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Abstract

Mediterranean-type climates present mild or cold and humid winters, while the
summer is affected by high pressures that bring dry and hot air (summer aridity),
the latter is considered the genuine characteristic that differentiates it from other
types of climates. In this way, the vegetative period is affected by summer
drought, which, together with the low temperatures in winter, can limit
vegetative growth to essentially two seasons: spring and autumn. Even with
these restrictions, Mediterranean ecosystems are highly species-rich and
represent one-sixth of the planet's flora. This is the case of the genus Quercus,
which, with more than 400 species distributed throughout the northern
hemisphere, is the dominant element in a wide variety of habitats, especially, in

Mediterranean-type climates.

Nowadays, two well-differentiated types of oaks coexist in Mediterranean
regions: the sclerophyllous evergreen oak with an origin in the Paleotropical
Flora and the deciduous malacophilous of Arctotertiary origin. These two models
may be very different at morphological, phenological and physiological levels.
In this way, the two types of oaks must constitute two very different operating
models in the Mediterranean climate. Thus, the main objective of this thesis is the
comparative study of the functioning of the two types of oak species with
different foliar habits and degrees of sclerophylly that coexist in the
Mediterranean climate. Therefore, this thesis consists of five chapters
corresponding to five articles already published or under review that aim to shed

light on the abovementioned issue.

Thus, a review of sclerophylly in the genus Quercus was carried out to define the
mechanisms behind it and its economic consequences for the leaf. Despite the
wide range of variation in the leaf functional traits and their contrasting adaptive
strategies, it cannot be explained by itself by any of the ecological factors
considered (drought, nutrient scarcity, low temperatures and physical damage).
The study suggests that these restrictions may have a synergistic effect, and from
a functional point of view, we can conclude that leaf habit greatly modulates the
physiological implications of sclerophylly in oaks.

Using a phylogenetic approach, anatomical, compositional, and climatic

variables were quantified in 85 deciduous and evergreen Quercus species that



showed fundamental leaf morphological differences revealing a diverse adaptive
response. While LMA in deciduous seems to have diversified in coordination
with thickness modulated mainly by aridity, LMA diversification in evergreen
seems to depend on the infrageneric group. Thus, in the latter, leaf thickness
diversification was modulated by both aridity and cold, while leaf density

diversification is only modulated by aridity.

Furthermore, the relative importance of each leaf characteristic on the mechanical
properties of 25 Quercus species was studied. It was suggested that Quercus
sclerophyllous leaves are tougher and stronger due to the thicker external wall
of their epidermis and/or a higher concentration of cellulose. moreover, the
species in section Ilex shared common traits although they occupy quite different
climates. Similarly, evergreen species living in Mediterranean-type climates

shared common leaf traits regardless of their different phylogenetic origin.

In addition, changes dependent on leaf age in morphological, anatomical,
chemical and photosynthetic traits were evaluated in Quercus ilex subsp.
rotundifolia Lam., an evergreen oak with a high leaf life span. Decreases in all
photosynthetic traits were observed with increasing leaf age. Changes in leaf
anatomy and biochemistry were responsible for age-dependent changes in net
CO: assimilation and CO: conductance through the mesophyll. These findings
revealed a gradual physiological deterioration related to the dismantling of the

photosynthetic apparatus in older leaves of Q. ilex subsp. rotundifolia.

Finally, the photosynthetic, photochemical and hydraulic characteristics of
different organs of Q. faginea and Q. ilex subsp. rotundifolia under severely dry
conditions. The strong decrease in the photosynthetic traits of Q. faginea was
accompanied by a strong decrease in the hydraulic conductance of the leaves in
response to drought. This fact probably prevented a xylem embolism in the stems
(“vulnerability segmentation”). On the contrary, the leaves of Q. ilex subsp.
rotundifolia showed effective photoprotective mechanisms and high resistance to
cavitation induced by drought, which would be related to the greater longevity

of the leaves of Mediterranean oaks.



Resumen

El clima mediterraneo presenta inviernos suaves o frios y himedos, mientras que
el verano esta afectado por las altas presiones que traen aire seco y caluroso
(aridez estival), siendo esta tltima, la caracteristica genuina que lo diferencia de
otros tipos de clima. De este modo, el periodo vegetativo se ve afectado por la
sequia en verano, que, junto con las bajas temperaturas en invierno, pueden
limitar el crecimiento vegetativo esencialmente a dos estaciones: primavera y
otono. Aun con estas restricciones, los ecosistemas mediterraneos tienen una alta
riqueza de especies que representan la sexta parte de la flora del planeta. Este es
el caso del género Quercus, que, con mas de 400 especies distribuidas por todo el
hemisferio norte, es el elemento dominante de una amplia variedad de habitats
y en especial, del clima mediterraneo.

En la actualidad es posible hablar de dos tipos de robles bien diferenciados que
coexisten en las regiones mediterrdneas: el roble perennifolio esclerdfilo con un
origen en la Flora Paleotropical y el malacofilo caducifolio de origen
Arctoterciario. Estos dos modelos, que influyen en la adecuacion de la planta al
ambiente, pueden ser muy diferentes a nivel morfoldgico, fenologico y
fisioldgico. De este modo, los dos tipos de robles deben constituir dos modelos
de funcionamiento muy distintos frente al clima mediterraneo. Es por eso por lo
que el principal objetivo de esta tesis es el estudio comparado del funcionamiento
de los dos tipos de especies de robles con diferentes hdbitos foliares y grado de
esclerofilia que coexisten en el clima mediterraneo. Por consiguiente, esta tesis
consta de cinco capitulos que corresponden a cinco articulos ya publicados o en
fase de revision que pretenden arrojar luz al tema planteado anteriormente.

Asi, se realiz6 una revision bibliografica sobre la esclerofilia en el género Quercus
para definir los mecanismos que hay detras y sus consecuencias econdmicas para
la hoja. Pese a al amplio rango de variacion en los rasgos funcionales de las hojas
y sus estrategias adaptativas contrastantes, no puede explicarse por si sola por
ninguno de los factores ecoldgicos considerados (sequia, escasez de nutrientes,
bajas temperaturas y dafo fisico). El estudio sugiere que estas restricciones
pueden tener un efecto sinérgico, y desde un punto de vista funcional, podemos
concluir que, en los robles, el habito foliar modula en gran medida las
implicaciones fisiologicas de la esclerofilia.

Usando un enfoque filogenético, se cuantificaron las variables anatomicas,
composicionales y climaticas en 85 especies de Quercus caducifolios y



perennifolios que mostraron diferencias morfoldgicas foliares fundamentales
revelando una respuesta adaptativa diversa. Mientras que la LMA en los
caducifolios parece haberse diversificado en coordinacion con el grosor
modulado principalmente por la aridez, la diversificacion de la LMA en los
perennifolios parece depender del grupo infragenérico. Asi, en estos ultimos, la
diversificacion en el grosor de la hoja fue modulada tanto por la aridez como por
el frio, mientras que la diversificacion en la densidad de la hoja es s6lo modulada
por la aridez.

Asimismo, se estudid la importancia relativa de cada caracteristica de la hoja
sobre las propiedades mecanicas en 25 especies de Quercus. Se sugiere que las
hojas de Quercus esclerdfilos son mas duras y fuertes debido a la pared externa
de su epidermis mas gruesa y/o a una mayor concentracion de celulosa. Ademas,
las especies de la seccion Ilex comparten rasgos comunes independientemente de
que ocupen climas bastante diferentes. De modo similar, las especies de hoja
perenne que viven en climas de tipo mediterraneo comparten rasgos foliares
comunes independientemente de su diferente origen filogenético.

Ademads, se evaluaron los cambios dependientes de la edad foliar en los rasgos
morfoldgicos, anatdmicos, quimicos y fotosintéticos en Quercus ilex subsp.
rotundifolia Lam., un roble perennifolio con hojas de alta longevidad. Se observan
disminuciones de todos los rasgos fotosintéticos con el aumento de la edad de la
hoja. Los cambios en la anatomia y bioquimica de la hoja fueron responsables de
las modificaciones dependientes de la edad en la asimilacion neta de CO: y la
conductancia del CO: a través del mesofilo. Estos hallazgos revelaron un
deterioro fisiologico gradual relacionado con el desmantelamiento del aparato
fotosintético en hojas mas viejas de Q. ilex subsp. rotundifolia.

Por ultimo, se analizaron las caracteristicas fotosintéticas, fotoquimicas e
hidraulicas de diferentes 6rganos de Q. faginea y Q. ilex subsp. rotundifolia bajo
condiciones de sequia severa. La fuerte disminucion de los rasgos fotosintéticos
de Q. faginea estuvo acompaniada de una fuerte disminucion de la conductancia
hidrdulica de las hojas en respuesta a la sequia. Este hecho probablemente evito
una embolia xilematica en los tallos (“segmentacion de la vulnerabilidad”). Por
el contrario, las hojas de Q. ilex subsp. rotundifolia mostraron mecanismos
fotoprotectores efectivos y alta resistencia a la cavitacion inducida por la sequia,
lo que estaria relacionado con la mayor longevidad de las hojas de las encinas
mediterraneas.
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Capitulo I

Introduccion general



1.1.  El género Quercus: origen y distribucion

Quercus L. (Fagaceae) es uno de los géneros de plantas lefiosas mas diverso
en numero de especies, habiendo despertado un gran interés en la botanica por
su complejidad y riqueza desde los origenes de esta ciencia. El considerado como
su fundador, Teofrasto de Ereso (371-286 a. C.), en su “Historia de las Plantas”
ya ofrecié una descripcidon general de aquellos robles que por proximidad pudo
estudiar. Distinguié varias especies, tanto de hoja caduca como de hoja
persistente, facilmente identificables en la actualidad. Aunque Teofrasto les
asignd nombres verndculos, podemos distinguir especies como Q. cerris, Q.
frainetto, Q. ithaburensis, Q. ilex o Q. coccifera (Thanos, 2005).

Un intento mas sistematizado de abundar en la diversidad dentro del
género Quercus se lo debemos a Charles de I'Ecluse (1576) que resenid y dibujo
con bastante precisiéon ocho de sus especies. Sin embargo, todavia no aglutiné
todas ellas en un mismo género en el sentido que actualmente atribuimos a esta
categoria taxonomica. Este autor las agrupd en “géneros” diferentes, tales como
Robur, Ilex o Suber. Llama la atencién el hecho de que si agrup6 en la misma
categoria genérica especies que hoy sabemos estdn muy proximas
filogenéticamente. Son ejemplo de esto mencionado; Q. ilex y Q. coccifera alas que
llamo Ilex maior e Ilex coccigera, respectivamente. Fue necesario esperar a la
publicacién del “Species Plantarum” de Linneo (1753), para ver agrupadas en un
unico género, definitivamente Quercus L., 14 especies que derivaban de la

aplicacién del Systema Naturae a este grupo de plantas.

