1 | -0.05
LR 017 | 0.12 [ 016 | 023 | -0.01 [ -0.03 | 007 | 0.08 [ 026 | 0.10 [ 036 | 035 | 0.23 | -0.23 | -0.03 | 005 [ 001 | -0.17 | 0.05 | -0.01 | -0.02 | 027 | -0.06 | -0.11 | -0.23 [ 037 | -0.22 | -0.14
LR P -0.16 | 021 | 021 | 024 | 012 [ -0.07 | 0.00 | 0.07 | 025 | 0.13 [ 034 | 042 | 020 | 022 | -0.12 | 002 | 0.02 | -0.12 | 0.04 | 0.07 | 0.09 | 026 [ -0.08 | -0.09 | -0.25 | 031 | -0.17 | -0.14
AC 007 | -0.18 [ 0.22 [T03% | 007 | 0.03 [ 008 | 022 | 027 [ 027 |0.43 | 028 | 0.18 | -0.19 | 0.07 | 0.02 | 0.04 | 011 | 0.08 | 0.10 | 0.02 | 016 | -0.05 | -0.01 [ -0.17 | -0.22 | -0.08 | -0.14
Precipitation Mean temperature
Previous year Current year Previous year Current year
Country | Site sep | oct | nov | dec | Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | sep | oct | nov | dec | Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct
Species | Variable

Russia | CA Ps 013 [ -0.17 [ 0.05 | -0.12 | 0.03 | 0.02 [ -0.10 | 0.05 | -0.58 | -0.16 | -0.04 | -0.08 | -026 | 0.03 | -0.16 | -0.17 | 0.2I | -0.10 | -0.16 | -0.13 | 0.09 | 0.l | 0.45 | 021 | 0.17 | -0.26 | 0.27 | 0.10
EF Ls -0.18 | 0.08 | -0.16 | 0.06 | 044 | 0.05 | 003 | -0.18 | -0.47 | -0.16 [ -0.01 | 0.14 [ 0.02 | 001 [ 0.25 | 0.1 | -0.12 | -0.02 | 0.03 [ -0.01 | -081 | -0.11 [ 0.17 [ 030 [ 0.11 | 029 | 0.03 | -0.02
KH 0.26 | -0.06 | -0.18 [ 0.13 | 0.42 [ 0.02 | 002 [-085 | -0.40 | 0.01 [ 0.13 | 0.02 [ -0.09 | 017 [ 033 | -0.04 [ 007 [ -0.07 | 0.06 | 0.1 | 0.15 [ -0.07 [ 021 | 084 | 0.05 | -0.09 | 0.05 | 0.00
Mongolia | MO Ls 20.04 | 0.11 [ 001 | 028 | 025 | 015 | 0.17 [ -0.08 | -0.18 o 0.06 | -0.01 | -0.16 | -0.01 | 0.05 | 0.02 | 019 | -0.10 | -0.02 | 0.01 | 0.00 | 0.14 | 013 | 0.0 | 0.27 | 0.03 | -0.14 | -0.37
M7 MN 0.06 | -0.20 [ -0.08 | 0.09 | 0.20 [[0:29 | 0.00 [ -0.16 [ -0.11 o3 026 | -0.04 [ 022 | -0.10 | -0.02 | -0.03 [ -0.10 | 0.09 | 0.01 | 002 | 028 | 020 [ 027 [ 021 | 0.14 | 0.04 | -0.01 | -0.26
Spain PN Ps -0.05 | 021 | -0.17 | -0.01 | 021 | -0.17 | -0.28 | -0.05 | -0.02 | -0.36 | -0.28 [ 0.05 | -0.07 | 0.08 | -0.06 | -0.I3 | -0.14 | 0.14 | 0.06 | 0.07 | 032 | -0.04 | -0.04 | -0.03 [ -0.09 | 0.I1 | 0.I3 | 0.04
LR 0.04 | 031 | 017 | -0.19 | -0.03 | -023 | -0.36 | -0.18 | -0.54 | -0.30 | -0.14 [ 0.12 | -0.06 | -0.01 | -0.09 | 0.06 | -0.11 | -0.08 [ -0.14 | 0.01 | 0.26 | -0.02 | 021 | 0.08 | 0.05 | -0.05 | 0.19 [ 0.10
LR P -0.02 | 024 | -0.11 [ -0.17 | -0.08 | -0.08 | -0.22 | -0.09 [ -0.52 [ -0.32 [ -0.15 [ 0.03 [ 0.03 | -0.14 | 0.04 | 0.05 [ -0.17 | -0.09 [ -0.10 | -020 [ 0.28 | -0.11 | 0.3 | 018 | 0.17 | -0.06 | 0.07 | 0.16
AC 020 | 0.15 [ -025 [ -0.28 | -0.25 [ -0.02 | -0.26 | -021 | -0.65 | -0.25 | -0.15 | -0.08 | 0.18 | 0.05 [ 0.02 | 0.01 [ -0.10 | -0.08 | -0.05 | -0.12 | 0.16 [ -0.07 | 0.29 | 023 | 0.38 [ 0.10 | 0.00 | 0.17
Russia | CA Ps 20.02 | 0.07 [ -0.13 | 0.09 | -0.04 [ 004 | -0.11 | -0.11 [ 017 [ 0.01 [ 002 | 0.05 | 0.19 | -0.03 | -0.15 | -0.08 [ -0.16 [ 0.07 [ -0.08 | 0.06 [ 0.12 [ 0.02 | -0.19 ot <0.10 | 0.02 | -0.07 | -0.03
EF Ls 021 | 0.11 | 0.14 | 0.10 | 035 | 0.04 | 0.05 [ 0.01 | 0.04 | 026 | 0.05 [ 0.07 [ 0.03 | -0.04 | -0.19 | -0.16 [ -0.07 | -0.06 | 0.02 | -0.07 | 0.16 | 0.16 | -0.19 | 0.26 | -0.13 | 0.15 | 0.04 | 0.09
KH 023 | 0.04 | 0.05 | 0.08 | 0.28 | 0.06 | -0.06 | 0.18 | 0.18 | 0.29 [ -0.02 [ 0.02 [ 0.05 | -0.13 | 019 | -0.04 [ -0.02 | -0.12 | 0.08 | 0.07 | 0.10 | 0.18 | -0.32 | -0.22 [ -0.32 | -0.01 | 0.00 | 0.10
Mongolia | MO Ls 0.00 [ 031 | -0.03 | 0.02 | -0.05 | -0.05 | -0.01 | 0.00 | -020 | 0.11 [-0.36 | 0.37 | 0.14 | o001 | -0.26 | -0.08 | 020 | 023 | -0.13]-0.26 | -0.19 | 0.05 | 007 |-0.02|-003] 011 | -0.16 | -0.02
M7 MX 0.16 | -0.09 [ 012 | 0.00 [-027 | 0.08 [ -0.11 | 002 | 012 [0.60 [ 0.08 [ 0.15 | 0.15 [ -0.01 | -0.12 [ -0.08 | 0.15 | -0.03 [ 0.09 | -0.01 | -0.06 | -0.08 | -0.11 | -0.35 | -0.37 | -0.06 | -0.17 | 0.32
Spain PN Ps 0.16 | 0.17 [ -0.14 | -0.37 | -0.13 | -0.09 [ -021 | -0.27 | -0.22 | 0.19 ot 031 | -036 [ 005 | 007 [ 000 ] 012 | 023 [ 010 [ 0.28 | 0.05 [ 007 | 018 | 0.11 [ 0.10 | 035 | 0.39 | 021
LR -0.07 | -0.07 [ 009 | 013 | 0.14 [ -0.11 | 003 | 0.04 [ 022 [ 032 [ 0.15 | 022 [ -0.05| -0.06 | -0.05 | 0.10 | 0.11 [ -0.04 | 0.15 [ 0.06 | -0.07 | 026 [ -0.11 [-021[ - [ -0.32 | -0.10 | -0.03

0.57
LR Pn 0.17 | 0.00 | 0.08 | 011 | 017 | 025 | -0.16 | -0.11 | 0.17 | 0.42 [ -0.01 [ 0.09 | -0.15 | 0.06 | -0.10 | 0.15 [ 0.09 | 0.08 | 0.04 [ 029 | 013 | 031 | 002 |-009[ - | -013] 020 | 0.09

0.51
AC 025 | -0.18 [ 020 | 025 | 0.17 | -0.02 [ 018 [ 0.22 | 032 | 037 | 0.19 | 0.18 | -0.12 [ -0.07 | 0.08 [ 0.1L | 0.06 | -0.15 | -0.04 [ 0.10 | -0.15 | 0.14 | -0.13 [ 018 [ = | -021 [ 0.11 | -0.20

0.45
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Table S2. Partial correlations (Pearson coeflicients) calculated by relating May and
June precipitation and residual EW (earlywood width) and MN (minimum density)
chronologies after controlling for the effects of mean temperature of those months.
Correlations were calculated only for those sites with significant (P < 0.05)
associations of EW and MN with May and June precipitation and temperature (see

Table S1). The rest of explanations are as in Table S1.

Country Site Species Variable Precipitation Temperature

May June May June

Mongolia M7 Ls EW - 0.54 - -0.06
Spain  AC Pn 0.56 - -0.09 -
Russia  CA Ps MN -0.49 - 0.14 -

KH Ls -0.30 - 0.18 -

Mongolia M7 Ls - -0.38 - 0.19

Spain LR Ps -0.50 - 0.14 -
AC Pn -0.58 -0.21 0.16 0.18
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Figure S1. Map showing the location of the four study regions and the distribution of
the three study tree species in Eurasia. Some images showing sampled forests: (a) Scots
pine and (b) Siberian larch forest-steppe ecotones from southern Siberia; (c) Scots pine

and (d) Black pine stands from eastern Spain (Sierra de Gudar).
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Figure S2. Climate diagrams of the three study regions: (a) Russia, (b) Mongolia and (c) Spain

(see stations and data sources in Table 2).
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Figure S3. Scatter plots showing the loadings of the first (PC1) and second (PC2) principal
components obtained by calculating Principal Component Analyses on the variance-
covariance matrices of climate-growth or climate-density (seasonal width and density data)
correlations. The graphs correspond to earlywood (EW, a) and latewood (LW, b) width
indices and minimum (MN, ¢) and maximum (MX, d) wood densities. Correlations were
calculated for the common period (1950-2002). The sites are abbreviated as in Table 1
followed by species’ abbreviations between parentheses (Ls, Larix sibirica; Pn, Pinus migra; Ps,
Pinus sylvestris). The percentages of total variance accounted for by PC1 and PC2 are indicated

in each graph.
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RESUMEN

El aumento de la temperatura asociado con el cambio climatico podria tener una gran
influencia sobre el crecimiento de los arboles de especies de bosques templados y la
productividad forestal. Sin embargo, la direccién e intensidad de estos efectos en el limite seco
del rango de especies ain no estan claras, particularmente dada la interaccién entre los
factores ambientales locales y otros factores de cambio global, como el cambio en el uso del
suelo y el aumento del COg atmostérico y la deposicion de nitrogeno. Si bien, algunos estudios
recientes sugieren que el crecimiento de los arboles en climas templados frios se ha acelerado
durante las tltimas décadas del siglo XX, otros sugieren una prevalencia de fenémenos de
decaimiento, especialmente en las poblaciones en el limite seco. Utilizando inventarios
forestales historicos, analizamos las tendencias de crecimiento de los arboles del siglo pasado
(1930-2010) a lo largo de un gradiente altitudinal (1350-1900 m s.n.m.) en un bosque de Pinus
sylvestris localizado en e limite latitudinal en la Peninsula Ibérica. El crecimiento se estimo
como el incremento decadal en volumen en arboles cortados de diferentes clases de tamanos
de 1930 a 2010 (1930-1940, 1939-1949, 1949-1959, 1959-1968, 1989-1999, 2000-2010). Los
resultados mostraron tendencias temporales opuestas de crecimiento dependiendo de la
elevacion. Mientras que el crecimiento de los arboles se ha acelerado en el extremo inferior
del gradiente altitudinal (1350-1623 m s.n.m.), se ha desacelerado a elevaciones mas altas
(1624-1895 m s.n.m). El crecimiento disminuy6 con la elevacion, pero la magnitud aument6
con la edad del arbol. Estos resultados resaltan la importancia de las condiciones ambientales
locales en las respuestas de crecimiento de las especies a los factores de cambio global y la

dificultad de atribuir impactos a un solo controlador direccional.