En la actualidad, sabemos que este género comprende mas de 400 especies
de arboles y arbustos (Kremer y Hipp, 2020), que presentan una serie de
caracteristicas comunes como son la monoicidad, hojas simples, dispersién por
el viento (anemocoria) y la produccion de bellotas. Las ultimas clasificaciones
basadas en estudios filogenéticos moleculares sugieren que el género Quercus se
clasifica en dos subgéneros y ocho secciones (Denk et al., 2017; Hipp et al., 2019).
Por una parte, se encuentra el subgénero Quercus, también conocido como “clado
del Nuevo Mundo” (Manos et al., 2001) o “clado de alta latitud” (Grimsson et al.,
2015; Simeone et al., 2016) que comprende cinco secciones (Protobalanus, Ponticae,
Virentes, Quercus y Lobatae). Por otra parte, el subgénero Cerris, llamado también
“clado del Viejo Mundo” o “clado de latitud media” que incluye tres secciones

(Cyclobalanopsis, llex y Cerris).



En cuanto a su historia evolutiva parecen tener dos origenes contrastados:
(i) los robles procedentes de la Flora Arctoterciaria de naturaleza caducifolia y de
climas templado-htiimedos y (ii) los robles procedentes de la Flora Paleotropical,
perennifolios y que evolucionaron en climas de naturaleza tropical (Barbero et
al., 1992; Damesin et al., 1998; Mediavilla y Escudero, 2004). En el presente, ambas
paleofloras han ocupado fitoclimas equivalentes en sus extremos evolutivos,
desde la ocupacion de los biomas neotropicales o mediterraneos (Hipp et al.,
2019; Jiang et al., 2019).

Desde su aparicion hace aproximadamente 56 millones de afios, los robles
se han expandido ampliamente por el hemisferio norte (Hofmann et al., 2011;
Barrén et al., 2017; ver Fig. 1). De este modo, en la actualidad ocupan zonas desde
el ecuador hasta las regiones boreales, y desde el nivel del mar hasta los mas de
4000 m de altitud (Manos y Stanford, 2001 y referencias incluidas). Debido a esta
amplia distribucion, el género Quercus se encuentra en diversos fitoclimas muy
contrastados, desde los bosques templados y subtropicales hasta los bosques

mediterraneos perennifolios (Gil-Pelegrin et al., 2017).
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Figura 1. Area de la distribucién del género Quercus en la actualidad segtin registros de presencia
de especies de “Global Biodiversity Information Facility” (GBIF, 2022).

Segun la clasificacion de la geobiosfera en nueve zonobiomas propuesta
por Walter (1985), encontramos robles en cinco de ellos. Asi, a modo de ejemplo,
Quercus urbanii habita el zonobioma II o “zonobioma de las savanas, bosques
caducifolios y pastizales”; Q. ilex es caracteristico del zonobioma IV o
“zonobioma de bosques esclerofilos”; Q. nigra se encuentra en el zonobioma V o
“zonobioma de laurisilva”; Q. robur, en el zonobioma VI o “zonobioma de
bosques caducifolios” y Q. balloot, en el zonobioma VII o “zonobioma de estepas

y desiertos frios” (Breckle, 2002). Sin embargo, uno de estos zonobiomas es clave



en cuanto a la presencia de robles en su transicion a otros zonobiomas: es el caso
del zonobioma IV, considerado el propio de la region mediterranea (Walter,
1985).

1.2.  El género Quercus en los ecosistemas mediterraneos

El clima mediterrdneo presenta inviernos suaves o frios y hamedos,
mientras que el verano esta afectado por las altas presiones que traen aire seco y
caluroso (aridez estival), siendo esta ultima, la caracteristica genuina que lo
diferencia de otros tipos de clima (Walter, 1985; Lionello et al., 2006). Mas del 50%
de la precipitacion anual se produce durante el invierno y menos del 20% durante
los meses de estio (Deich et al., 2017). De este modo, el periodo vegetativo se ve
afectado por la sequia en verano, que, junto con las bajas temperaturas en
invierno, pueden limitar el crecimiento vegetativo esencialmente a dos
estaciones: primavera y otofio (Mitrakos, 1980). Aun con estas restricciones, los
ecosistemas mediterraneos tienen una alta riqueza de especies que representan
la sexta parte de la flora del planeta (Cowling et al., 1996; Rundel et al., 2016). En
especial, solo en la cuenca mediterranea se encuentran unas 25 000 especies de

plantas nativas, siendo mas de la mitad endemismos (Rundel et al., 2016).

Este clima recibe el nombre del mar Mediterraneo, regién donde es tipico
este clima y en la que adquiere mayor extension geografica, abarcando mas de
2.3 millones de km? (Cowling et al., 1996). Sin embargo, también estd presente en
otras zonas del planeta localizadas entre los 30" y 40° de latitud en ambos
hemisferios (Lionello et al., 2006). Estas zonas presentan cambios en cuanto en a
la distribucion temporal de la precipitacion, la duracion del periodo de aridez, la
amplitud térmica anual o la frecuencia de eventos extremos. Asi, el clima
mediterrdneo genuino ocurre en cinco regiones que son: (i) la cuenca
mediterrdnea, desde el océano Atlantico hasta Afganistan; (ii) la costa del Pacifico
en América del Norte, California y Baja California; (iii) la costa central de Chile;
(iv) laregion del Cabo de Sudafrica y (v) el oeste y sur de Australia (Walter, 1985).
Si tenemos en cuenta la distribucion de los robles en este tipo de clima a nivel
global, cabe destacar las dos primeras regiones mencionadas (la cuenca
mediterranea y la costa del Pacifico en América del Norte), ya que son las tinicas

en las que se encuentra el género Quercus.



A pesar de la caracteristica comtin de un periodo de sequia estival, el clima
mediterraneo es bastante diverso, con una marcada influencia en la fisonomia de
la vegetacion. Desde una perspectiva fitoclimatica, y teniendo en cuenta la
presencia de robles, el clima mediterrdneo genuino puede evolucionar hacia (i)
subclimas mas calidos y secos, en transicion a los aridos; (ii) mds templados y
hiimedos, en transicion a climas templados o (iii) variantes mas secas y frias, mas

cercanas a los climas tipicos de estepa (Gil-Pelegrin et al., 2017).

En el primer apartado de esta introduccion se explicé como Walter (1985)
le asigno a la region mediterranea el zonobioma IV y como este es clave en cuanto
a la presencia de robles en su transicién a otros zonobiomas. Respecto a esto,
Breckle (2002) considero los bosques perennifolios esclerdfilos con
predominancia de Q. ilex como la vegetacion original de esta region. Asi, se
puede considerar que cuando las condiciones climaticas empeoran (i.e. aumento
de la temperatura y reduccion de la precipitacion), Q. ilex se veria sustituido por
Q. coccifera en las dreas de transicion entre el zonobioma IV y el zonobioma III o
“zonobioma de los desiertos cdlidos” (Fig. 2). Por otra parte, cuando la
temperatura y la aridez disminuyen, en la transicion hacia el zonobioma VI,
especies de caducifolios submediterrdneos como Q. faginea o Q. pyrenaica son las
que sustituyen a Q. ilex (Fig. 2). Finalmente, en la transicion al zonobioma VII (i.e.
cuando baja la temperatura y la precipitacion se mantiene), solo la subespecie Q.
ilex subsp. ballota podria vivir en estas condiciones (Gil-Pelegrin et al., 2017;
Martin-Sanchez et al., 2022; Fig. 2).
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Figura 2. Transiciones entre el zonobioma IV y condiciones mas aridas (zonobioma III),
condiciones himedas y frias (zonobioma VI) y condiciones mas frias (zonobioma VII). Se
muestran las especies de robles representativas de cada zonobioma de Walter (1985) y las

transiciones mencionadas. Figura modificada de Gil-Pelegrin et al. (2017).
1.3. Tipos de robles en el clima mediterraneo

Debido a la diversidad que presenta el clima mediterrdneo, asi como la
gran variabilidad fisiondmica y funcional de los robles de estos ecosistemas,
definir un prototipo de roble mediterraneo genuino no es nada sencillo.
Historicamente, los arboles perennifolios esclerdfilos de hoja ancha de las
regiones mediterraneas se han considerado como un ejemplo de evolucién
convergente de la fisionomia vegetal en relacion con el clima (Schimper, 1903;
Cody y Mooney, 1978; Box, 1981). En este sentido, Schimper (1903) propuso: “The
mild temperate districts with winter rain and prolonged summer-drought are the home
of evergreen xerophilous woody plants, which, owing to the stiffness of their thick,

leathery leaves, may be termed sclerophyllous woody plants”.

Sin embargo, el propio Schimper (1903) ya reconocié que en la cuenca

mediterranea no solo existen robles perennifolios esclerdfilos, pues también



habitan en ella robles malacéfilos (i.e., de hoja blanda) caducifolios como Q.
lusitdnica. Asi, observd: “Quercus llex, Linn. (...), resembles the olive closely in habit.
In the Mediterranean countries, this species with some others, such as Q. coccifera (...)
and Q. Suber, represents the sclerophyllous type of the genus Quercus, whilst other
common species of the district, such as Q. lusitanica, remain green in summer. The
sclerophyllous oaks have small stiff leaves, which in Q. Ilex are usually entire, but in

other species are sharply toothed” (Schimper, 1903).

Hoy en dia, se conocen especies caducifolias frecuentemente dominantes
en lugares donde la sequia es severa. Este es el caso de Q. douglasii, que habita en
la costa californiana y se distribuye en zonas que tienden a ser demasiado secas
para otras especies (Barbour, 1988; Blumler, 1991). Incluso Q. lobata, un
malacofilo caducifolio endémico de California que crece en los valles calidos y
piedemontes interiores, puede llegar a ser mas tolerante a la sequia estival que
otras especies perennifolias (Griffin, 1971, 1976). Ademas, en areas de la cuenca
mediterrdnea que experimentan veranos relativamente secos o, incluso muy
secos, como en el sur de Espana, Italia, sudoeste de Turquia y el norte de Africa,
se encuentran Quercus caducifolios malacdfilos. Este es el caso de especies como
Q. faginea, Q. pyrenaica, Q. cerris o Q. ithaburensis. De hecho, esta ultima especie es
habitual en algunas de las localidades mas aridas de la cuenca mediterrdnea,

situadas al este de la misma (Dufour-Dror y Ertas, 2004).

La perspectiva paleontologica puede ayudar a entender mejor la
complejidad a la hora de definir un prototipo de roble mediterraneo genuino. A
principios del Terciario, mucho antes de la apariciéon del clima mediterraneo, las
regiones mediterrdneas presentaban un clima cdlido y humedo con
precipitaciones que se distribuian a lo largo de todo el afio (Verdu et al., 2003;
Valiente-Banuet et al., 2006; Millar, 2012). En estas zonas del hemisferio norte
habitaba la Flora Paleotropical, que como se ha comentado mas arriba, estaba
formada por abundantes bosques perennifolios (Valiente-Banuet et al., 2006)
mientras que los taxones esclerdfilos constituian en la mayoria de los casos el

sotobosque de estos bosques (Valiente-Banuet et al., 2006).

Una gran cantidad especies se extinguieron cuando la sequia estival
caracteristica del clima mediterraneo se establecio en el hemisferio norte, hacia el
Terciario Superior o principios del Cuaternario (Suc, 1984; Verdu et al., 2003;

Millar, 2012). Fue entonces cuando esos arbustos perennifolios esclerdfilos del



sotobosque se expandieron geograficamente (Valiente-Banuet et al., 2006). En ese
periodo de desarrollo de los ambientes secos, algunos autores ya observaron la
presencia de hojas esclerofilas correspondientes a robles de tipo “ilex” o “suber”
en el sur de Europa (Kovar-Eder, 2003) y al tipo “chrysolepis” en la costa oeste
de Norte América (Retallack, 2004). Asi, la evolucion de los robles esclerofilos
con anterioridad al desarrollo del clima mediterraneo pone de manifiesto que

seria mas preciso hablar de una preadaptacion a este clima (Minnich, 1985).

Sin embargo, las regiones mediterraneas del hemisferio norte no solo
fueron ocupadas por perennifolios esclerofilos. A principios del Terciario, existio
una vegetacion caducifolia que ocupo latitudes septentrionales, conocida como
Flora Arctoterciaria (Mai, 1991). Esta vegetacidon migrd hacia latitudes
meridionales debido a la disminucion global de las temperaturas que ocurrié
durante el Terciario Medio y Superior (Mai, 1991; Kovar-Eder, 2003). Esto derivé
en la aparicion de especies arctoterciarias en dreas mediterraneas antes de la
formacién del clima mediterrdneo (Axelrod, 1973; Kovar-Eder, 2003; Ackerly,
2009). Este pudo ser el caso de Q. faginea, cuyos primeros registros fosiles,
encontrados en el sur de Francia, coinciden con el desarrollo de la estacionalidad

mediterranea durante el Terciario Superior (Roiron, 1983; Barrén et al., 2010).

Quercus faginea es el roble de la seccion Quercus mas abundante y
ampliamente distribuido en la Peninsula Ibérica (Olalde et al., 2002). Algunos
estudios sobre su resistencia a la sequia se basan en la comparaciéon con el
perennifolio Q. ilex, con el que coexiste en la mayoria de las areas mediterraneas
continentales de la Peninsula Ibérica (Corcuera et al., 2002; Mediavilla y Escudero,
2003). Estas especies representan dos ejemplos de habitos foliares contrastados
con estrategias funcionales diferentes (Kikuzawa, 1995). Asi, se ha propuesto que
la condicién perennifolia de Q. ilex permitiria a esta especie asimilar carbono
durante un periodo de tiempo mads prolongado (Acherar y Rambal, 1992; Ogaya
y Penuelas, 2007; van Ommen Kloeke et al., 2012). Por el contrario, la condicion
caducifolia de Q. faginea limita la actividad fotosintética de las hojas a un periodo
mas corto. Esto implicaria la necesidad de mayores tasas de ganancia de carbono

en condiciones favorables (van Ommen Kloeke ef al., 2012).

El hecho de que en la actualidad existan robles caducifolios en zonas con
clima mediterrdneo puede deberse a una adaptacion de las especies

arctoterciarias que incursionaron a latitudes mas bajas (Suc, 1984; Blumler, 1991;



Peguero-Pina et al., 2016). Teniendo en cuenta todos estos factores, en la
actualidad es posible hablar de dos tipos de robles bien diferenciados que
coexisten en las regiones mediterraneas: el roble perennifolio esclerdfilo con un
origen en la Flora Paleotropical y el malacofilo caducifolio de origen
Arctoterciario (Barbero et al., 1992; Damesin et al., 1998; Mediavilla y Escudero,
2004).

Aunque esta diferenciacion es clara, ain no ha sido posible dar una
explicacion definitiva a la coexistencia de los dos tipos de roble en el clima
mediterrdneo. La explicacidon mayormente aceptada hasta la fecha es la que
sugiere que esta coexistencia se debe a cambios en la fertilidad del sustrato, en el
clima a nivel local o la competencia con pantas herbaceas (Blumler, 1984, 1991).
Asi, los robles caducifolios mediterrdneos dominarian aquellos sitios con
inviernos mas frios y hiumedos (Chabot y Hicks, 1982), suelos fértiles (Salleo et
al., 2002) y con alta competencia de la vegetacion herbacea (Blumler, 1991). Por el
contrario, los robles perennifolios se verian favorecidos en los lugares mas secos,
con suelos infértiles y con menor competencia con las herbaceas (Blumler, 1991;
Manes, 2006). De este modo, no es dificil pensar que ambos tipos de robles
coexistirdn en ambientes heterogéneos con variaciones en los factores
mencionados anteriormente, mientras que en los ambientes homogéneos

dominara un solo tipo (Gil-Pelegrin et al., 2017).
1.4. Adaptaciones de los robles al clima mediterraneo

Como se ha mencionado anteriormente, el frio invernal y la aridez estival
limitan el funcionamiento de los robles mediterrdneos a lo largo del afio,
produciendo una fragmentacion del periodo vegetativo (Mitrakos, 1980; Castro-
Diez y Montserrat-Marti, 1998). Los caducifolios pierden las hojas en otofio, de
modo que asi evitan las condiciones impuestas por el invierno (bajas
temperaturas, sequia fisiologica) que si deben soportar las hojas de los
perennifolios (Garcia-Plazaola et al., 1999; Corcuera et al., 2005). Sin embargo, las
condiciones de sequia impuestas por el verano mediterraneo afectan al
desempeno y crecimiento de los dos tipos de robles coexistentes, aunque con
respuestas muy distintas (Gil-Pelegrin et al., 2017). De este modo, los dos tipos de
robles deben constituir dos modelos de funcionamiento muy distintos frente al

clima mediterraneo. Estos modelos, que influyen en la adecuacion de la planta al



ambiente (Violle et al., 2007), pueden ser muy diferentes a (i) nivel morfoldgico,

(i) fenoldgico y (iii) fisiologico.
1.4.1. Adaptaciones morfoldgicas

Uno de los aspectos mas inmediatos que surgen del estudio de los Quercus
mediterrdneos es la textura foliar, existiendo robles de hojas duras y robles de
hojas blandas. En el estudio de la botanica se han usado diferentes términos como
“dura”, “coriacea” o “rigida” entre otros para describir la textura foliar. Sin
embargo, fue Schimper (1903), quien agrupo todas estas caracteristicas en un solo
concepto al que llamo esclerofilia. Este término estd formado por la conjuncion
de los vocablos griegos skleros (duro) y phyllon (hoja), significando literalmente
“hoja dura”. Originalmente, se usd para diferenciar la vegetacion xeromorfica
(plantas adaptadas a la sequia) con hojas coridceas de las plantas suculentas. No
obstante, el término esclerofilia ha sufrido cambios sustanciales desde que fue
acunado, ya que en la actualidad se sabe que puede encontrarse en una gran

variedad de entornos y su significado funcional es incierto (Read y Sanson, 2003).

Entre las funciones hipotéticas se incluyen la resistencia a la sequia
(Schimper, 1903; Oertli et al., 1990), una respuesta a los suelos bajos en nutrientes
(Loveless, 1961; Beadle, 1966), la resistencia a bajas temperaturas (Koppel y
Heinsoo, 1994; Lamontagne et al., 1998) o el incremento de la longevidad foliar

mediante su proteccién (Chabot y Hicks, 1982; Turner, 1994).

A pesar de la evidente importancia ecologica de la esclerofilia, se sabe poco
sobre este rasgo foliar. Para obtener un valor cuantitativo de la esclerofilia, se han
usado diferentes estimadores y variables representativas, ejemplo de ello es la
leaf mass per unit area (LMA), ampliamente usada en ecofisiologia (Witkowski y
Lamont, 1991; Osone et al., 2008; Poorter et al., 2012). La LMA es el producto de
la densidad y el espesor foliar, por lo que se ha sugerido que las variaciones en
este rasgo tienen dos consecuencias principales para el funcionamiento de la hoja
asociadas a la teoria del leaf economics spectrum (Wright et al., 2004; Shipley et al.,
2006). Por una parte, se puede esperar que un aumento de LMA, asociado al
espesor del mesofilo, propicie una mayor fotosintesis por unidad de area debida
al incremento de tejido fotosintético (Niinemets, 1999; Niinemets, 2001). Por otra
parte, los cambios en LMA asociados a la densidad implican una variacion en la

distribucion de la biomasa foliar o en la cantidad de tipos celulares (Hassiotou et
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al., 2010; Niinemets, 2001). Esto provocaria una disminucién de la fraccion de
tejidos fotosintéticamente activos, reduciendo asi la asimilacion de carbono
instantdnea que podria ser compensada con una mayor longevidad foliar
(Kikuzawa, 1995; Niinemets, 2001; Kikuzawa y Lechowicz, 2011).

En el contexto de los dos tipos de Quercus mencionados anteriormente,
existe una diferencia clara en su LMA. Mientras que los robles mediterraneos
perennifolios presentan valores promedios de 150-160 g m? (Villar y Merino,
2001; Corcuera et al., 2002) llegando a sobrepasar los 200 g m? en especies como
Q. ilex (Serrano et al., 2005) o Q. coccifera (Rubio de Casas et al., 2009), los
caducifolios muestran valores promedio de 80-112 g m? (Villar y Merino, 2001;
Corcuera et al., 2002). Por lo tanto, LMA es uno de los pardmetros funcionales que

separan de manera mas clara los dos tipos de robles mediterraneos entre si.

Sin embargo, aunque la LMA representa un buen rasgo representativo de
la esclerofilia, no es necesariamente una medida de la resistencia mecanica de la
hoja (Onoda et al., 2011). Para estudiar las propiedades mecdanicas existen
estimadores directos como los relacionadas con la fractura, como son la fuerza y
la resistencia (Onoda et al., 2011). Aunque existen multiples rasgos que pueden
estar relacionados con la resistencia a la fractura de la hoja ain no se conoce su
importancia relativa a la esclerofilia. Este es el caso grosor del mesofilo y la
epidermis, la densidad del tejido, el contenido de fibra de la pared celular y la
dureza y disposicion de las venas (Choong et al., 1992; Westbrook et al., 2011). La
resistencia mecanica puede proteger las hojas de los dafios bidticos (Wright et al.,
2007; Peeters et al., 2007) y abidticos (Poudyal et al., 2004; Niklas, 1993). En
consecuencia, una mayor dureza de la hoja deberia incrementar la vida util de la

hoja y la supervivencia de toda la planta.
1.4.2. Adaptaciones fenologicas

La relacion entre el aumento en la esclerofilia y la mayor longevidad foliar
se ha estudiado desde una perspectiva global de las plantas. En este sentido,
varios autores han encontrado relaciones positivas entre LMA o propiedades
fisicas con la vida 1til de la hoja (Wright et al., 2001, 2004; Onoda et al., 2011). Un
ejemplo de estas relaciones se da en los esclerdfilos perennifolios mediterraneos,
entre los que se encuentra Q. ilex con cohortes de hojas que llegan a durar varios

anos (Niinemets et al., 2005). Ademads, aunque las hojas con varios afios tienen
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tasas bajas de fotosintesis, contribuyen a una mayor asimilacion de CO: a nivel
de toda la copa (Escudero y Mediavilla, 2003).