Palabras clave: altitud, cambio global, Mediterraneo, Pino silvestre.
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ABSTRACT

Temperature increase associated with climate change might strongly influence tree growth
and forest productivity in temperate forest species. However, the direction and intensity of
these effects at the dry edge of species range are still unclear, particularly given the interaction
between local environment factors and other global change drivers such as land use change
and increase in atmospheric CO2 and nitrogen deposition. While some recent studies suggest
that tree growth in cool temperate climates has accelerated during the last decades of the 20t
century in temperate climates, others suggest a prevalence of decay phenomena especially in
dry-edge populations. Using historical forest inventories, we analyzed last century tree growth
trends (1930-2010) along an elevation gradient (1350-1900 m a.s.l.) in a dry edge Pinus sylvestris
forest in Central Iberian Peninsula. Growth was estimated as decadal volume increments in
harvested trees of different size classes from 1930 to 2010 (1930-1940, 1939-1949, 1949-1959,
1959-1968, 1989-1999, 2000-2010). The results showed opposite growth trends over time
depending on elevation. While tree growth has accelerated in the low end of the altitudinal
gradient (1350-1623 m a.s.l.), it slowed down at higher elevations (1624-1895 m a.s.l.). Growth
decreased with elevation, but the magnitude of the reduction increased with tree age. These
results highlight the importance of local environmental gradients in shaping species growth
responses to global change drivers and the difficulty of attributing impacts to a single

directional driver.

Key words: altitude, global change, high mountain, Mediterranean, Scots Pine.
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1. INTRODUCTION
Global change drivers such as the increase in atmospheric CO» concentrations (Ca.) or
nitrogen (N) deposition might affect forest productivity in temperate forests (Boisvenue and
Running 2006; Lindner et al. 2010; Smith 2011; Frank et al. 2015). A higher C. and soil N
may enhance net photosynthesis but have variable effects on stomatal conductance. If
photosynthesis increases more rapidly than stomatal conductance, it can increase plant water
use efficiency (Morison 1985; Norby et al. 1999; Ainsworth and Rogers 2007). Experiments
using COg2 enriched environments support this hypothesis and show that the increment of
photosynthesis and water use efficiency in tree species in response to higher C, is mainly due
to increased carboxylation (Gunderson et al. 1993; Norby et al. 2005). Tree ring studies,
models and inventory data indicate that tree growth has increased in boreal and temperate
forest ecosystems during the last decades in parallel to increments in the atmospheric C, and
N deposition (Bolker et al. 1995; Koutavas, 2008; Lamarche et al. 1984), providing indirect
support to the C, and N “fertilizing” effects. In conjunction with a rise in Ca, the frequency of
drought spells and vapor pressure deficit have also increased during the last decades in many
regions (Resco De Dios et al. 2007; Wallace et al. 2007). Some studies question the
“fertilization” effect of C. increase and N deposition on tree growth, particularly for water-
limited environments (Korner and Miglietta 1994; Camarero et al. 2015) as water stress may
override it. It is therefore unclear whether “fertilization” effects can compensate or exceed the
costs of increased aridity in drought-prone ecosystems (e.g. Keenan et al. 2010). Moreover,
this balance can also be critically modulated by other local factors such as competition,
evapotranspiration rate or forest management (see for example, Vayreda et al. 2012;
Madrigal-Gonzalez et al. 2015).

In water-limited Mediterranean ecosystems, previous findings have not shown clear
tree growth trends in response to global change drivers. While some studies have reported a
neutral (Pefiuelas et al. 2011) or even a negative relation between tree growth and rising Ca
(Linares and Camarero 2012), other studies have reported positive effects (Koutavas 2008;
Madrigal-Gonzalez et al. 2015). Differences among studies could be due to local
environmental conditions -which offset the effects of C. and N deposition on tree growth-
and/or to species individual functional responses, which may show different responsiveness
along resource and environmental gradients (Granda et al. 2014). Mountain Mediterranean
forests represent natural ecotones dominated by Eurosiberian tree species at the edge between
the semi-arid and cool temperate biomes. That is why mountain forests in the Mediterranean

are considered highly vulnerable to global change (e.g. Garcia-Valdés et al. 2013). During the
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last decades, the intensity of droughts has increased, reducing tree productivity in drought-
prone environments (Solomon et al, 2007). In the Mediterranean basin, the future climatic
scenarios predict a temperature increase of approx. 0.4-0.6 °C relative to the present
temperature (Moreno 2005). Tree populations living at the dry edge of species distribution are
often vulnerable to rapid climate changes, and particularly to intense drought spells (Keller et
al. 1997). Accordingly, recent studies conducted in dry-edge populations provide evidence of a
reduction in tree growth and other demographic parameters caused by drought along local
environmental gradients (e.g. Vila-Cabrera et al. 2014). Further evidence, however, is needed
to understand how global change impacts these ecosystems and, in particular, how these
impacts are modulated by both endogenous (such as tree age) and exogenous (such as local
environmental gradients) factors. This knowledge is critical in order to unveil the mechanisms
underlying forest resistance and resilience to the impact of global change and to develop
efficient adaptation measures for population persistence.

Pinus sylvestris L. (Scots Pine) 1s a widely distributed tree species in the northern
hemisphere having its dry edge of distribution in mountain areas of southern Europe
(Richardson and Rundel, 1998; Martinez del Castillo et al. 2016). Several studies have
focused on the abiotic determinants of P. splvestris tree growth across its distribution range
(Grace and Norton 1990; Rigling et al. 2002). Particularly, drought is a key factor driving
growth in P. sylvestris in Mediterranean-climate mountains (Camarero et al. 2015), albeit low
winter temperatures can also play an important role (Sanchez-Salguero et al. 2015a). Global
change drivers (i.e. warming winters and C. and N fertilization) might have increased P.
sylvestris growth throughout the last century, yet this hypothesis has little support in
Mediterranean mountains (Camarero et al. 2015).

In this study, we analyze last century tree growth trends in an extensive Mediterranean P.
sylvestris forest located in the Central System range in the Iberian Peninsula where the species
1s at the dry edge of its distribution. Specifically, we examined whether tree growth has
accelerated over time as expected from increased C,, and N “fertilization” effects and milder
winters, or, on the contrary, whether tree growth has decreased due to increased aridity. Pinus
sylvestris forests in the Central System range are under a typical mountain Mediterranean
climate within an altitudinal gradient that ranges from 1300 to 2100 m.a.s.l. (Martinez-Garcia
1999). We examined tree growth responses along an altitudinal gradient as a surrogate of
environmental variation and throughout the period 1930-2010 which encompasses several

global change drivers correlated with time.
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2. METHODS

2.1 Study area

Tree growth was recorded in a 3891 ha forest (named MUP 198 “Pinar de Navafria”)
dominated by P. syplvestris and located in the municipality of Navafria (Lat 41°03'17" N; Long
3°49'21" W) in the Sierra de Guadarrama, Central System Range, Spain (Figure 1). In this
area, P. sylvestris 1s bound to a narrow altitudinal strip ranging from 1300 to 2100 m.a.s.L
(Martinez-Garcia 1999). Climate is continental Mediterranean with important altitudinal
variations in temperature and rainfall. Winters are cold and humid and the summers are
warm and dry. At the lowest part of the altitudinal gradient (village of Navafria), the annual,
minimum and maximum mean temperatures are 10.7, 4.4 and 17 °C, respectively. Total
annual rainfall is 611 mm and no apparent change for rainfall is observed over time (ESMI).
Similar to other mountains, rainfall increases while temperature decreases with elevation
(Vaganov et al. 2006; Sanchez-Salguero et al. 2015a). In Puerto of Navacerrada (1894
m.a.s.l.), annual rainfall is 1324 mm and the mean annual temperature is 6.4 °C. At this high-
altitude site, a slight decrease in annual rainfall is recognized while in Segovia city (~1000
m.a.s.l.), the precipitation has remained constant throughout the years (ESM1). In contrast,

the temperature has increased in the last 50 years in both locations.
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Fig. 1. Distribution of Pinus sylvestris in Europe and Spain (right) and location of the forest

Pinar de Navafria in the Central System range (left).

2.2 Tree size and growth measurements
Scots Pine forest management in Sierra de Guadarrama has been subjected to management
plans since 1890, mainly oriented towards sustainable timber production. The "Pinar de
Navafria" forest began to be managed in 1885 using a shelterwood thinning framework to
maximize natural regeneration and the production of high quality timber (Diaz and Prieto
1999). For administrative purposes, the forest was divided into nine sections with identical
management plans. Each section in turn was subdivided into five subsections, thus resulting in
a total of 45 forest units. Rotation averages 120 years and the regeneration period spans 20
years. Periodic thinning is conducted every 10 years depending on the stage of the rotation
period and the stand is managed in order to achieve even-aged stands for the long term.
IForest management prescriptions have been audited almost every ten years, when
trees of different diameter classes were selected and harvested for estimating dasometric tree

variables. Specifically, these variables were tree age and stem volume, which have been
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recorded since 1890, thus providing an invaluable source of information to assess the
evolution of tree structure and growth throughout the last century. All data were recorded in a
regional historical archive. Tree growth data in particular are available for decadal periods in
1930-1940, 1939-1949, 1949-1959, 1959-1968, 1989-1999, 2000-2010. In the first record
(1930-1940), the present and definitive stands were defined, preventing the use of the data
from the first management plan (1885-1895). Slope aspect, area, altitude and soil type were
recorded for each forest unit. For each fallen tree the diameter at breast height after removing
the bark (dbh, cm), height (m) and age (number of rings) was measured. Then the trunk was
transversally cut into small cylindrical segments to measure the volume without bark assuming
the segments to be cylinders. The total volume of the trunk (V) was calculated as the sum of
the volume of each trunk segment. The volume of each tree 10 years before (V') was
calculated in a similar way by subtracting the growth of the last 10 tree-ring width. Absolute
growth was estimated as the difference between trunk volumes (V-V'). Annual growth rate was
estimated for each tree as the absolute growth divided by number of years. The age of the

studied trees ranged between 30 and 235 years old.

2.3 Data analysis

We used the platform R to perform the statistical analyses (R 3.1.2, R, Development Core
Team, 2008). We used Linear Mixed Models (LMM) of the nlme package (Bates et al, 2015)
to analyze tree growth as a function of the three order interaction altitude X calendar years X
tree age to evaluate whether global-change trends of tree growth are dependent on tree age
and altitude since 1930. To avoid collinearity between the variables, we firstly analyzed a
correlation among variables using Pearson correlation with the Corrplot function in the
Hmisc package. Selected predictor variables were all uncorrelated and thus multicollinearity is
expected to be negligible in the LMM (Table 1). Importantly, tree density depicted a
somewhat linear increment throughout the studied period (Figure 2) so we decided to fit a first
model with only this variable to remove its effects prior to analyzing long-term linear trends
using the calendar years. To do that, we used the lme4 statistical package in the R

environment (Bates et al, 2015). The model was developed as follows:

Yijc = Bo + By Density + by + €j¢ oovvvniieeiininn. Equation 1
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where Yjj represents annual growth (untransformed). The fixed parameters are 3o — [31, while
bi is random effect (b;~ N (0,7%), and finally & represents the error of the model
g~ N (0,79).

We thereafter developed the final model using the residuals of the previous model as
the dependent variable and the third order interaction Altitude X Calendar year X tree age as
the fixed effects term. The biological meaning of this third-order interaction is that depending
on the tree age, and altitude, differential global change trends associated with rising Ca, N or
temperature should be recognized in tree growth. If the set of contemporary trees develops
differently in different years, it will indicate changes in growth and site conditions. The model

with the most appropriate structure was as follows:
Y =B, +B, Age X B, Altitude X B, Year +bj+eg............ Equation 2

where Yj; represents jth annual growth (untransformed) on the :th individual (untransformed)
on a tth specific year. The fixed parameters are [o - [34, while by is random effect

(b1~ N (0,77), and finally &j shows the error g~ N (0, 7).

Table 1. Correlations among independent variables.

Variables Year Altitude Stand Density Trunk diameter Tree Age
Year 1 - - - -
Altitude -0.04 1 - - -
Stand density 0.39 -0.37 1 - -
Trunk diameter ~ -0.06 -0.01 -0.04 1 -
Tree age -0.02 0.07 -0.04 0.70 1
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Fig. 2. Tree density increase in the last decades in Navafria, Sierra the Guadarrama, Spain.

3. Results

The effect of the interactions Age X Altitude and Year X Altitude were both significant (Table
2). However, the third-order interaction (Age X Altitude X Year) was not supported in the
LMM. At low altitudes (1350-1623 m.a.s.l.), tree growth increased over time, while at high
altitudes (1624-1892 m.a.s.l.) growth slowed down (Fig. 3 and Table 2). Growth change across
the altitudinal gradient was age—dependent; young trees showed overall low growth with no
differences along the altitudinal gradient. As trees became older, they grew more slowly at
high altitudes than at the low altitude sites, where growth was high (Fig. 4). The correlation

among the model parameters was negligible (ESM3).
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Fig. 4. Contour plots showing tree growth responses to pair-wise interactions over the tree age
and the altitude gradient.
Table 2. Parameters estimated for the triple interaction model including associated standard

error, t statistic and p value.

Parameter

Model parameters value Std.Error t-value P value
Intercept -0.147 0.024 -6.06 <0.0001
Age 0.156 0.024 6.37 <0.0001
Altitude -0.115 0.025 -4.63 <0.0001
Year -0.046 0.024 -1.88 0.060
Age X Altitude -0.100 0.026 -3.91 0.000
Age X Year -0.037 0.025 -1.46 0.144
Altitude X Year -0.073 0.026 -2.82 0.005
Age X Altitude X

Year -0.047 0.030 -1.55 0.122

4. Discussion

Our results evidence divergent last century P. splvestris growth patterns along the altitudinal
gradient: while growth has increased notably over time at low altitudes, growth at high
altitudes has significantly decreased. This result is somehow opposite to global expectations
which emerged from trends reported in cool temperate and boreal forests, and which point to
net positive effects of climate warming and COg enrichment in forests in which low
temperature i3 the predominant environmental constraint. Our results also showed that tree
age modulated these responses along the altitudinal gradient. Specifically, growth divergence
was more evident along the altitudinal gradient for older trees. Growth reduction with altitude
1s commonly seen in many mountains of the world (Kérner, 1998). Temperature decrease
reduces plant metabolism and shortens the growing season (Korner 2003; Larcher, 2005),
which reduces tree growth. A low growth rate and the lack of altitudinal gradient effects for
young trees suggest that they experience similar stress level along the entire gradient. Growth
at low altitudes might be constrained by competition and drought stress (Castro et al, 2004),

while at high altitudes cold stress might be the main stressor for young trees.
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Mean temperature has increased throughout the 20 century but especially in the last
20 years (Beniston 2003; Pauli et al. 2003; Garcia-Romero et al. 2010). While some studies
have reported growth acceleration at high elevation locations (Salzer et al. 2009; Pretzsch et
al. 2014), others have shown no change or even a negative response (Briffa et al. 2004;
Wilmking et al. 2004). In the Sierra de Guadarrama, the mean annual and winter
temperatures have increased by 19% (5.75 °C to 6.87 °C) and 127% (-1.38 °C to 0.38 °C),
respectively in the second half of the 20® century (Munioz and Garcia, 2004). The increase in
N deposition and atmospheric C, from the industrial era has also been proposed to enhance
tree growth in some boreal conifers (Bolker et al, 1995; Cannell et al. 1998; Emmett et al.
1998). Field experiments of N enrichment point to modest increase in forest growth (Bolker et
al. 1995; Cannell et al. 1998; Emmett et al, 1998). Specifically, for P. sylvestris boreal stands, N
enrichment increased growth by 12% (Nissinen and Hari, 1998). In contrast, others studies
showed no effect of N deposition (Reynolds et al. 1998). N deposition in the Sierra of
Guadarrama 1s relatively high (Garcia-Gomez et al. 2014) due to its proximity to a big city (~
70 km from the metropolitan area of Madrid). It is possible that the temperature, N deposition
and C, increase over time have stimulated tree growth at low altitudes due to enhanced water
use efficiency (Saurer et al. 2004). Paradoxically, at high altitudes where the cold is a major
limitation for plant performance (Sanchez-Salguero et al. 2015a), growth has decreased over
time (Figure 3), suggesting lack of “fertilization” and warming temperature benefits on tree
growth. This suggests that the benefits of these global change drivers have been overtaken out
by unaccounted local factors operating at high altitudes. Consistent with our findings, a poor
relation between tree growth and main global change drivers has been reported for other
Mediterranean pine forests (Camarero et al. 2015), providing further support to the idea that
other local or regional environmental factors can mask the positive effects of warming and Ca,

and N deposition “fertilization” effects.

Several local factors might explain the patterns described in our study. First, soils at high
altitude may have lower water holding capacity and fertility than sites at the low end of the
gradient (Pachepsky et al. 2001; Charan et al. 2013). Temperature increase over time involves
higher evapotranspiration that, along with a slight reduction in precipitation at the high
elevations (see ESM1) may result in increasing drought stress (Allen and Breshears 1998;
Wilmking et al. 2004). A growth reduction has been reported in P. sylvestris populations
located at high altitudes, mainly associated with moisture conditions (Lebourgeois et al. 2010),

suggesting that in Mediterranean mountains Scots Pine populations at high elevations may in
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fact be more vulnerable to drought stress than lower populations (but see Sanchez-Salguero et
al. 2015a). Second, water availability rather than low temperature is the main limiting factor
for tree growth at low- and mid-altitude sites in Mediterranean mountains (Castro et al. 2004;
Sanchez-Salguero et al. 2015b). Pinus sylvestris populations at low altitudes may be locally
adapted and more drought tolerant than high altitude populations. Both altitudinal and
latitudinal drought tolerance differences among P. sylvestris populations have been reported
(Fournier et al. 2006; Matias et al. 2014). Ecotypic differences in drought tolerance of tree
species can be found even at short spatial scales (see Kubiske and Abrams 1992). Moreover,
many plant species show ecotypic variations along altitudinal gradients with high altitude
ecotypes growing slower than low altitude ecotypes due to inherent differences in metabolism,
phenology and stress tolerance (von-Wuehlisch et al. 1995; Reich et al. 1996; Vitasse et al.
2009; Vitasse et al. 2013). Thus, the negative effects of low temperatures with altitude can
interact synergistically with ecotype differences to reduce tree growth (Matias et al. 2014;
Matias et al. 2017). Finally, a third explanation is that P. sylvestris populations at high altitudes
are more sensitive to late spring frosts. Spring frosts might damage seedling emergence and
hinder tree growth and survival (Fisichelli et al. 2014). Cold hardening and dehardening in
many conifers is partially controlled by temperature (Bigras et al. 2001) and mild winter spells
can reduce cold hardening due to reduction in the needle concentration of the cryoprotectant
soluble sugars (Ogren et al. 1997; Morin et al. 2007). It is possible that the increase in winter
temperature may have advanced cold dehardening, making aboveground organs more
vulnerable to spring frosts, whose frequency has remained stable as mean surface temperature
has increased (IPCC 2014). Increased damage caused by spring frosts due to premature
dehardening has been observed for conifers (Ogren et al. 1997; Man et al. 2009) and for
broadleaf trees (Hufkens et al. 2012).

5. Conclusions

Throughout the last 80 years a rear-edge P. sylvestris forest has shown divergent growth
patterns along an altitudinal gradient. Tree growth at low altitudes has increased in the
second half of the 20" century, while at high altitudes it has slightly decreased. This suggests
that environmental conditions have become more adverse for growth at high altitudes and
have improved at low altitudes. The positive effects of temperature, atmospheric C, and N
deposition increase on tree growth at low altitudes may have been greater than the potential

negative effects of increased summer aridity. This study highlights the importance of local
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environmental factors, which may interact with global scale environmental factors, to drive
forest responses suggesting the need to incorporate local environmental variation and

ontogeny in models projecting likely forest responses to global change.
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8. Supplementary Material

ESMI1. Evolution of the annual rainfall (black lines) and mean temperature (grey line)
through time in the Puerto de Navacerrada (upper panel) and Segovia city (bottom
panel) located at 1894 m.a.s.l. and 1002 m.a.s.l. respectively (Data from AEMET,

www.aemet.es).
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ESM2. Altitude of the sections located in Navafria.