Numerosos estudios ponen de manifiesto que las hojas viejas de diferentes
plantas presentan una mayor limitacion de la fotosintesis, influenciada por la
difusién del CO: desde las cavidades subestomaticas hasta el interior del
cloroplasto (conductancia del mesofilo, gm) (Niinemets et al., 2005, 2006; Flexas et
al., 2007). El paso del CO: dentro del mesofilo se ve comprometido por una serie
de rasgos anatomicos, incluyendo el tamafio del cloroplasto, el grosor de la pared
celular y la superficie de mesofilo y de cloroplasto expuesta a espacios
intercelulares (Terashima et al., 2011; Peguero-Pina et al., 2016, 2017). Ademas, la
senescencia que sufren las hojas viejas puede llevar a desmantelar su aparato
fotosintético, lo que se ve reflejado en un menor contenido de nitrédgeno por la
pérdida de enzimas fotosintéticos (Rubisco). Sin embargo, el papel de la
anatomia y el contenido de nitrédgeno en la capacidad fotosintética y gm en hojas

con varios anos de vida atin no esta claro.

1.4.3. Adaptaciones fisiolégicas

Como se ha visto anteriormente, la incidencia de un periodo de sequia
estival afecta severamente el crecimiento y desempefio de los dos tipos de robles
que coexisten en el clima mediterraneo. Por eso, han desarrollado diferentes
estrategias para sobrevivir a la insuficiente disponibilidad de agua. Ademas, en
condiciones de sequia, se suele originar un estrés multiple ya que frecuentemente
el estrés hidrico suele ir acompanado de altas temperaturas y fuerte radiacion
solar. Entre estas respuestas fisioldgicas, se encuentran (i) aquellas relacionadas
con el control estomatico y el transporte de agua y (ii) las asociadas con la

regulacion de la actividad fotosintética (Medrano y Flexas, 2003).

El cierre estomatico responde principalmente a la necesidad de la planta
de reducir las pérdidas de agua por transpiracion a expensas de una reducciéon
en la fotosintesis (Lambers et al., 1998). Este mecanismo se produce
principalmente cuando disminuye el potencial hidrico de las hojas y ocurre en
ambos tipos de robles (Acherar y Rambal, 1992; Mediavilla y Escudero, 2003;
Peguero-Pina et al., 2009). Durante un periodo de sequia, el gradiente de potencial
entre las raices y las hojas se incrementa y puede producirse un embolismo que

reduzca la capacidad de transporte de agua o conductividad hidrdulica. Asi,
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muchos de los robles mediterraneos desarrollan un xilema altamente resistente
al embolismo inducido por sequia que soporta grandes gradientes de potencial
hidrico (Corcuera et al. 2005; Gil-Pelegrin et al., 2017). De este modo, el cierre
estomatico temprano y la alta resistencia del xilema al embolismo son factores
claves en la supervivencia de los robles mediterraneos (Vilagrosa et al., 2010). Esta
resistencia puede ser alta en el xilema del tallo, de la hoja o de ambos (Hochberg
et al., 2017; Creek et al., 2018). La combinacion de una baja tolerancia en hojas y
alta en tallos constituye un ejemplo de “segmentacion de la vulnerabilidad” que
confina el dafio por sequia a los extremos mas “prescindibles” del continuo raiz-
tallo-hoja (Peguero-Pina et al., 2015; Skelton et al., 2018).

Estudios previos han establecido que el vinculo entre la fotosintesis y la
hidrdulica de la hoja surge de la conductancia estomatica (gs) (Brodribb et al.,
2007; Scoffoni et al., 2016), ya que la pérdida de agua y la absorcién de CO:
comparten una via comun a través de los estomas (Boyer, 2015). Ademas, varios
estudios también han sefialado la existencia de una coordinacion entre la
conductancia del mesdfilo y la hidrdulica foliar (Flexas et al., 2013; Lu et al., 2019;
Xiong et al., 2017, 2018; Xiong y Nadal, 2020). Estos autores sugirieron que el
movimiento del agua en los tejidos del mesofilo también comparte una via
comun con el transporte de CO: a través de la fase gaseosa que conectaria gmy el

componente de la conductancia hidrdulica de la hoja por fuera del xilema (Kox).

En cuanto a las respuestas al estrés hidrico asociadas a la regulacion a la
baja de la actividad fotosintética se encuentran diferentes procesos. Este es el caso
de la disminucion en la conductancia del mesofilo (Flexas et al., 2012; Niinemets
y Keenan, 2014) y la disminucion de la captacion de luz para proteger el aparato
fotosintético (Peguero-Pina et al., 2008, 2009). Asi, cuando la luz es excesiva bajo
condiciones de cierre estomatico y la clorofila excitada no es capaz de impulsar
la fotoquimica, puede volver a su estado inicial emitiendo fluorescencia o
disipando calor. Este tltimo es un mecanismo fotoprotector llamado extincién no
fotoquimica (NPQ) de la fluorescencia de la clorofila que se asocia al ciclo de las
xantofilas (interconversiones de carotenoides en la membrana del tilacoide) y
estd presente en Quercus mediterraneos (Garcia-Plazaola et al., 2017 y referencias
incluidas). Sin embargo, existen pocos estudios comparados que analicen la
respuesta de la planta a un periodo de sequia severa a nivel fotosintético,
fotoquimico y de rasgos hidraulicos de diferentes drganos en los dos tipos de

robles mediterraneos.
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1.5. Obijetivos y estructura de la tesis

1.5.1. Objetivos

El principal objetivo de esta tesis es el estudio comparado del
funcionamiento de los dos tipos de especies de robles con diferentes habitos
foliares y grado de esclerofilia que coexisten en el clima mediterraneo. Para la
consecucion de este objetivo general, se han establecido una serie de objetivos

especificos, detallados a continuacion:

i) La esclerofilia en el género Quercus a partir de la informacién disponible
en la literatura y bases de datos publicas: factores que la promueven, su papel
funcional y las consecuencias para la hoja en el contexto del “Leaf Economics

Spectrum”.

ii) Cuantificacion y estudio de la diversificacion en la morfologia, anatomia
y composiciéon quimica de las hojas de robles caducifolios y perennifolios,
analizando el papel del clima en la diversificacion diferencial de LMA dentro de

ambos tipos de robles.

iii) Estudio de la resistencia mecanica foliar en especies caducifolias y
perennifolias del género Quercus: determinacién de los rasgos anatémicos y

composicionales que explican la variabilidad dentro del género.

iv) Evaluacion de los cambios en los rasgos morfoldgicos, anatomicos,
quimicos y fotosintéticos relacionados con la edad de las hojas en un roble
mediterraneo perennifolio con una alta longevidad foliar.

v) Analisis de la diferente respuesta a la sequia en los rasgos fotosintéticos,
fotoquimicos e hidraulicos en diferentes 6rganos de dos especies mediterraneas
con diferente habito foliar (Q. faginea y Q. ilex subsp. rotundifolia).

1.5.2. Estructura de la tesis

Esta tesis consta de siete capitulos: la introduccion general (primer

capitulo), cinco articulos de investigacion (capitulos del segundo al sexto) y la
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discusidn general, que, junto a las conclusiones, cierran este trabajo en el séptimo

capitulo.

Cuatro de los cinco capitulos de investigacion han sido publicados en
revistas internacionales pertenecientes al primer decil (D1) dentro de las
categorias de Journal Citation Reports (JCR) catalogadas como Forestry o Plant
Sciences. En el momento finalizacion de esta tesis, el cuarto capitulo atn no ha
sido publicado en una revista, pero si como preprint en bioRxiv (doi:
10.1101/2022.10.21.513225). Ademas, este ha sido enviado para su revision a la
revista Annals of Botany, situada en el primer cuartil (Q1) en Plant Sciences. Para
su presentacion en este documento, se ha conservado el formato de edicién de
cada una de las revistas en la que se han publicado los articulos y se mantiene el

idioma en el que fueron publicados, que en todos los casos es el inglés.

El segundo capitulo fue publicado en 2020 en la revista Current Forestry
Reports bajo el titulo de Revisiting the Functional Basis of Sclerophylly Within the Leaf
Economics Spectrum of Oaks: Different Roads to Rome. En €l se aborda el primer
objetivo especifico de la tesis realizando una revision bibliografica sobre la
esclerofilia en el género Quercus para definir los mecanismos que hay detras y
sus consecuencias economicas para la hoja. Pese a al amplio rango de variacion
en los rasgos funcionales de las hojas y sus estrategias adaptativas contrastantes,
no puede explicarse por si sola por ninguno de los factores ecoldgicos
considerados. Asi, la sequia, la escasez de nutrientes, las bajas temperaturas
durante el periodo vegetativo, y dano fisico, no pudieron ser descartado por
completo. Nuestro estudio sugiere que estas restricciones pueden tener un efecto
sinérgico, y desde un punto de vista funcional, podemos concluir que, en los
robles, el habito foliar modula en gran medida las implicaciones fisiologicas de

la esclerofilia.

El tercer capitulo de la tesis fue publicado en 2021 en la revista New
Phytologist con el titulo Deciduous and evergreen oaks show contrasting adaptive
responses in leaf mass per area across environments. En este capitulo se aborda el
segundo objetivo especifico. Para ello, usando un enfoque filogenético, se
cuantifican las variables anatdmicas, composicionales y climaticas en 85 especies
de Quercus caducifolios y perennifolios de todo el hemisferio norte. Estos robles
mostraron diferencias morfoldgicas foliares fundamentales que revelaron una

respuesta adaptativa diversa. Mientras que la LMA en los caducifolios parece
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haberse diversificado en coordinacion con el grosor modulado principalmente
por la aridez, la diversificacion de la LMA en los perennifolios parece depender
del grupo infragenérico. Asi, en estos ultimos, la diversificacion en el grosor de
la hoja fue modulada tanto por la aridez como por el frio, mientras que la

diversificacion en la densidad de la hoja es sélo modulada por la aridez.

El cuarto capitulo, que fue publicado en 2022 como preprint en bioRxiv
(doi: 10.1101/2022.10.21.513225), lleva por titulo Disentagling leaf structural and
material properties in relation to their anatomical and chemical compositional traits in
oaks (Quercus L.). En este capitulo se acomete el tercer objetivo especifico
estudiando la importancia relativa de cada caracteristica de la hoja sobre las
propiedades mecdanicas en 25 especies de Quercus. Se sugiere que las hojas de
Quercus esclerdfilos son mas duras y fuertes debido a la pared externa de su
epidermis mas gruesa y/o a una mayor concentracion de celulosa. Ademas, las
especies de la seccion Ilex comparten rasgos comunes independientemente de
que ocupen climas bastante diferentes. De modo similar, las especies de hoja
perenne que viven en climas de tipo mediterrdneo comparten rasgos foliares

comunes independientemente de su diferente origen filogenético.

El quinto capitulo se publicé en 2022. en la revista Tree Physiology bajo el
titulo Cell-level anatomy explains leaf age dependent declines in mesophyll conductance
and photosynthetic capacity in the evergreen Mediterranean oak Quercus ilex subsp.
rotundifolia. En él se evaltian los cambios dependientes de la edad foliar en los
rasgos morfoldgicos, anatomicos, quimicos y fotosintéticos en Quercus ilex subsp.
rotundifolia Lam., un roble perennifolio con hojas de alta longevidad. Se observan
disminuciones de todos los rasgos fotosintéticos con el aumento de la edad de la
hoja. Los cambios en la anatomia y bioquimica de la hoja fueron responsables de
las modificaciones dependientes de la edad en la asimilacion neta de CO: y la
conductancia del CO: a través del mesofilo. Estos hallazgos revelaron un
deterioro fisiologico gradual relacionado con el desmantelamiento del aparato

fotosintético en hojas mas viejas de Q. ilex subsp. rotundifolia.

El sexto capitulo de la tesis se publicd en 2021 en Tree Physiology con el
titulo Contrasting functional strategies following severe drought in two Mediterranean
oaks with different leaf habit: Quercus faginea and Quercus ilex subsp. rotundifolia.
En este capitulo se aborda el quinto objetivo de la tesis. Para ello, se analizan las

caracteristicas fotosintéticas, fotoquimicas e hidraulicas de diferentes 6rganos de
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Q. faginea y Q. ilex subsp. rotundifolia bajo condiciones de sequia severa. La fuerte
disminucion de los rasgos fotosintéticos de Q. faginea estuvo acompanada de una
fuerte disminucion de la conductancia hidraulica de las hojas en respuesta a la
sequia. Este hecho probablemente evitdé una embolia xilematica en los tallos
(“segmentacion de la vulnerabilidad”). Por el contrario, las hojas de Q. ilex subsp.
rotundifolia mostraron mecanismos fotoprotectores efectivos y alta resistencia a la
cavitacién inducida por la sequia, lo que estaria relacionado con la mayor

longevidad de las hojas de las encinas mediterraneas.
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Abstract

Purpose of Review Defining the mechanisms behind and the leaf economic consequences of the development of sclerophylly in
woody plants will allow us to understand its ecological implications, anticipate the potential for adaptation of different tree
species to global change, and define new woody plant ideotypes for stress tolerance.

Recent Findings Sclerophylly has evolved independently in different woody plant genera and has been traditionally considered
as a stress-tolerance trait. However, the undetlying drivers for this functional trait are still a matter of debate; it has been proposed
as an adaptive response to miscellaneous stress factors, such as nuftrient scarcity, drought stress, herbivory, and cold tolerance,
and due to the large investment costs of scletophylly, it is generally associated with a longer leaf life span.

Summary The genus (hercus constitutes a unique living laboratory to understand global adaptive patterns along the leat
economic spectrumn in forest trees. With more than 400 species, oaks are distributed along six zonobiomes and its versatility
has resulted in a wide range of variations in leaf functional traifs and confrasting adaptive strategies. However, although this wide
variability cannot be explained alone by any of the ecological factors considered, such as drought, nutrient scarcity, low
temperatures during vegetative period, and physical damage, neither any of them could be fully discarded. Noteworthy, our
study also suggests that these constraints may have a synergistic effect, and from a functional point of view, we can conclude that
in oaks leaf habit largely modulates the physiological implications of scletrophylly.
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General Introduction

The term sclerophylly comes from the Greek skieros (hard)
and phylion (leaf) literally meaning “hard-leaved.” According
to Schimper [1], sclerophyllous species have common charac-
teristics, such as leaves with entire margins, oriented obliquely
or parallel to the incidence of sun rays, thick cell walls, abun-
dance of sclerenchyma, and highly developed cuticle. Thus,
Schimper concluded that “these qualities in the aggregate give
the leaf its characteristic, stiff, leathery consistency.”

Thus, as the concept of sclerophylly is a perception, it is
difficult to obtain an accurate measure. Different methods and
proxies have appeared for estimating this characteristic, such
as the Loveless sclerophylly index [2, 3] or leaf mass per area
(LMA) [4-7] and others that will be explained more in depth.

Howevet, the underlying drivers for this functional trait are
still & matter of debate; it has been proposed as an adaptive
response to miscellaneous stress factots, such as drought [8, 9],
nufttient scarcity [2, 3, 10], low temperatures during the vegeta-
tive period [11, 12], and physical damage [13, 14]. On the other
hand, it has been argued that the higher construction costs of
sclerophyllous leaves tend to be compensated by a longer leaf
life span, although the mechanisms behind are controversial [15].

In this review, we expose the main factors that promote
sclerophylly and its functional implications using the genus
Quercus as a living model. This genus comprises more than
400 species, is widely distributed along six well-differentiated
zonobiomes, and its versatility and diversity has resulted in a
wide range of variation in leaf functional traits and adaptive
strategies [16++].

How to Measure Sclerophylly?

Direct Measurement of Leaf Strength: Mechanical
Approaches

As sclerophylly means “hard-leaved,” it is crucial to quantify
mechanical properties of leaves in order to understand this
trait. There are a number of methods available to evaluate
mechanical propetties of leaves {(Table 1). According to the
concepts, “strength” and “toughness”™ of a material refers to its
ability to resist applied force and applied work, respectively,
that could lead to fracture or permanent failure, while “elas-
ticity” refers to its ability to deform (without fracture or per-
manent failure) under applied force. On the one hand, fracture
propetties, including strength and toughness, ate indicators of
the ability to protect leaves against the risks of fracture caused
by piercing, chewing and browsing herbivores, wind tear, etc.
On the other hand, elastic propetties become impottant when
leaves are exposed to deformation, such as bending under
gravitational force, rotating around the petiole, and
streamlining under dynamic load such as wind or avoidance
of strong solar radiation under water stress {(e.g., wilting) etc.

There are four major types of tests that are frequently used to
measure leaf mechanical properties (Table 1; [17, 18]): (1) shear-
ing tests {also called scissoring, cutting tests) measure how much
work is required to cut across a leaf with a single blade {against
an anvil) or with a pair of blades (i.e., insttumented scissors)
[19-21]; (2) punch tests, including punch-and-die and penetrom-
eter tests, measure the maximum load required for the punch rod
to penetrate a leaf [22-25]; (3) tensile tests (also called tearing
tests) measute the force required to stretch and eventually tear a
strip of leaf lamina [26-28]; and (4) bending tests (or flexural
tests) measure the force required to bend a strip of leaf lamina
that is placed on two suppotts [17, 29] or entire leaf lamina with
attached petiole [30, 31]. These tests can measure mechanical
properties of a leaf specimen (often rectangular strip) in different
directions (vertical or horizontal fo the lamina surface) and

Table 1 A list of leaf mechanical propetties and their units

Type of Fracture properties Elastic properties

tests

Structural level Material level Mass level Structural level Material level
Shearing Work to shear J m ') Fracture toughness Specific toughness (J m Kg ) NA Shear modulus
test Jm Z)

Punchtest  Farce o punch (N m ') Punch strength (N m %) Specific punch strength Nm Kg ) NA NA

Tensile test  Force to tear (N m 1) Tensile strength (N m 2) Specific tensile strength (N m Kg 1) Tensile stiffness (N) Young’s modulus
Nm?)

Bending test NA Na NA Bending stiffnress (N m°)  Young’s modulus
Nm?)
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different tissue types (e.g., the major leaf veins or the lamina
between veins).

Leaf mechanical properties can be expressed on a different
basis of expression depending on the purpose {Table 1; [18]).
Structural properties are affected by both chemical propetties
and lamina thickness, whereas chemical propetties are nor-
malized to cross-sectional area (thickness * width) of the test
specimen [32]. It is also possible to evaluate how efficiently
leaf mass is exploited for fracture strength or toughness from
strength or toughness divided by tissue density of the speci-
men [18, 33].

Although scletophylly has been recognized as a key func-
tional trait for many vears [1], direct quantification of mechan-
ical properties of sclerophylly had rarely been achieved until
the 1990s. Turner et al. [34] measured and compared the frac-
ture toughness of several plant communities, including three
sclerophyllous communities, by the cutting test. They found
that the mean fracture toughness of the sclerophyllous com-
munities was 2.1 to 4.6 times greater than the soft-leaved
pioneer communities. Read & Sanson [32] made a detailed
investigation of leaf chemical as well as mechanical traits
using the punch, shear, tensile, and bending tests for a diverse
set of 33 plant species grown in a botanical garden. On aver-
age, sclerophyllous leaves were stronger, tougher, and stiffer
than non-sclerophyllous leaves in all mechanical tests, but
more importantly, they found that structural properties (such
as structural strength or bending stiffhess) correlated more
sttongly with sclerophylly than material properties. This
means that sclerophylly is characterized by not only high ma-
terial strength or toughness but also high lamina thickness.

As discussed later, plant cuticle plays an essential role in
preventing passive water loss. While less appreciated, cuticles
are also important for mechanical defense and stability [14].
Cuticle layers are composed by cutin, polysaccharides, and
waxes, and their Young’s moduli {(material stiffness) can be
an order of magnitude higher than the corresponding values of
the leaf lamina [35]. Furthermore, the farther the leaf material
1s located from the neutral axis, the more it contributes to
bending stiffness (second moment of area). Theretfore, leaves
with thicker cuticles often have higher lamina strength and
stiffness [29]. Thicker and stiff cuticles are conducive to long
leaf life span by protecting leaves from external mechanical
stresses and may confribute to keeping the leaf surface intact
and sustaining high desiccation tolerance over longer life
spans.

Chemical Proxies

An increase in sclerophylly is associated with a decrease inthe
percentage of protein content and with an increase in the per-
centage of fiber content [3]. Loveless [2, 3] proposed an esti-
mation method of sclerophylly expressed as the ratio of crude

protein content (calculated as nitrogen content multiplied by
6.25) per unit of leaf tissue.

(Crude fiber dry mass x 100)/({Crude protein dry mass)

Loveless [2, 3] suggested that the use of crude protein
content has some advantages since it is a useful indicator to
measute functionally active leaf tissue (protoplasm), does not
vary throughout the day, and does not define fiber content in
terms of another measure that already includes the fiber in it.
However, the estimation of sclerophylly using the method
proposed by Loveless has some drawbacks. Firstly, the
Sclerophylly Index (SI) cannot be used to correlate the degree
of sclerophylly with the fiber or protein content, since these
components are already part of the ratio. Secondly, it seems
that the increase in SI is mainly due to a decrease in the de-
nomiinator (protein content, not related to sclerophylly), rather
than to an increase in fiber content {related to sclerophylly)
[36]. Furthermore, there is an increasing body of evidence that
alarge fraction of leaf nitrogen can be incotporated in cell wall
proteins, especially in more sclerophyllous species [37, 38¢]
suggesting that the “crude protein” content is not a good mea-
sure of the protoplasim.