Elevation (m.a.s.l.)

Section Area (ha) Min Max Mean
I 1051 1320 2010 1620
II 904 1270 1990 1554
111 758 1330 2070 1700

ESM3.

Parameters correlation between variables.

Age X Age X Altitude
Intercept  Age  Altitude  Year
Altitude  Year X Year

Age 0

Altitude -0.003  0.083

Year -0.003  -0.018  0.048

Age X Altitude 0.074 0.067  0.075  -0.004

Age X Year -0.021 0.104  -0.02 0.012  0.059

Altitude X Year 0.046 -0.01  -0.125 0.01 0.154  0.085

Age X Altitude X Year  -0.008 0.067  0.145 0.087  0.204 0.038  0.16l

136



Factors detei'mlnlng abovegzroilnd

IJ ' ) -~ X "0 »~

" e .

allometrﬁﬂ Pznus sylvestrzs Irees‘

+ 7

ot

e ¢
7 k X
o : “Foga: Pi loestris. Pi
ﬁ - N 0;‘(’)‘ WU SPLOEstrts 1.na

L

s
.




Factors determining aboveground allometry Pinus sylvestris trees
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RESUMEN

Los o6rganos de las plantas mantienen proporciones en su tamafio denominadas
relaciones alométricas. Dichas relaciones reflejan la coordinacion en la asignacion de
recursos entre diferentes 6rganos con el fin de mantener la estabilidad estructural y
funcional de la planta. Las relaciones alométricas son el resultado de la interaccion de
las caracteristicas intrinsecas de los individuos (genotipo) con el medio ambiente. En este
articulo investigamos las variaciones en el espacio y el tiempo de las relaciones
alométricas de la parte aérea en arboles de Pinus sylvestris L. (pino silvestre) en un bosque
ubicado en el Sistema Central en la Peninsula Ibérica. En concreto, se ha medido el
Indice de esbeltez (altura/diametro del tronco -dbh-) y el volumen tronco/volumen
copa. Independientemente de la densidad de la masa, el indice de esbeltez ha cambiado
a lo largo del tiempo pero la variaciéon ha dependido de la altitud en la que crecen los
individuos y su edad. Los arboles adultos se han vuelto mas esbeltos a lo largo del
tiempo en las zonas mas bajas y menos altos en las zonas mas elevadas. En cambio, los
ejemplares jovenes han seguido el patrén contrario. La relacion entre el volumen del
tronco y el volumen de copa de arbol de P. sylvestris disminuy6 con la edad de los arboles
y la altitud. Este estudio indica que el cambio en las condiciones ambientales tanto en
altitud como los ocurridos en los Gltimos 70 aflos modulan la forma de los arboles y que

dichos cambios son independientes de la densidad de la masa.
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Palabras clave: Altura del arbol, didmetro normal, edad, gradiente altitudinal,

relacion alométrica, volumen de la copa.

ABSTRACT

Plants organs maintain proportions in their size named allometric relationships. Such
relations show the coordination in resource allocation between different organs in order
to maintain the structural and functional stability of the plant. Allometric relationships
are the result of the interaction of intrinsic characteristics of individuals (genotype) with
the environment. In this paper we investigate variation in aboveground allometric
relationships in space and time of Pinus sylvestris L. (Scots pine) trees in a forest located in
the Central System in the Iberian Peninsula. Specifically, the slenderness index (trunk
height/diameter -dbh-) and trunk volume/crown volume have been measured.
Independently of mass density, the slenderness index has changed over time but this
variation has depended on the altitude at which individuals grow and their age. The
older trees have become more slender throughout time in low altitudes and less slender
at high elevations. Instead, young trees have been follow the opposite pattern. The
relationship between the trunk volume and the crown volume of P. sylvestris decreased
with tree age and with altitude, although the fact that the increase was only found
among older trees but not among the younger trees. This study indicates that the
change in environmental conditions, both in altitude and in the last 70 years modulate

tree morphology and such changes are independent of the density of the mass.

Key words: Age, altitudinal gradient, allometric relationship, diameter at breast

height, height, tree crown.
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INTRODUCTION

Plant organs keep size proportions termed allometric relations, which reflect
coordination in resource allocation to different plant organs that allow maintaining their
structural and functional stability. Allometric relationships result of the interaction of the
intrinsic characteristics of individuals with the environment (Grams and Andersen,
2007). Competitive environment plays a significant role in plant performance and
population dynamics (King, 1996). Plants compete primarily for light, nutrients and
water (Begon et al, 2005), and changes in these resources drive photosynthesis, growth
and carbon allocation (Hubbell et al, 1999; Lemaire and Millard 1999; Potvin and
Dutilleul 2009).

The relation between tree height and tree trunk diameter (tree slenderness) is
related with resource allocation and affects forests structure (Enquist et al, 1998; Poorter
et al, 2012). Tree slenderness changes along biotic and abiotic gradients; for instance tee
slenderness 1s frequently correlated with climatic variables (King et al, 2006; Lopez-
Serrano et al, 2005). Plant height growth is promoted in high light competition scenarios
to maximize carbon profit (Berntson and Wayne, 2000; Moles et al, 2009). This involves
increased allocation of resources to stem elongation and to foliage at the expense of stem
diameter (Takenaka, 2000; Suzuki, 2002; Vanninen and Makela, 2005). This results in
crown asymmetry and lower relative projection area (Young and Hubbell, 1991).

Coordination between the water supply capacity and the transpiring demand of
the tree can be expressed by the relationship between transversal area of trunk xylem (or
more precisely the sapwood) (Ax) and the area of foliage (Ar) supported by tree trunk.
This ratio is also termed the Huber value (Huber, 1928). High values of Ax /AL indicate
that the tree has high capacity to supply water to foliage. Large quantity of nutrients,

non-structural carbohydrates and water are stored in the wood (Harmon et al. 1986;
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Kozlowski 1992). Consequently, high Ax/AL values can indicate high resource storage
capacity, which can help trees to resist and recover prolonged periods of stress.

Phenotypic variation linked to plastic responses in tree allometry is expected due
to spatio-temporal variation in environmental factors (Casper et al, 2003; De Kroon et
al, 2005). In drought-prone environments, trees become shorter with proportionally
thicker stems relative to crown foliage (Martinez-Vilalta et al, 2004; Pockman and
Sperry, 2000). Under the forecasted increasing aridity conditions (e.g. longer and/or
more intense droughts and extreme temperatures) in southern Europe due to Climate
Change, plasticity in allometric adjustments might be key for tree fitness, particularly for
rear-edge tree populations. For instance, higher investment in stems and roots in
response to drought at the expense of foliage can increase the capacity to store water,
nutrients and carbohydrates (Ludovici et al, 2002; Woodruff and Meinzer, 2011), which
can enhance the capacity to resist drought and recovery after extreme stress events
(Pinheiro et al, 2001; Chaves et al 2002). At the same time, the increase in atmospheric
CO2 and nitrogen (N) deposition could increase the photosynthesis and carbon
allocation as a “fertilization process”. Increase in soil N increases allocation to leaves
and shoots at the expense of roots (Hermans et al, 2006). It is unclear if the increased in
CO2 concentration and the N depositions in recent decades due to Global Change
(IPCC, 2014) could modify tree allometric relationships. The way in which allometric
relationships change along temporal gradients irrespective of ontogeny has received less
attention (Oleskyn et al, 1992).

In this paper, we investigate spatial and temporal trends in aboveground
allometry in Pinus sylvestris L. (Scots pine) trees in a forest located in the Central System
range in the Iberian Peninsula where the species is at the dry edge of its distribution.
Scots pine is the most widely distributed pine in the north hemisphere, ranging from

Scotland along Atlantic to Pacific coast to eastern Siberia, with relict populations in the
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Mediterranean Basin (Richardson and Rundel, 1998). It reaches elevations from sea
level to 2600 m a.s.l., occupying many types soils. This wide range of its distribution
could be due to its highly plasticity and its genetic diversity, as observed by different
authors, resulting in morphological differences among populations across the altitudinal
gradient (Benito-Garzon et al, 2011; Rehfeldt et al, 2002; Savolainen et al, 2004).
Specifically, we investigated to aboveground allometric relationships along an altitudinal
gradient (1350-1890) where water and temperature conditions strongly vary. Moreover,
we also studied changes among 1930 to 2010, which encompasses several global change
drivers correlated with time. The studied allometric relationships were tree slenderness
and the relationship between trunk volume and the branch volume of the crown (crown
volume). We used the trunk volume/crown volume as a proxy of the ratio between
transversal area of the xylem and total leaf area supported by a stem or a trunk (Ax/Ar).
We hypothesize that tree slenderness and trunk/crown volume are driven by
environmental factors, and have changed through time in response to Global Change

drivers.

2. METHODS

2.1 Study area
Tree growth was recorded in a 3891 ha forest (named MUP 198 “Pinar de Navafria”)

dominated by P. splvestris and located in the municipality of Navafria (Lat 41°03'17" N;
Long 3°49'21" W) in the Sierra de Guadarrama, Central System range, Spain (Figure 1).
In this area, P. sylvestris is bound to a narrow altitudinal strip ranging from 1300 to 2100
m a.s.l. (Martinez-Garcia, 1999). Climate 1s continental Mediterranean with important
altitudinal variations in temperature and rainfall. Winters are cold and humid and the

summers are warm and dry. At the lowest part of the altitudinal gradient (village of
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Navafria), the annual, minimum and maximum mean temperature are 10.7, 4.4 and 17

°C, respectively. Total annual rainfall is 611 mm and no apparent change has been

observed through time for rainfall. Similar to other mountains, rainfall increases while

temperature decreases with elevation (Rolland et al, 1998; Sanchez-Salguero et al, 2015;

Tardif et al, 2003; Vaganov et al, 2006). In Puerto of Navacerrada (1894 m a.s.l.),

annual rainfall is 1324 mm and mean annual temperature 1s 6.4 °C. At this high-altitude

site, a slight decrease in annual rainfall is recognized while in Segovia city (~1000 m

a.s.l.), the precipitation has remained constant throughout the years. In contrast, the

temperature has increased in the last 50 years in both locations.