Leaf Mass per Area as a Global Proxy for Sclerophylly

Leaf mass per area (LMA), is the most widely used proxy for
sclerophylly in ecology (see e.g., [4-7, 18, 39, 40]). The main
advantage of LMA is that it can be easily determined and
stands as a good indicator of the carbon investment per unit
of leaf area. Hence, it is a reflection of the cost-benefit be-
tween light interception and plant carbon balance, and hence
of the leaf economic spectrum (LES; [6, 40]). At least on a
global scale, LMA shows a good correlation with mechanical
measures of sclerophylly [18] and, to a lesser extent, with
chemical proxies [3, 41]. LMA is indeed a composite of leaf
thickness (LT) and leaf density (LD}, which can vary inde-
pendently along environmental gradients [5, 41, 42].
Although the relative contribution of LT and LD to
sclerophylly depends on the underlying strategy, both factors
are known to contribute to leat toughness [18]. When we
commpate oaks in the context of woody angiosperims from termn-
perate and tropical zones, LMA of winter-deciduous oaks
(DEC) did not differ significantly from other DEC species,
whereas evergreen oaks (EVE, those retaining their leaves
during the whole year) showed higher LMA than EVE plant
species (Fig. 1a, data from the Leaf Biomechanics Dataset
[18]). Oaks in general seem to have relatively thin leaves
(low LT, Fig. 1b), and dense tissues (high LD, Fig. 1c), with
EVE falling within the uppermost range of LD (Fig. 1c). As
we will digcuss latet in detail in section 4.1, large LMA values
may have contrasting physiological implications, depending
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Fig. 1 Measurements of leaf attributes (leaf mass per area (LMA), leaf
thickness, and leaf density) and mechanical strength (force to punch,
force 1o tear, work to shear) in deciduous (DEC) and evergreen (EVE)

on the relative contribution of LT and LD. In particular, we
will sec how the high LD of EVE constitutes a major physio-
logical constraint by restricting CO, diffusion.

Despite a general association between LMA and leaf struc-
tural strength, the two variables may vary independently. On
the one hand, leaves with higher concentrations of fibers can
have higher leaf structural strength without affecting LMA
(i.e., higher specific strength) [18]. On the other hand,
sclerophyllous leaves often have thicker cuticles, which also
contribute to leaf strength and stiffness [29, 35], but have a
comparatively small effect on LMA (for further discussion
about the association between LMA and cuticles, see
“Functional Mechanisms Associating Sclerophylly and
Drought Tolerance™). While we are aware of these constraints,
throughout this review, we will focus on LMA as the most
general proxy for sclerophylly, and the only one that has been
determined in a wide range of oak species.

@ Springer

oak species, as compared with other genera of woody angiosperms, all
from temperate and tropical biomes. Data from the Leaf Biomechanics
Dataset [18]

Key Factors Promoting Sclerophylly

Sclerophylly as a Xeromorphic Trait to Cope with
Drought

The “Evidence” Given by Mediterranean Woody Plants

The development of hard leaves as a response to drought is
one of the earlier interpretations of sclerophylly [14, 43, 44],
still current [45-48] but under debate ([16=*] and references
therein). The association between sclerophylly (the develop-
ment of specially hard or tough leaves) and xeromorphism (all
the anatomical and morphological traits common in plants
living in dry or physiologically dry habitats) partially depends
on phytogeographical evidence, such as the predominance of
sclerophyllous shrubs and trees in all five Mediterranean re-
gions of the world, with dry and hot summers [1, 14, 49-52].

Schimper [1] described the features of a typical
xeromorphic leaf, as a way of coping with limited water-
supply in their habitats. Among several adaptations, he includ-
ed the presence of sclerenchyma although an explicit function
of it was not provided. Schimper also suggested that the in-
crease in “physiological dryness” (a term indicating the lack of
available water for plants) should induce some concomitant
changes in the leaf anatomy or morphology. Among others,
the development of smaller, thicker, and sclerophyllous leaves
was reported in his analysis. This response, common of many
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plant species of dry habitats, was put at the same level as leaf
succulence or aphylly by Schimper [1], among the different
plant responses to drought. He argued that the regions of the
Earth with “prolonged summer drought” (or Mediterranean-
type areas in other words) are the habitat of “evergreen
xerophyllous” woody plants that show sclerophyllous leaves.
Oppenheimer [33] gave a list of anatomical features that were
common in xeromorphous leaves and included the increase in
mechanical tissues as “a general principle” in those plants
from dry habitats. Moreover, the leaf thickening—or the re-
duction of surface to volume, as literally expressed by this
author—was also proposed as a key trait in plants living in
dry conditions. Both characteristics should imply a higher
LMA, linking xeromorphism and sclerophylly. In fact, he in-
cluded the Mediterranean evergreen sclerophyllous plants
among the six main xerophyte types according to their phys-
iognomy ot phytogeography. Kummerow [30] insisted that
regions with Mediterranean-type climates show vegetation
with a similar physiognomy, which could be interpreted as
xerophytic—plants of dry habitats—and, specifically,
“sclerophyllous xerophytes.” Those plants were again the ev-
ergreen hard-leaved trees and shrubs previously described by
Schimper [1] or Mooney & Dunn [49]. Both studies clearly
suppotrted the idea that the leaf anatomy of these
sclerophyllous plants was responsible for the adaptation for
withstanding water stress during the summer. The anatomical
modifications suggested by Kumimerow [50] coincide with
those proposed by Oppenheimer [50], including a reduction
in the external leaf area and presence of a group of traits
inducing high leat density, such as smaller cell size with thick
cell walls, a high vein density, or the presence of reinforce-
ment tissues. The presence of sclerenchyma among the leaf
tissues in these leaves was proposed to serve as protection
when subjected to intense water deficit. Mooney [54] recog-
nized similar features in the leaves of different species of
shrubs from the areas under Mediterranean-type climate of
California as a response to water stress. The development of
dense mesophvll tissue—constituted by small cells with rela-
tively thick walls and low presence of intercellular spaces and
a higher proportion of palisade to spongy mesophyll
thickness—is still proposed as an anatomical response to wa-
ter shortage [55].

What Can Be Concluded From Other Phytogeographical
Data? Sclerophyllous Oaks Under Non-Mediterranean
Conditions

However, this association between the Mediterranean-type
climates and sclerophylly conflicted with other phytogeo-
graphical evidence, namely the presence of sclerophyllous
woody plants in wet climatic regions of the Harth [14, 53,
56]. In fact, their massive presence in areas with wet tropical
climatic regimes is well-established [44, 57], with some areas

clearly dominated by evergreen, sclerophyllous oak species
[538]. Palaeobotanical studies would suggest that the possible
ancestors of Mediterranean species of holly oaks (Quercus
Group [lex) lived in fully humid conditions [59], confirming
the pre-adaptive conditions of a high LMA in the present
Mediterranean woody plants [60].

In a common garden study, Gil-Pelegrin et al. [16+*] con-
cluded that evergreen oaks from tropical (zonobiome IT), arid
(zonobiome I}, Mediterranean {zonobiome I'V), and tempet-
ate (zonobiome VI) did not differ significantly in LMA, in
spite of the extreme differences in their respective
phytoclimates in origin. Similatly, the two groups of witter-
deciduous species, namely Mediterranean (zonobiome I'V)
and temperate (zonobiome VI) did not show differences in
LMA values between them but did show significantly lower
values than all the evergreen oaks. These data confirm (i) the
existence of sclerophyllous Quercus species in contrasting
phytoclimates and (ii) the existance of both sclerophyllous
and malacophyllous species in the same phytoclimatic condi-
tions (zonobiomes [V and VI specially). In order to take into
account the possible relationship between aridity and LMA,
the values of all of these groups have been plotted against an
index of aridity for oak species of all of the considered groups
(Fig. 2}. We used the Lang aridity index (Aly y¢-—theratio of
the mean annual precipitation (MAP) and the mean annual
temperature {(MAT) [61]—in several native locations as
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Fig. 2 Relation between Lang aridity index (AlLang) and leaf mass area
(LMA) for oak species belonged to different groups. AlLang calculated
as the ratio between mean annual precipitation (MAP) and mean annual
temperature (MAT). DEC: deciduous, EVE: evergreen, TEM: termperate,
MED: Meditetranean, TRO: tropical, ARID: arid. Data as mean + se
values of 73 oak species obtained from Gil-Pelegtin et al. [16+¢]. Letters
indicate significant differences (Tukey test, p < 0.05) in AlLang between
groups of species
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confirmed by herbarium data (see [16++]). On the one hand,
evergreen oak species from Arid and Mediterranean
phytoclimates showed the lowest values for Al ,,,,
confirming that both inhabit dry to very dry areas.
Conversely, the Aly 4, for temperate and tropical evergreens
ranged from humid to perhumid values, in spite of the simi-
larity in LMA (see above). Otherwise, deciduous species,
which do not differ statistically in LMA, do differ in terms
of Alp g This is because LMA values of Mediterranean de-
ciduous species (MED-DEC) ovetlap to some extent with the
values of MED-EVE species in xeric locations and with those
of deciduous temperate (TEM-DEC) species found in wettet
locations. Obviously, a simple phytogeographical association
between the overall climatic aridity and sclerophylly cannot
be immediately derived.

Concerning sclerophyllous oaks in tropical environments,
several different studies have ruled out the influence of water
deficit as the main factor explaining their abundance in these
humid habitats [62-64]. Grubb [14], in fact, considered the
term sclerophyllous to be quite ambiguous, in confrast to leaf
anatomical characters that can be described for the so-called
hard leaves. He proposed the distinction between
“pycnophylls” (from the ancient Greek puknos, dense, com-
pact) for the Mediterranean plants with dense mesophylls, and
“pachyphylls™ (from ancient greek pakhiis, thick) for the trop-
ical sclerophyllous plants, with thick but lacunous meso-
phylls. Grubb [14] attributed to the Mediterranean
pyenophylls a higher ability to withstand water deficit than
tropical pachyphylls, breaking a uniequivocal link between
developing hard leaves and coping with drought. However,
the suspicion of a possible influence of water shortage in the
development of these tropical sclerophyllous leaves has also
been considered [653]. The possibility of leaf water shortage in
tropical climates could arise from low soil water retention and
strong radiation in some of these habitats [14, 63, 66], or from
severe physiological stress imposed on the canopy by root
anoxia during long-lasting inundation periods [67].
Unfortunately, the lack of sufficient functional studies related
to this topic, and especially concerning oaks under tropical
climates, precludes our ability to reach unambiguous
conclusions.

However, several studies about the ecology and ecophysi-
ology of a group of evergreen and sclerophyllous oak species
of the Ilex group, also known as section Heterobalanus
(Oerst.) Menitsky [59], provide an insight into the develop-
ment of hard leaves with high LMA under climates that differ
from those in arid or Mediterranean zonobiomes. These oaks
can be dominant species in many forests of the Himalaya-
Hengduan Mountains [68, 69], at an altitudinal range roughly
from 1000 to 3500 m a.s.l. [70]. In spite of the genetic prox-
imity with their circum-Mediterranean relatives (e.g., (. ilex),
with evident leaf morphological similarities, the species of
Himalaya-Hengduan inhabit areas within climates that differ
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substantially from the summer drought period of the
Mediterranean-type climates [71]. In fact, their wide altitudi-
nal range results in a high-temperature gradient, such that
climates range from subfropical at the base to warm or cool
temperate at mid-altitudes and to cold subalpine climates at
the upper distribution limit of these species [68, 72, 73].

The whole area is influenced by the monsoon rhythm,
which implies the existence of a clear seasonality and a warm
rainy season from mid-June to September, preceded by a cold
and dry season {from October to February) and a pre-monsoon
dry summer (March to May). More than 80% of the annual
rainfall —between 1000 and 3000 mm [74, 75]—can be
accounted during the warm raitty season [72, 76]. Compared
with this situation, the precipitation in most areas under
Mediterranean-type climates registers annual values around
less than half in average, with a minimum account during
the summer [16++]. Therefore, these two contrasting
phytoclimatic conditions for the circum-Mediterranean and
the Himalayan-Hengduan oak species of the Hex group can
apparently question the seminal idea of a link between
sclerophylly and xeromotphy in these species. In other words,
are these sclerophyllous ozgks of the Himalaya-Hengduan af-
fected by drought to a similar extent as their circum-
Mediterranean relatives? In fact, the extreme seasonality men-
tioned above induces a long dry period in the monsoonal
climates where these sclerophyllous oaks predominate [73,
76]. The combination of a temperature rising with scarce pre-
cipitations during the pre-monsoon months induces a specially
critical period for the vegetation in terms of water deficit [77,
78], when the minimal values of water potential reported in
these sclerophyllous species have been registered [69, 72, 76].
Moreover, the intra-annual variation in water deficit due to the
inherent seasonality of the climates affected by the monsoon
runs patallel to an inter-annual incidence of severe drought
that induces periodic extreme water deficit in these oak
species.

In fact, Singh et al. [69] repotted that such intense droughts
affect the Central Himalaya in 5-6-year cycles. Such period-
icity in the incidence of severe droughts has been associated
with the influence of global phenomena, such as E1 Nifio [79],
Justifying the periodicity of the inter-annual variability. The
incidence of such variability in the ecophysiology of different
sclerophyllous oaks of the flex group is confitmed in different
studies. However, during 1999, Singh et al. [69] studied the
effect of a severe drought in other two oak species of the flex
group, O floribunda and Q. leucotrichophora in Kumaun, the
Central Indian Himalaya. During the peak of drought, they
registered mean values of predawn water potential of —
4.4 MPa, but the value fell to — 5.5 MPa in the specimens
more severely affected (showing dead leaves). These extreme
values are close to the lowest values reported for (2. ifex
(around — 5 or even — 6 MPa; [80]. The ability to survive after
reaching these low water potential values, preserving their
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buds to produce leaves again, would imply that these species
show a high resistance to drought, establishing a direct corre-
spondence with other circum-Mediterranean oaks of the flex
group [81, 82].

The Co-occurrence of Sclerophyllous and Malacophyllous
Oaks in Mediterranean-Type Climates: Any Difference to Cope
With Drought?

As above suggested, another phytogeographical fact that can
question the role of a high LMA as a direct functional mech-
anism to cope with drought is the presence of winter-
deciduous oak with relatively low LMA values in many areas
under Mediterranean-type climates of the Northern
Hemisphere [83]. Some of these wintetr-deciduous species oc-
cupy dry habitats of the Eastern Mediterranean Basin [84] or
coexist with evergreen congeneric oaks in the westemn
Mediterranean Basin [52, 85].

This coexistence has been a matter of discussion.
Coexistence of these winter-deciduous oaks (MED-DEC)
with evergreen oaks, although being the aim of different eco-
physiological studies [86, 87] is not easily explained from an
ecophysiological perspective [32] and further research is
needed to fully understand this fact.

On the one hand, winter-deciduous Mediterranean oaks
(MED-DEC) are considered elements of the so-called “sub-
Meditetranean” vegetation [88], where the influence of the
Mediterranean sumimer aridity is mitigated by a higher antual
precipitation and a lower mean temperature. This fact is sup-
ported by the intermediate values of Aly,,,, which does not
show significant differences both with those for MED-EVE
and TEM-DEC. Comparative ecophysiological studies
concerning both types of Mediterranean oaks have reflected
different strategies to cope with watet limitations [83, 86], and
some of them concluded that evergreen species are able to
resist a higher level of extreme water stress [52, 87, 89, 90].
The co-occurrence of these sub-Mediterranean oaks with
MED-EVE in many areas of the western Mediterranean
Basin should be the consequence of the alteration of the hab-
itat affecting the water storage capability of the degraded soils,
where evergreens tend to be more competitive [91].

Corcuera et al. [83] compared different species of oaks
growing in a comimon garden taking into account the leaf area,
LMA, and different characteristics derived from the analysis
of PV curves. In this study, a clear coincidence in the value of
osmotic potential at full turgor (70) between Mediterranean
species, independently of their leaf habit, was reported,
against the lower value found for with TEM-DEC.
Concerning oaks, the finding of higher 70 in oaks living in
dry habitats have been previously reported (see [83] and ref-
erences therein). MED-DEC showed the higher values for leaf
water potential at turgor loss (rtlp), slightly but significantly
higher than the mean value for MED-EVE and much higher

than the one for TEM-MED. Bartlett et al. [92] concluded that
mitlp was the trait more closely related to drought tolerance,
with 710 as the main characteristic influencing rtlp, which is
related with (i) the minimum soil water potential for water
uptake and (ii) with the ability for maintaining gas exchange
at lower soil water potential. Both facts can be crucial for
surviving and growing under Mediterranean climates, espe-
cially when leaf life span is limited to the dry summer in
MED-DEC. So, MED-DEC could be intetpreted as clearly
able of coping with the summer drought as well as the genuine
Mediterranean MED-EVE, which should be in accordance
with the results of Damesin et al. [52] when compatred with
the responses of co-occurring Q. ilex and Q. pubescens under
Mediterranean conditions in southern France.

Corcuera et al. [83] also found a clear statistical difference
concerning the maximum bulk modulus of elasticity (€.,
whith MED-EVE showing higher values of .y than MED-
DEC and, specially, for TEM-DEC. The rigidity of the cell
walls has been studied by several authors in terms of coping
with drought (see [16++] and references therein). Bartlett et al.
(2012) did not atfribute any relevance in terms of coping with
drought to &ax, but a low cell wall elasticity plays a role in
water conservation, as a large change in turgor can be
achieved with a minor change in symplasmic water [93].
This may constitute a mechanism to reduce water loss,
through the effect of turgor loss in stomatal closure [94], re-
ducing the diurnal and seasonal water loss [93]. A high &, in
MED-EVE would be interpreted as a conservative mecha-
nism, allowing them to avoid rapid soil water consumption
in extremely dry areas or in locations with poorly developed
soils or degraded soils and to develop a higher water potential
gradient that would enable these species to obtain water from
drier soils. On the confrary, the lower &, found in MED-
DEC would allow the maintenance of positive turgor and,
consequently, plant gas exchange and growth but at the ex-
pense of higher water consumption and the risk of xylem
cavitation [87].

Woody plants from dry areas seem to develop a higher
resistance to water stress-induced cavitation than those native
from mesic habitats [95]. So, the compatison of the specific
vulnerability to drought-induced xylem cavitation may serve
as a way to compate the relative tolerance to climatic drought
between MED-EVE and MED-DEC.

The quantification of this resistance can be done using
different traits derived from the so-called cavitation curve,
with Psq and Pgg [96, 97]. Figure 3 evidences a tendency of
P50 and P88 to increase as the aridity increases (lower AlLang
values), with an exponential decay for higher AllL.ang where
TEM-DEC predominate. The higher values for aridity and
cavitation thresholds have been reported for some species of
the MED-EVE (e.g., [81]) but not for all (see high dispersion
in y axis). Moreover, very negative values for P50 and, spe-
cially, for P88 are reported for species of the MED-DEC
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Fig. 3 Relationship between Lang aridity index (AlLang) and the stem
water potential inducing a loss of 50% (P50) and 88% (P88) of xylem
hydraulic conductivity for oak species belonged to different groups.
AlLang calculated as the ratio between mean annual precipitation
(MAP) and mean annual temperatire (MAT). Group abbreviations as in
Fig. 2. Data ag mean = ge. ** means a p value < 0.01. P50 and P88 values
obtained from literature (see Supplementary. MAP and MAT obtained
from WorldCLim database according to Gil-Pelegtin et al. [16++]. Mean
group values + se of these parameters are plotted in the upper right side of
each figure. Letters indicate statistically significant differences (Tukey
test, p < 0.05) in the mean values of P50 and P88

group. Therefore, P50 and P88 values do not seem to differ
among Mediterranean oaks with contrasting leat habits.
Therefore, assuming P88 is a reasonable proxy for an overall
ability of coping with aridity in Quercus species,
sclerophyllous oaks do not have more drought-resistant stem
xylem than other oaks. It should be noted, however, that oaks
are long-vesseled species and thus subject to artifacts in the
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production of vulnerability curves. The relative P50 and P88
values are still likely meaningful, but this is an area of contin-
ued debate within the literature.

Sderophylly in Response to Limited Nutrient
Resources

Since the first studies of Schimper in 1903 [1] in which a
relationship between sclerophylly and xeromorphism was
proposed, numerous studies have arisen questioning this rela-
tionship, such as those carried out by Beadle [98, 99]. This
author, observing the Australian flora, showed that
sclerophylly was not necessarily a xerophytic adaptation,
since he perceived the existence of the humid sclerophyllous
forest. Moreover, he concluded that in the Sydney district, the
comimunity structure was explained directly or indirectly by
the phosphate content of the soil. In this area, rainforest com-
posed of plants with laureate leaves occurs in the most fertile
soils, whereas dry-looking sclerophyllous forests, composed
of highly xeromorphic plants, occur in less fertile soil but,
according to Beadle, this is not as a response to lack of water.
Furthermore, Beadle [10] also studied the number of fropical
and subtropical rainforest genera and observed that it corre-
lates with the level of phosphate in the soil, independently of
precipitation. He also found that the adaptation to low fertile
soils accentuates xeromorphic characters through a reduction
in leaf size, and his experiments indicated that the degtee of
xetomotphy could be reduced in many cases by the addition
of phosphorus and nitrate.