1120000

1100000 1080000 1060000

1040000

1020000 1000000

2000000 0 2000000

4000000

6000000

620000

650000

680000

710000

740000

770000

Valladolid Burgos

Comunidad de Madrid

0 5 10

1120000

1100000 1080000 1060000

1040000

Guadalajara

Soria

20 30 40

1020000 ~1000000

620000

650000

680000

710000

740000

770000

2000000 4000000 6000000

0

1000000

1000000 -800000 600000 -400000

1200000

3000 s000
~2000000 0 2000000 4000000 6000000
AR
W yE
s
Legend
- Pinar de Navafria Country State Boundary

1600000 -1400000  -1200000  -1000000

800000

-600000

-400000

o 125 25
——

450

675

1600000 -1400000  -1200000  -1000000

-800000

-600000

-400000

%00
- 1

2000000 4000000 6000000

0

1000000

1000000 -800000 600000 ~400000

1200000

Fig. 1. Distribution of Pinus sylvestris in a) Europe and b) Spain and location of the forest

Pinar de Navafria (yellow) in the Central System range (green).
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2.2 Morphological measurements

Scots pine forest management in Sierra de Guadarrama is subjected to management
plans since 1890, mainly oriented towards sustainable timber production. The "Pinar de
Navafria" forest began to be managed in 1885 using a shelterwood thinning method, to
maximize natural regeneration and the production of high quality timber (Diaz and
Prieto, 1999). For administrative purposes, the forest was divided into nine sections with
identical management plans. Each section in turn was subdivided into five subsections,
thus resulting in a total of 45 forest units. Rotation averages 120 years and the
regeneration period spans 20 years. Periodic thinning is conducted every 10 years
depending on the stage of the rotation period and the stand is managed to achieve even
aged stands in the long term.

Forest management prescriptions have been audited almost every ten years, where trees
of different diameter classes were selected and harvested for estimating tree dasometric
variables since 1890, thus providing an invaluable source of information to assess the
evolution of tree structure and growth throughout the last century. All data were
recorded in a regional historical archive. Tree morphological data in particular are
available for decadal periods in 1930-1940, 1939-1949, 1949-1959, 1959-1968, 1989-
1999, 2000-2010. In the first record (1930-1940), the present and permanent stands
were defined, which make no comparable the stands of the first management plan
(1885-1895). Slope aspect (%), area (ha), altitude (m a.s.l.) (SM1) and soil types were
recorded for each forest unit. For each fallen tree, the variables were tree age, the
diameter at breast height after removing the bark (dbh, cm), height (m), crown volume
(m3), and age (No. rings) were measured. Crown volume is the volume of the main
branches of the crown. The age of the studied trees ranged between 30 and 235 years
old. The examined relationships were the slenderness index (Height/dbh) and the trunk
to crown volume ratio. This latter relationship is a proxy of the relationship Ax/Ar that
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indicates the capacity of stems or trunks to transport water and store resources per unit

of supported foliage. We calculated the trunk volume (cm?) using the cone formula: 1/3

X (1 X r?) x h, where r is the dbh/2 and h is tree height.

2.3 Data analysis

We performed the statistical analyses in R 3.1.2, (R Core Team, 2008). We fitted Linear
Mixed Models (LMM) of the nlme package (Bates et al, 2015) to analyze slenderness
index and dbh/crown volume (standardized variables). We checked collinearity was not
a problem through Pearson correlation for the main effects (SM1). As explicative
variables, we included the three order interaction: altitude X time X tree age (and the
related two-order interactions and the main effects) to evaluate whether global-change
trends of tree morphology are dependent on tree age and altitude since 1930. The
biological meaning of this third-order interaction is that depending on the tree age, and
altitude, differential global change trends associated to rising COg, N or temperature
should be recognized in tree morphology. If the set of contemporary trees develops
differently in different years indicates changes in tree morphology and site conditions.
We used multivariate modelling (various combinations of variables) and model
comparison by using the Akaike information criterion corrected (AICc). We first fitted
the maximal model, containing all the explanatory variables and all the possible
interactions. For model comparison and averaging we used the dredge function within
the “MuMIn” package (Barton, 2018). Importantly, tree density depicted a somewhat
linear increment throughout the studied period (Pearson correlation: 0.52). To control
for the density effect, we developed a model that included the dependent variable

(Slenderness index or Trunk/crown volume) and tree density and we used the residuals
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for the successive models. The model with the most appropriate structure for the

Slenderness index was as follows:

Y=, +B, Alttude x 3, Time+ [, Age b1+ Ejjteeenennnns Equation 1

where Yy is the jth slenderness response on the ¢th individual (untransformed) on a #th
specific year. The fixed parameters are o — 33, while by is random effect (b;~ N (0, 72),
and finally &; shows the error g~ N (0, 2).
The most appropriate model for the relationship between trunk/crown volume
was as follows:
Y=+ B, Age + B, Time + b+ gj..oiii Equation 2
where Yii is the jth relationship between trunk/crown volume response on the ith
individual (untransformed) on a ¢th specific year. The fixed parameters are 3o — 32, while

b1 is random effect (b~ N (0,7%), and finally &;; shows the error &~ N (0, ).

3. RESULTS

3.1 Slenderness index

Slenderness index of P. sylvestris trees has changed throughout time and along the
altitudinal gradient. The most parsimonious model included the third pair-wise
interaction Age X Altitude X Time (Table 1). In the first decades of the 20" century,
young trees were more slender at high altitudes compared to low altitudes (Fig. 2, upper
panel). For adult trees, the slenderness index has reversed through time: in the first
decades of the 20" century, trees were more slender at high altitudes, but in the last

decades, trees are becoming slender at low altitudes (Fig. 2, lower panel). The pseudo-
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R? marginal, which is the part of the variance explained by only the fixed effects,
suggested that 16% of the variance can be attributed to the effects of tree age and the
triple interaction. Accordingly, 32% of the variance could be attributed to the random

term plus the fixed effects, 1.e. variability among forest stands (Table 2).
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Table 1. Summary of the model ranking using Akaike information criterion corrected

(AICc) to test the variables affecting Slenderness index and the relationship between

Trunk/Crown volume. AAIC is the delta weight (difference between the AICc for a

given model and the best fitting model), £ is the number of estimated parameters and w;

1s the model selection probability (Akaike weights). The models are shown with AAIC

<15.
::fi?zlg Main effects AlCc k AAIC w1
Slenderness index
Altitude+Age+Time+AltxAge+AltX Time+AgeX Time+AltxXA
1 gexTime 4758.4 10 0 0.979
2 Altitude+Age+Time+AltX Time 4767.7 7 9.36 0.009
3 Altitude+Age+Time+AltxAge+AltXTime 4768.9 8 10.54 0.005
4 Altitude+Age+Time+AltXTime+AgeXTime 4769.1 8 10.67 0.005
5 Altitude+Age+Time+AltXAge+AltXTime+AgeX Time 4770.3 9 11.89 0.003
Tree Trunk volume/ Crowm volume

1 Altitude + Time 2909.1 5 0 0.445
2 Altitude+Time+Altx Time 2909.8 6 0.73 0.308
3 Altitude+Age+Time 2912.2 6 3.13 0.093
4 Altitude+Age+Time+AltxTime 2913.2 7 4.09 0.057
5 Time 2913.9 4 4.79 0.041
6 Altitude+Age+Time+AltxAge 2915.5 7 6.36 0.018
7 Altitude+Age+Time+AgeXTime 2916.6 7 7.53 0.01
8 Altitude+Age+Time+AltxAge+AltXTime 2916.8 8 7.71 0.009
9 Age + Time 2917.5 5 8.43 0.007
10 Altitude+Age+Time+AltXTime+AgeXTime 2917.6 8 8.49 0.006
11 Altitudet+Age+Time+AltXAge+AgeXTime 2919.9 8 10.76 0.002
12 Altitude+Age+Time+AltxAge+AltXTime+AgeX Time 2921.2 9 12.12 0.001
13 Age+Time+AgexTime 2921.9 6 12.81 0.001
14 Altitude 2923 4 13.93 0
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Fig. 2. Contour plot showing the variation of Slenderness index of P. sylvestris trees with

pair-wise interaction (altitude X time) (Upper panel figure: Young trees; lower panel:

Adult trees)
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Table 2. Parameters estimated for the Slenderness index and the relationship between
Trunk / Crown volume, including associated standard error, t statistic and p value.
Variance components associated with the random term are shown at the bottom. All
variables were standardized in all models to avoid problems with convergence in

parameter estimate procedure. Marginal (pseudo-R?m) and Conditional (pseudo-R?c)

R-squares.
Slederness index Value Std.Error DF t-value p-value Pseudo-R’m
Fixed
(Intercept) -0.0905  0.5305 594 -0.1705 0.8647 0.1645
Altitude -1.6280  0.5089 594 -3.1990 0.0015
Age 0.2851  0.5035 594 0.5663 0.5714
Time -3.9828  0.5032 594 -7.9145 0.0000
Altitude X Time -3.1668  0.5253 594 -6.0291 0.0000
Altitude X Age -0.0010  0.5124 594 -0.0020 0.9984
Age X Time -0.1636  0.5217 594 -0.3137 0.7539

Altitude X Age X 9 9308 0.6003 594 -3.6614 0.0003

Time
Random Intercept Residual Pseudo-R?c
Stand 0.3462 12.1831 0.1652
Trunk/crown volume  Value Std.Error DF t-value p-value Pseudo-R’m
Fixed 0.04463
(Intercept) -0.0021  0.1210 580 -0.0172 0.9863
Altitude -0.3605  0.1178 580 -3.0605 0.0023
Time -0.5130  0.1184 580 -4.3337 0.0000
Random Intercept Residual Pseudo-R?%c
Stand <0.05  2.8479 0.04496
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3.2 Relationship between Trunk / Crown volume

The relationship between trunk and tree crown volume of P. sylvestris is altitude and
time-dependant (Table 2, Fig. 3). The relationship between trunk and tree crown
volume decreased with the altitude (Fig. 3). Also, this relationship has change
throughout time (Fig. 4). In recent decades, the relationship between trunk and crown
volume has decreased. The most parsimonious model did not include the pair-wise
interaction between the Altitude X Time, while the triple interaction was neglible (Table
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Fig. 3. Relationship between trunk/crown volume in the altitudinal gradient.
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4. DISCUSSION

4.1 Slenderness index

We observed that in the beginning of the century, young trees were more slender at low
altitudes than at high elevations (Fig. 2, upper panel). It has been observed a reduction
in basal area and tree height with increasing altitude (Petit et al, 2011; Thomas, 2011;
De Bello et al, 2012). However, for Iberian pine species, it has reported taller trees at
low elevations (Candel-Pérez et al, 2012; Sanchez-Salguero et al, 2015, but see Homeier
et al, 2010), mainly due to water stress. Drought constitutes an important constraint on
Scots pine growth under Mediterranean climate. However, young trees are becoming
slender in the entire altitudinal gradient (Fig 2, upper panel).

In contrast, for older trees, we observed that trees were slender at high altitudes. It has
been reported that elevation increased tree slenderness (Holeksa et al, 2007; Homeier et

al, 2010), due to biological and physiological processes linked to temperature and
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moisture availability (Oleksyn et al, 1998). In contrast, in the last decades of the 20t
century, we observed that trees are more slender at low elevations (Fig. 2, low panel)
This indicates that in the first decades of the 20™ century, the environmental conditions
were more adverse at higher altitudes, mainly by cold, which is the mainly stressful
factor at high altitudes, Woodward and Williams, 1987). Mean air temperature
decreases by 0.6 °C per 100 m elevation (Paulsen et al, 2000). Also, it has been pointed
out that the global temperatures were lower at the beginning of the century (IPCC,
2014), and at high altitudes could be even colder. In contrast, in recent decades, mean
temperatures have increased (Beniston 2003; Pauli et al, 2003). This could induce the
extension of growing season driven by warmer temperatures (Lucht et al, 2002; Piao et
al, 2007) and improve the conditions at high elevations (Andreu et al, 2007; Salzer et al,
2009), as we observe for young trees (Fig.2, upper panel), but negative affect for the
older trees. For Iberian pine species, it has reported taller trees at low elevations
(Candel-Pérez et al, 2012; Sanchez-Salguero et al, 2015, but see Homeier et al, 2010),
mainly due to water stress. Drought constitutes an important constraint on Scots pine
growth under Mediterranean climate. Furthermore, the increased of temperatures in
recent decades is exacerbating the impacts of droughts, reducing the productivity in
drought-prone environments (Solomon et al, 2007). In Mediterranean ecosystems, trees
at low altitudes experienced drier conditions than trees located high altitudes. It has
been observed a negative correlation between drought and slenderness index (Worrall et
al, 2010; Nepstad et al, 2015). Drought conditions were hypothesized to increased tree
slenderness (Frey et al, 2004), because the decrease in water availability may reduce the
length of the trees growing period, due to a drought-induced declining in C uptake
(McDowell et al, 2010). Also, taller trees could have more difficulties to transport water
(Woodruff et al, 2008) and may have a greater penetration by the sunlight and wind

who promote a higher rates of evapotranspiration (Koike et al, 2001). However, studies
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including the interaction of temporal and altitudinal gradients in response to slenderness

are very scarce. More investigations are needed to clarify this tree change.

4.2 Trunk and Crown volume

Our results showed that the relationship between the trunk and crown volume has
decreased in the altitudinal gradient and time. There are many studies on Ax/AL ratios
of forest stands (Margolis et al, 1995), but little is know in long-term change and
altitudinal gradient in functional properties associated with Ax/AL.

We observed a decreased in relationship between trunk/crown volume in the altitudinal
gradient. Contrary results have been reported for different species: it has been observed
a reduction in Ax/Ar in Mediterranean species associated with the increase in
precipitation (Villar-Salvador et al, 1997). This response could be due to the reduction
in foliar area to prevent xylem embolism (Tyree and Dixon, 1986). Contrary to Villar-
Salvador and coworkers (1997), it has been observed an increase in Ax/ArL with increase
in vapour pressure deficit in Pinus sylvestris (Mencuccini and Grace, 1995). Information
about changes in As/AL along altitudinal gradients is very scarce (but see Hernandez-
Calderon et al, 2014). More investigations are needed to clarify these responses.

We observed that the relationship between trunk/crown volume has decreased
throughout time. The increase in temperature in recent decades (IPCC, 2014) could
trigger high rates of evapotranspiration, which decreased on trunk/crown volume.
Contrary to our observations, it has been reported that trees growing under warm and
dry conditions have a higher Ax/AL to overcome the risk of embolism (Delucia et al,
2000; but see Martinez-Vilalta et al, 2009). Moreover, larger trees reduced the foliar
surface area because smaller leaves can result from greater limitation and lower leaf

turgor in crowns of taller trees (Mencuccini and Grace, 1994; Woodruft et al, 2004;
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Ambrose et al, 2009). Previous studies showed that trees increased trunk volume/crown
volume with altitude where rainfall is higher and air evaporative demand is lower than
in the low altitude locations. This means that high altitude trees may allocate more
resources for constructing and supporting structural organs and carrying less leaf area
with altitude. At high altitudes low temperature and higher wind could induce water
stress during the cold season (Korner, 2007). Shifts in allocation to xylem tissues at the
expense of foliage organs contributes to increase leaf-specific hydraulic conductivity.
This allows improving water supply to foliage without important changes in conduit
diameter, which could increase the risk of embolism. Increase in trunk volume relative
foliage also increase the capacity for storing resources such as carbohydrates, which can
be used by plants during prolonged periods of limited photosynthesis. According to the
hydraulic limitation hypothesis (Ryan and Yoder, 1997), productivity decreased in aging

trees.

5. CONCLUSIONS

Scots pine showed allometric changes in the size of aboveground allometric
relationships across temporal and altitudinal gradients. The allometric relationship
between height and dbh has change throughout the time and altitudinal gradients. This
indicates that the change in climatic conditions in the different altitudes in Sierra de
Guadarrama during the last 70 years have modified the resource allocation pattern of
trees. Our results suggest that trees respond to the increase in transpiration rates
determined by decrease in the relationships between the trunk volume and crown
volume. The presence of a structural change in response to increased evaporative
demand has important consequences for our understanding of the effects of water

deficits on trees.
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7. SUPPLEMENTARY MATERIAL.

SMI1. Correlations among independent variables.

Slenderness index Altitude Age Calendar year
Altitude
Age 0.075
Calendar year 0.037 -0.024
Altitude X Calendar year ~ -0.157 -0.036 -0.002

SM2. Correlations among independent variables (Relationship between crown volume

and DBH).
Altitude Calendar gc  Density %ngjga? Altitude X Calendar year
year year Age X Age
Altitude
Calendar year 0.013
Age -0.147  0.003
Density 0.144  -0.304 -0.023
Altitude x Calendar year 0.081 0.183  -0.082 -0.03
Altitude X Age -0.794  -0.05 0.08 -0.005 -0.074
Calendar year X Age -0.079  -0.731 0.023 -0.016  -0.169 0.081
Altitude XCalendar year Xx Age ~ -0.074  -0.145  0.09  0.041 -0.835 -0.018 0.109
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SM2. Twenty century structural parameters for low altitudes (1350-1615 m a.s.l.) and

high altitudes (1640-1895 m a.s.l.). Given are means * SE.

Low altitudes

High altitudes

Calendar year
1940
1950
1960
1969
2000
2010

1940
1950
1960
1969
2000
2010

Slenderness index

37.091£11.64
35.948+13.54
39.126£14.17
30.415%£11.39
31.997£12.64
46.209%+17.22

38.95£11.62

38.066%£13.65
35.0795+11.10

35.07+£9.91
32.4249.02
36.116£8.80

dbh/crown volume

0.557£0.36
0.434+0.2
0.403£0.2

0.688+0.36

0.657+0.33
0.29£0.19

0.617£0.36
0.547£0.36
0.474+£0.32
0.388£0.15
0.45%0.19
0.312+0.17
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CAPITULO 6

DISCUSION GENERAL

Las especies de pino presentan importantes diferencias en las respuestas funcionales al
frio y al estrés hidrico (Sakai, 1983; Valladares y Sanchez-Gomez, 2006; Climent et al,
2009), lo que les ha permitido colonizar una amplia variedad de ambientes. El
experimento llevado a cabo en esta Tesis (Capitulo 2) muestra que los juveniles de las
seis especies de pinos nativas de Europa presentan importantes diferencias en su
capacidad para sobrevivir a las bajas temperaturas. Estas diferencias son consistentes
con su distribucién en la Peninsula Ibérica y en Europa, lo que sugiere que la
distribucion de los pinos esta, en parte, determinada por las bajas temperaturas. En
cambio, hemos observado que el estrés hidrico moderado en nuestro estudio no parece
ser un condicionante tan limitante como las heladas. No obstante, el estrés hidrico
prolongado e intenso tanto edafico como atmosférico afecta mas negativamente a los
pinos de montana, especialmente Pinus uncinata y P. sylvestris que los pinos
tipicamente mediterraneos (Matias et al 2017; Salazar-Tortosa et al. 2018). Por tanto,
nuestros datos y los recientemente publicados apuntan a que las diferencias entre
especies a las heladas y la sequia explican en buena medida la distribucién de las

poblaciones naturales en la Peninsula Ibérica y en el resto de Europa.

La sensibilidad a las heladas limitan la capacidad de colonizaciéon de los pinos mas
tipicamente mediterraneos (P. halepensis y P. pinea) hacia latitudes y altitudes mas
elevadas. Las tolerancia a las heladas, medida como la capacidad de sobrevivir de los
juveniles, de las especies mas mediterraneas fue menor que las especies de montafia en
el sur de Europa o a menores altitudes o latitudes mas elevadas (P. migra, P. sylvestrisy P.
uncinata). P. uncinata y sobre todo Pinus sylvestris y alcanzan mayores latitudes vy
constituyen el limite latitudinal y altitudinal del bosque en muchas montanas del sur de
Europa (Camarero and Gutiérrez 1999, Strimbeck and Schaberg 2009). Aunque P. nigra
a menudo ocupa bandas altitudinales por debajo de P. sylvestris y P. uncinata, hemos visto
que tienen una mayor tolerancia a las heladas (experimento de supervivencia, Capitulo
2), que dichas especies. Este resultado sugiere que la distribucion altitudinal de P. nigra
podria estar controlado por otros factores como la sequia estival, muy comun en las

montanas del sur de Europa. En concreto, experimentalmente, se ha demostrado que P.
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migra tiene una mayor capacidad de tolerar el estrés hidrico que P. sylvestris y P. uncinata
(Matias et al, 2017). En concreto, también es posible que en zonas mas elevadas donde
la precipitaciéon es mayor y la aridez estival menos intensa, P. sylvestris sea menos
competitivo que P. sylvestris, lo que dificultaria su colonizacién en zonas mas elevadas.
Esta idea deberia ser corroborada experimental en el futuro.

Los resultados experimentales (Capitulo 2) sugieren que el estrés hidrico modula de
distinta manera la resistencia a las heladas en las especies de pinos. En P. sylvestris y P.
pinea, el estrés hidrico reduce el dafio por las heladas. A diferencia de estas especies, el
estrés hidrico agudizo el dano por heladas en P. uncinata. Ello indica que esta especie es
mas vulnerable al estrés hidrico que el resto de ellas, tal como se han observado
experimentalmente (Matias et al, 2017; Salazar-Tortosa et al, 2018). La congelacién en
los tejidos puede inducir a la deshidrataciéon celular por dos mecanismos. El primero es
la congelaciéon de agua extracelular, en la cual, la expansion de los cristales de hielo
provocan que el agua celular se difunda a través de la membrana plasmatica al hielo
extracelular, ocasionando que la célula se contraiga y se deshidrate. El segundo es la
congelacion intercelular, ya que se destruyen las membranas bioplasmaticas debido a
que los cristales de hielo se expanden muy rapido en el protoplasto (Sakai and Larcher
1987). Se ha observado este mismo patréon para especies caducifolias como Rhododendron
catawbiense (Peng et al. 2008) y Larrea tridentata (Medeiros et al, 2011). Sin embargo,
existen pocos estudios para las especies perennifolias y coniferas (Ewers et al. 2003,
Cavender-Bares et al. 2005). Para las demas especies, P. halepensis, P. pinaster y P. nigra, la
interaccion entre el estrés hidrico y las heladas no fue significativa (Capitulo 2, Figura 2).
Esto sugiere que existen mecanismos alternativos para soportar el estrés hidrico y las
heladas, como pueden ser el aumento en la producciéon de hormonas como el acido
absicico (Mantyla et al, 1995; Pagter et al, 2008; De Diego et al, 2013), una mayor
plasticidad de la pared celular, como lo observado para Eucaliptus globulus (Coopman et
al. 2008), aumentar el grosor de la membrana plasmatica acumulando lipidos, proteinas
(Pearce 2001) o lignina (Jyske et al, 2010). Es muy probable que el estrés hidrico sea un
determinante en la distribuciéon de los pinos ibéricos, tal como estan evidenciando
algunos resultados del equipo de investigacion en el que he realizado mi tesis doctoral
estan evidenciando (Martinez et al. 2014; Matias et 2017; Salazar-Tortosa et al. 2018a;

Salazar-Tortosa et al en revision).
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Las diferencias en la tolerancia a las heladas entre las especies de pinos no se explican
por diferencias en la vulnerabilidad a la formacién de embolias (Capitulo 2). La
formacion de embolias causadas por las heladas estd directamente relacionada con el
didametro de los conductos de xilema y de su potencial hidrico (Davis et al. 1999,
Pitterman and Sperry 2003, Sperry, 1995). Los conductos xilematicos de las coniferas
esta formado exclusivamente por traqueidas, las cuales tienen un didmetro
significativamente menor que los vasos conductores de muchas angiospermas (Pitterman
and Sperry 2003). Por ello, bajo el mismo potencial hidrico, la vulnerabilidad a las
embolias por heladas en una conifera es mas baja comparada con plantas con conductos
mas grandes (Cavender-Bares and Holbrook 2001, Cavender-Bares 2005). En el
capitulo 2 se observa que las diferencias de diametro de las traqueidas entre especies fue
pequena y oscil6 entre 6.6 y 10.6 mm. Para que una embolia causada por una helada
pueda formarse en conductos tan estrechos, el potencial hidrico en el xilema debe ser
inferior a -3.0 MPa. Sin embargo, los potenciales hidricos mas bajos a los que estuvieron
sometidas las plantas fueron -2.0 MPa. El reducido didmetro del lumen de las
traqueidas permite que los pinos no se embolicen después de una helada y en
condiciones de sequia (Pittermann and Sperry 2006). Ademas la sequia provoca que las
traqueidas tengan limenes mas estrechos y por tanto una reducida conductividad
hidraulica que se traduce en una mayor densidad de la madera (Capitulo 3) por lo que
la vulnerabilidad a la formacién de embolias es muy baja en las coniferas. Las raices
(Toca et al, 2017) y las semillas (Gil Martin, 2014) de los pinos ibéricos también
presentan diferencias de tolerancia al frio en la misma linea que las observadas para el
follaje. Todos estos resultados indican quelas presiones selectivas que han conducidos a
diferencias de tolerancia al frio han operado sobre distintas partes de la planta y etapas

del ciclo de vida.

En contra de lo esperado y de trabajos previos (Charrier et al. 2013), no hemos
encontrado mayor SS en las especies de pinos mas tolerantes a las heladas. Por el
contrario, los pinos que habitan en localidades de inviernos frios y que presentaron una
elevada tolerancia a las heladas, mostraron una menor concentraciéon de SS que los
pinos de zonas de inviernos suaves o frescos (Capitulo 2, Tabla 2). La acumulaciéon de
SS durante el invierno se ha relacionado con un incremento en la fluidez y estabilidad
de las membranas celulares con el fin de mitigar los dafios causados por la congelacion

de los tejidos en las plantas (Sakai and Larcher 1987, Uemura and Steponkus 2003).
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Durante el proceso de aclimatacion al frio de las plantas perennes en los biomas
templados y frios, la concentraciéon de SS en los tejidos se incrementa durante el otono
hasta un maximo en mitad del invierno coincidiendo con el periodo de mayor
tolerancia a las heladas (Ogren et al, 1997.) Posteriormente, los SS disminuyen durante
la primavera en paralelo con la pérdida de tolerancia a las heladas (Chomba et al. 1993,
Cavender-Bares 2005, Tjoelker et al. 2008). Ademas, el crecimiento y la formacion de
los distintos 6rganos en las plantas son desencadenados por hormonas y sustentados por
el suministro de azucares (Mehouachi et al, 1996). Los azucares en las plantas sirven
como fuentes de carbono y energia, protectores de estreses ambientales, senales
moleculares y osmosis (Lipavska y Konradova, 2004). La mayor parte de los estudios
que han demostrado una relacion entre la tolerancia a la helada y SS son estudios a
escala interespecifica (Hinesley et al. 1992, Ogren et al. 1997, Charrier et al. 2013). Sin
embargo, los estudios que relacionan la tolerancia a las heladas y la SS en el mismo
género son muy escasos. Entre especies de Quercus, no se observaron diferencias
significativas en el contenido de aztcares solubles en hojas entre las especies (Cavender-
Bares et al, 2005). Es posible que las plantas mas adaptadas a las heladas presenten una
mayor tasa de respiracion, lo que reduce la concentraciéon de carbohidratos, como lo
reportado para algunas coniferas (Mariko and Koizumi 1993; Ogren et al, 1997). Para
la Sierra de Guadarrama se ha observado que las temperaturas medias anuales e
invernales han aumentado un 19% (5.75 °C a 6.87 °C) y un 127% (-1.38 °C a 0.38 °C)
respectivamente (Mufioz y Garcia, 2004) durante la segunda mitad del siglo XX. El
aumento de las temperaturas por efecto del cambio global, particularmente las de
invierno, puede reducir la tolerancia a las heladas, ya que la respiracion neta aumenta
en respuesta del aumento de las temperaturas, lo que puede estar ocurriendo con el

aumento de las temperaturas invernales reportadas en el capitulo 3.

Las poblaciones de P. sylvestris en altitudes elevadas son mas sensibles a las heladas de
finales de primavera (Gu et al, 2008; Fisichelli et al, 2014). Las heladas de primavera
pueden inhibir la emergencia de las plantulas y obstaculizar el crecimiento y la
supervivencia de los arboles (Fisichelli et al, 2014). El endurecimiento y el
desendurecimiento en muchas coniferas estd parcialmente controlado por la
temperatura (Bigras et al, 2001) y los inviernos suaves pueden reducir el endurecimiento
debido a la reduccién de la concentraciéon de aztcares solubles crioprotectores (Ogren et

al, 1997; Morin et al. 2007). Es posible que el aumento de la temperatura invernal haya
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provocado que los érganos superiores sean mas vulnerables a las heladas primaverales,
cuya frecuencia se ha mantenido estable a medida que ha aumentado la temperatura

media de la superficie (IPCC, 2014).

La temperatura media mundial se ha incrementado durante el ultimo siglo,
especialmente en los tltimos 20 afios (Beniston 2003; Pauli et al. 2003; Garcia-Romero
et al, 2010). Algunos estudios muestran un efecto positivo en el crecimiento de los
arboles debido al aumento de la temperatura y la extension en la temporada de
crecimiento (Salzer et al, 2009; Pretzsch et al, 2014). Sin embargo otros no han
encontrado ningun efecto o incluso respuestas negativas (Briffa et al. 2004; Wilmking et
al. 2004). El aumento de la temperatura implica una mayor evapotranspiraciéon que,
junto con una ligera reducciéon de la precipitacion en las elevaciones altas, puede
aumentar el estrés hidrico (Allen y Breshears 1998; Wilmking et al, 2004). Aunado a que
los suelos a gran altura pueden tener una capacidad menor en la retenciéon de agua y
fertilidad que los sitios en el extremo inferior del gradiente (Pachepsky y otros, 2001;
Charan et al, 2013). Para P. splvestris, los resultados del Capitulo 3 muestran un
crecimiento diferencial en el gradiente altitudinal durante el ultimo siglo. En las zonas
bajas, el crecimiento de los arboles se ha incrementado, mientras que a mayores
altitudes ha disminuido significativamente (Capitulo 3, Figura 3).

A bajas altitudes los arboles estan sujetos a mayor estrés hidrico y a una mayor
competencia (Castro et al, 2004), mientras que a altitudes mayores, el frio es el mayor
factor de estrés. Los arboles situados a bajas altitudes se encuentran mas expuestos al
estrés hidrico, por lo que las heladas tardias no afectarian el crecimiento de los arboles,
de acuerdo con los resultados obtenidos del capitulo 2. En el capitulo 3 observamos que,
efectivamente los arboles situados a bajas altitudes han aumentado su crecimiento en las
ultimas décadas. Esto podria explicarse debido a que las poblaciones de P. sylvestris
localizadas a bajas altitudes se han adaptado a las condiciones ambientales locales y son
mas tolerantes a la sequia que las poblaciones localizadas a mayores altitudes y latitudes.
Esto se corrobora con lo reportado por Fournier et al, (2006) y Matias et al, (2014). Las
diferencias ecotipicas en la tolerancia a la sequia de las especies arboreas se pueden
encontrar incluso a escalas espaciales pequenas (ver Kubiske y Abrams, 1992), como lo
observado en el Capitulo 5. Ademas, muchas especies muestran variaciones ecotipicas a
lo largo de gradientes altitudinales, en donde los ecotipos situados a mayores altitudes

crecen mas lentamente que los ecotipos de bajas altitudes, debido a diferencias
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inherentes en metabolismo, fenologia y tolerancia al estrés (von-Wuehlisch et al, 1995;
Reich et al, 1996; Vitasse et al, 2009; Vitasse et al, 2013). La diferencias ecotipicas entre
las poblaciones puede determinar tanto las respuestas fisiologicas en la tolerancia a las
heladas en el follaje (como lo observado para P. pinaster, Capitulo 2), como en el
crecimiento y morfologia de la planta (P. sylvestris, Capitulo 4 y 5). Se observo que P.
pinaster muestra notables diferencias interpoblacionales en la tolerancia a las heladas, de
forma que las procedencias de lugares mas frios y climas continentales presentan una
mayor tolerancia a las heladas que las procedencias de lugares de inviernos suaves
(Corcuera et al, 2011, Prada et al, 2013). Por lo tanto, los efectos negativos de las bajas
temperaturas con la altitud pueden interactuar sinérgicamente con las diferencias de
ecotipos para reducir el crecimiento de los arboles (Matias et al, 2014; Matias et al,

2017).

Se ha observado que el aumento en la deposicion de N y el COq2 atmosférico desde la
era industrial puede mejorar el crecimiento en algunas coniferas boreales (Bolker et al,
1995, Cannell et al, 1998, Emmett et al, 1998). Los experimentos de campo de N
enriquecimiento apuntan a un aumento modesto en el crecimiento del bosque (Bolker et
al, 1995, Cannell et al, 1998, Emmett et al, 1998). Especificamente, para rodales
boreales de P. sylvestris, el enriquecimiento de N aumento6 el crecimiento en un 12%
(Nissinen y Hari, 1998). Por el contrario, otros estudios no mostraron ningun efecto de
la deposicion de N (Reynolds et al, 1998). La deposicion de N en la Sierra de
Guadarrama es relativamente alta (Garcia-Gomez et al, 2014) debido a su proximidad a
una gran ciudad (~70 km del area metropolitana de Madrid). Es posible que el aumento
de la temperatura, el CO2 y la deposicion de N hayan estimulado el crecimiento de los
arboles a bajas altitudes debido a una mayor eficiencia en el uso del agua (Saurer et al,
2004). Paradojicamente, a mayores altitudes, donde el frio es una limitaciéon importante
para el rendimiento de la planta (Sanchez-Salguero et al, 2015a), el crecimiento ha
disminuido con el tiempo (Capitulo 3, Figura 3), lo que sugiere un efecto bajo en la
"fertilizacion" y en el aumento de la temperatura en el crecimiento de los arboles. Esto
sugiere que los beneficios de factores de cambio global han sido superados por factores
locales que operan a grandes altitudes. De acuerdo con nuestros resultados, existe una
relacion poco significativa entre el crecimiento de los arboles y los principales factores
de cambio global, como lo reportado para otros bosques de pinos mediterraneos

(Gamarero et al, 2015), lo que apoya la idea de que otros factores ambientales locales o
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regionales pueden enmascarar los efectos positivos del calentamiento y los efectos de
"fertilizacion" de deposicion de CO:2 y N. En primer lugar, los suelos a gran altura
pueden tener una capacidad menor en la retencién de agua y fertilidad que los sitios en
el extremo inferior del gradiente (Pachepsky y otros, 2001; Charan et al, 2013). Se ha
informado una reduccién del crecimiento en poblaciones de P. sylvestris ubicadas a
mayores altitudes, principalmente asociadas con condiciones de humedad (Lebourgeois
et al, 2010), lo que sugiere que en las montanas mediterraneas, las poblaciones de pino
silvestre localizadas en lo alto del gradiente pueden ser mas vulnerables al estrés por
sequia que poblaciones situadas en las partes mas bajas (pero ver Sanchez-Salguero et
al, 2015a). En segundo lugar, la disponibilidad de agua es el principal factor limitante
para el crecimiento y las relaciones alométricas de los arboles en sitios de baja y media
altitud en las montanas mediterraneas (Castro et al, 2004; Sanchez-Salguero et al,
2015b). En el Capitulo 5 observamos que las relaciones de los arboles cambian
dependiendo a la altitud a la que se encuentren. Esto puede ser debido a que la
fotosintesis disminuye tanto en invierno como en verano en regiones frias y secas, y el
estrés hidrico en la temporada de crecimiento causado por un déficit de vapor
atmosférico y una baja disponibilidad hidrica del suelo conducen a una reduccion radial
del crecimiento (Dulamsuren et al, 2009; Gimeno y et al, 2012), como observado para
algunas coniferas en el capitulo 3. Los cambios en la precipitacion durante la estacion
de crecimiento (primavera) pueden aumentar la densidad minima de madera y reducir
el crecimiento radial de los bosques de coniferas, afectando negativamente su potencial

para fijar y almacenar reservas de carbono como madera del tallo.

Por ultimo, en el desarrollo de esta tesis hemos observado que, ademés de factores
abidticos, la edad es una variable muy importante ya que modula el crecimiento y las
relaciones alométricas de los arboles (Capitulo 4 y Capitulo 5). Los resultados del
capitulo 5 sugieren que la edad determina las relaciones alométricas de los arboles entre
el tamafo del tronco y el volumen de las copas. Se ha observado que las plantulas son
mas sensibles a estreses ambientales, debido a que el sistema radicular es mas pequeno,
y por consiguiente, tienen un acceso limitado al agua (Clark, 1983). Por lo anterior, se
esperaria que los arboles mas jovenes sean mas susceptibles a cambios ambientales. Sin
embargo, los arboles mas viejos mostraron un evidente cambio a lo largo del gradiente
altitudinal, mientras que los arboles mas jovenes experimentan las mismas relaciones

alométricas en todo el gradiente (Capitulo 5, Fig. 2). Distinto autores han demostrado
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que los arboles jovenes son menos susceptibles a los cambios ambientales que los arboles
adultos (Ettl y Peterson, 1995; Carrer y Urbinati, 2004). Esto se debe al papel de la
limitacién hidraulica, ya que cuando un arbol esta cerca de alcanzar su altura maxima
existe una mayor resistencia hidraulica, debido a la combinacién de varios factores
como la gravedad, la longitud y la complejidad de la trayectoria hidraulica a través del
tallo y las ramas, asi como una reducida asignaciéon de recursos en las raices (Ryan y
Yoder, 1997). El aumento en la resistencia hidraulica también puede disminuir el
suministro del agua para la transpiracion, lo que induce al cierre estomatico para evitar
la cavitacién en el xilema (Ryan et al, 1997, Ryan y Yoder 1997), que a su vez limita la
conductancia estomatica y el intercambio gaseoso (Yoder et al, 1994; Hubbard et al,
1999; Kolb y Stone 2000). Las limitaciones hidraulicas son mas importantes en arboles
mas viejos. Por el contrario, los arboles mas jovenes son capaces de enfrentar
condiciones adversas debido a que mantienen mas tiempo los estomas abiertos, por lo

que la fotosintesis y la transpiracion es mayor.

Investigaciones futuras
Muchos aspectos sobre la interaccion del estrés hidrico y las heladas en las respuestas
funcionales de los pinos ibéricos necesitan investigaciones futuras. Algunas cuestiones

relacionadas con los resultados de mi tesis son:

1) ¢Qué mecanismos subyacen las respuestas fisiologicas a las heladas y el estrés
hidrico? Se necesitan investigaciones posteriores para determinar los mecanismos
fisiologicos adyacentes en la interaccién entre la tolerancia a las heladas y el estrés
hidrico para las especies nativas de pinos en la Peninsula Ibérica (Capitulo 2). Se ha
reportado que el acido absicico es fundamental en la tolerancia a estreses abioticos
(Mantyla et al, 1995; Pagter et al, 2008; De Diego et al, 2013), por lo que determinar las
concentraciones a escalas inter e intraespecificas podra ayudar a esclarecer su papel
como determinante en la distribucién de las especies. Ademas, la determinacion de los
azucares solubles en las distintas poblaciones y estaciones del ano resulta necesario para
conocer su papel funcional en respuesta al frio y al estrés hidrico. Nuestro experimento
se llevo a cabo en plantulas, por lo que determinar si se mantienen las interacciones

entre estreses abioticos resultaria interesante para determinar el papel de estos.

171



2) Debido a que P. nigra es la especie mas tolerante a las heladas, desconocemos la
razén por la que no coloniza latitudes mayores. ;Cuéles son los mecanismos fisiologicos
adyacentes que determinan la distribucion de P. nigra? ;Por qué es menos competitivo a

mayores altitudes?

3. ;Existen diferencias genéticas entre las poblaciones de los pinos para que los
arboles presenten diferencias en el crecimiento? Como previamente se mencion6 en el
capitulo 4, podria haber diferencias genéticas entre las poblaciones de pinos que puedan

explicar las diferencias en el crecimiento.
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CAPITULO 7

CONCLUSIONES GENERALES

1) Los individuos jovenes de las seis especies de pinos nativas de la Peninsula
ibérica presentan distinta capacidad para sobrevivir las heladas. Dichas diferencias
coinciden con la distribuciéon actual de las poblaciones naturales. Los pinos
mediterraneos (P. halepensis y P. pinea), que viven en zonas de inviernos suaves, son las
menos tolerantes a las heladas, mientras que las especies de montana (P. nigra, P. sylvestris
y P. uncinata) son las mas tolerantes. Pinus pinaster, que ocupa zonas intermedias de frio

presenta tolerancias a las heladas menores que los pinos de montana.

2) Las diferencias de tolerancia a las heladas entre especies radican en diferencias
de dano a las hojas pero no en la vulnerabilidad a la formacién de embolias en el

xilema.

3) El estrés hidrico moderado no afecta la formacion de embolias en las especies de
pino, pero incrementa la tolerancia del follaje a las heladas en P. sylvestris y P. pinea, la

disminuye en P. uncinata y no tiene ningun efecto en P. pinaster y P. halepensis.

4) Las diferencias de concentracion de azucares solubles en el follaje entre especies
no explica las diferencias interespecificas de tolerancia a las heladas. Ello sugiere que
hay otros mecanismos no relacionados con los carbohidratos solubles que determinan la

tolerancia a las heladas.

d) En regiones frias con peridodos secos como las montanas mediterraneas y otras
zonas continentales del palneta, la densidad minima de la madera temprana es un mejor
indicador de episodios de sequia en primavera que la anchura de la madera temprana y

tardia en los anillos de crecimiento.

6) El crecimiento corriente del tronco en los tltimos 80 afos de los individuos de P.
sylvestris muestra tendencias opuestas a lo largo de un gradiente altitudinal en el Sistema
Central. En los sitios a menor altitud, donde la aridez estival es mas intensa, el

crecimiento se ha incrementado, mientras que en las zonas mas elevadas, con mayor
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precipitaciéon y frio, el crecimento ha disminuido. Estos resultados sugieren que el
potencial beneficio de los motores de cambio global sobre el crecimiento pueden ser
intensamente modulados por factores ambientales locales, lo que debe considerarse en

las predicciones sobre el crecimiento y distribucién de los arboles.

7) Las diferencia de crecimiento en los tltimos 80 afios de los arboles de Pinus
sylvestris también dependieron de su edad. Las diferencias de crecimiento con la altitud
en el Sistema Central fueron mas evidentes en los arboles de mas edad que en los

jovenes.

8) Las condiciones ambientales condicionan el patrén de asignaciéon de biomasa
entre las distintas partes del arbol y por tanto en su forma independienteente de la
densidad del arbolado. Los individuos de Pinus sylvestris en el Sistema Central reducen la
asignacion de biomasa al tronco e incrementan la asignada a la construccién de la copa
con la altitud. Esta mayor reparto de biomasa a favor de la copa también se ha

incrementado a lo largo de los tltimos 80 anos.

9) La esbeltez de la parte aerea de los arboles de Pinus sylvestris en el Sistema Central se
ha incrementado a lo largo de los tltimos 80 afios en las zonas a menor altitud, mientras
que ha seguido el patréon opuesto en las zonas mas elevadas. Esto implica que los
motores de cambio climatico no s6lo han influido en el crecimiento del arbolado sino en
su forma y que dichos cambios estan fuertemente influidos por el ambiente local y la

edad de los individuos.
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“But in the end, it’s only a passing thing, this shadow.
Even darkness must pass”
J.R.R. Tolkien
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