Although these early studies were based in Australia,
where the presence of soils with low nutrient content, mainly
phosphorus, is common [100], other authors have also ob-
served the existence of sclerophyllous species in nutrient-
limited tropical rainforests [44, 62].

Loveless [2] also found that there was a high correlation
between phosphorus content in leaves and the fiber/protein
ratio. In addition, he showed that below a phosphorus content
of 0.3%, the fiber/protein ratio increases with the decrease in
phosphorus and suggested that “phosphate deficiency of the
soil might be an important factor in sclerophylly.” Moreover,
in later studies, it has been observed that sclerophylly is a
response to nutrient-poor soils [57, 101], and especially to
phosphorus deficiency [102] or nitrogen stress [39, 103].
However, Sereneski-de Lima et al. [104], studying the highly
sclerophyllous mangrove tree species from South Brazil, con-
cluded that mangrove trees were not limited by soil nitrogen
not phosphorus; thus, the high LMA observed was not deter-
mined by soil oligotrophy.

Focusing on genus Quercus, there are studies that support
Beadle’s postulates, since they find sclerophyllous species
inhabiting oligotrophic conditions. Cork-oak ({J. suber) for-
ests that inthabit the Northeast Iberian Peninsula had a mineral
content of the litter fall composition with low macronutrients
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such as nitrogen and phosphorus [105]. Furthermore, Castro
& Fernandez-Nuiiez [ 106] showed that in three monospecific
Quercus forests of Northeastern Portugal there is a soil-
fertility gradient among the three ecosystems, coinciding with
the degree of sclerophylly. From the malacophyllous
(. pyrenaica, found in more favored areas, to the highly
sclerophvllous 0. ilex subsp. ballota, developed in oligotro-
phic conditions, going through Q. suber in intermediate zones.

Conversely, other studies found no significant relationships
between the degree of sclerophylly and low nutrient content.
Cavender-Bares et al. [107] studied 17 Quercus species grow-
ing in Florida across different habitats, and found only weak
associations between LMA and nutrient-related soil traits (in-
organic nitrogen, soil pH, phosphorus and calcium). Garcia
et al. [108] found mixed forests of . suber (sclerophyllous)
with Q. faginea or (. canariensis (malacophyllous) in ateas of
southern Spain and Portugal, where phosphorus availability
was very low. Similatly, Aranda & Comino [109] found poor-
nutrient soils in the oak forests of Sierra Nevada National Park
(southern Spain), where Q. pyrenaica (malacophyllous) and
(. ilex subsp. ballota (highly sclerophyllous) coexist.
However, in Cazorla-Segura-Las Villas Natural Park, also
dominated by mixed forests {Q. faginea and Q. ilex subsp.
ballota), soils with high levels of nutrients were found.

Furthermore, sclerophyllous oaks are not the only group
found in environments with Mediterranean climate and high
nutrient content [109, 110]; malacophyllous oaks, such as
O vobur, Q. infectoria, Q. brantii, ot (. saii, also persist with
low phosphorus availability [111]. Moreover, it has even been
observed that this element can control the primary production
of these forests [111, 112]. Zhang et al. [113] found a wide
range of variation in LMA (ca. 40-80 g m ) across prove-
nances of (. acutissima, a malacophyllous species distributed
along a wide range of soil conditions in China [114].
However, the LMA range was kept constant across the three
provenance trials included in the study, despite contrasting
soil conditions.

Overall, the potential link between sclerophylly and soil
nufrient availability still remains controversial, due to the in-
terrelation among soil traits (e.g., water availability and nitro-
gen content may be both affected by soil depth and texture)
and with other environmental drivers (e.g., the concomitant
increase in nutrient and water availability in deep valley soils).

As aproof of concept for the potential association between
soil nutrients and the prevalence of sclerophylly, we took ad-
vantage of the information on species occurrence and soil
traits, available from the US Forest Inventory and Analysis
(FIA) database (http://www fia.fs.fed.us/; accessed march
2019). Following a similar approach to that described by
Rueda et al. [115], we first compiled information on soil con-
ditions and species occurrence from all plots with presence of
oaks (for further details on the methodology, see
Supplementary Material). This resulted in 124,687 sites with

soil data across the USA | with information on 36 oak species.
With these data, we could determine average values per spe-
cies for all soil and site variables across their distribution range
in the USA (Fig. 4). We then compared these soil traits with
the mean LMA for each species, based on literature data.
Although this approach obviates plastic and genotypic intra-
specific variability along the distribution range, it provides a
first insight into the soil conditions most commonly associated
with sclerophyllous species.

Across the USA, soil quality showed an effect on LMA,
although it came associated with other geographic gradients.
We found higher LMA values in shallower and more mineral,
dense soils (Fig. 4a), with lower soil water content (Fig. 4b)
and lower total nitrogen content (Fig. 4c). However, this could
be linked to the high LMA prevailing in the dry mountain
regions (ARID-EVE, MED-EVE in Fig. 4), as opposed to
the low LMA prevailing in the cold-tempetrate planes (TEM-
EVE), leading to a positive association with elevation (Fig.
4d). The altitudinal trend was partly distupted by the low
LMA of the winter-deciduous {TEM-DEC) Q. gambelii,
which shows the highest mean elevation, and the moderately
high LMA of the southern-temperate evergreens (TEM-EVE;
e.g., O virginiana, Q. minima. Overall, we found the largest
LMA values in the arid and Mediterranean mountain ranges in
the Southwest and the Pacific coast, largely dominated by
evergreen and sub-evergreen sclerophyllous oaks {e.g.,
Q. agrifolia, Q. chrysolepis, (. rugosa; ARID-EVE and
MED-EVE). Conversely, the lowest values were found in
the North Central and Northeastern cold-temperate regions,
dominated by temperate deciduous oaks (TEM-DEC), such
as Q. muehlenbergii, O macrocarpa, . rubra, ot 0. alba.

Notably, phosphorous availability did not show any asso-
ciation with LMA (Fig. 4e}, opposing the postulates by Beadle
[10, 98, 99] Furthermore, although a weak association with
pH (Fig. 4f) was found, the highest LMA were found within
the less nutrient-limiting range of pH (6-7). LMA also
showed a negative association with some exchangeable cat-
ions (7 =0.32, p<0.001 for magnesium, +*=0.23, p < 0.01
for alumimumy}, but was not significantly correlated with nei-
ther calcium nor potassium. A similarly weak, negative trend
was found for other metals, such as iron (r2 =022, p<0.01)
or zine (°=0.22, p <0.01), but none of them appear to be
patticularly limiting. Convetsely, nitrogen content emerges as
the soil trait most strongly associated with LMA in our survey
(Fig. 4e), confirming the negative association between soil
nitrogen content and LMA reported in previous studies [39,
103]. In this regard, despite the emphasis put on phosphorus
since the early studies of Beadle (1953, 1954), nitrogen may
have a more ctitical role than phosphorus in shaping plant
adaptive responses [110]. A recent study on model plants
highlighted that phosphate starvation genes are largely con-
trolled by nitrogen availability, but not vice versa [116].
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Fig. 4 Association between typical leaf mass per area (LMA) and
average site conditions across 36 oak species found in the US Forest
Inventory (see Supplementary Material). Specics were classified
according to their most typical biome and leaf habit, following [16es].
Circles, diamonds, and hexagons stand for temperate, Mediterranean, and

Despite the apparent response of LMA to nitrogen avail-
ability, at least in our case, this trend cannot be isolated from
the large-scale geographic gradients in environmental and soil
physical traits. Eroded, shallow soils prevail in the dry moun-
tain arcas in the West (MED-EVE, ARID-EVE), contrasting
with the deep, fertile, and wet soils in Central and
Northeastern plains (TEM-DEC). Besides, the association be-
tween LMA and soil nitrogen could be further enhanced by
the higher decomposability (and eventually faster turnover) in
deciduous trees, as compared with the evergreens [117, 118].
Furthermore, LMA tends to be negatively correlated with both
leaf nitrogen content and leaf digestibility, and positively cor-
related with fiber content ([2, 6, 117]; see also section 4.1).
Hence, low nitrogen content in the soils might be partly an
indirect consequence of sclerophylly, rather than a driving
force for the selection for this trait. In support of the influence
of tree litter on soil nitrogen, the negative association between
LMA and nitrogen was less consistent in the deeper soil hori-
zons (7 =0.33, 2 <0.001) than in the forest floor (=045,
<0.001; Fig. 4). Although this point is hard to disentangle
based on standard field surveys, it may deserve further assess-
ment through experimental, manipulative approaches.
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Fig. 6 Relationship between leaf mass per area (LMA) and cellulose P

content (CC), hemicellulose content (HC), and cutin and lignin content
(LCC) for Mediterranean evergreen and deciduous Quercus species. Data
obtained from [120]

Sderophylly to Increase Leaf Longevity by Reducing
Mechanical Damage

From a global plant perspective, increases in leaf sclerophylly
can be associated with increases in leaf longevity, as several
authors have reported positive relationships between LMA or
physical properties with leaf life span {LL) {e.g., [4, 6, 18, 21,
119, 120]. Focusing on the genus Quercus, a relationship
between LL and LMA obtained from literature and personal
measurements follows the same positive trend (Fig. 5). In this
gerus and independently of the species leaf habit and climate,
an increase in LI from 5 to 15 months is associated with a
strong increase in LMA from 85 to 170 g m 2. However, a
further increase in oak LL to 50 months is not related to a
significant increase in LMA, indicating the existence of an
oak LMA threshold (c.a. 185 g m ) towards higher values
of LL. Additionally, within leaf habit and climate, we only
found a significant correlation (% =0.39 p <0.001) for the
temperate deciduous (TEM-DEC) group (Fig. 5).

The higher LMA found in longer lived leaves has been
explained through a greater leaf reinforcement by the accumu-
lation of structural carbohydrates, mainly due to the increase
in cellulose (CC) and hemicellulose (HC) content [32, 120]
(Fig. 6). By contrast, lignin and cutin content (LCC) does not
seem to have a direct correlation with LMA and leaf duration,
suggesting other explanations for the LCC interspecific differ-
ences such as water transport functions associated with the
venation system of the leat [120].

The accumulation of structural carbohydrates might enhance
leaf persistence through the enhanced leaf protection [15, 37,
125]. This would help to resist the tear and wear due to physical
[76, 126] and biotical [127, 128] interactions with the environ-
ment [15]. In this sense, leaf herbivory by insects has been the
most common mechanical stess factor studied in the literature
[127, 129, 130]. Generally, insects avoid eating sclerophyllous
(high-LMA) leaves, both under laboratory [41] and field exper-
ments [121, 131]. Accordingly, Quercus species with lower
LMA suffer a higher percentage of leaf area lost per branch
due to insect hetbivory (see supplementary material Figure 1).
The influence of mechanical leaf propetties on insect herbivory
can also determine the organization of the community compo-
sition of herbivores, including their diversity and density [128,
132). However, in other studies the relationship between the
level of sclerophylly and herbivory is not so evident [101].
Some species with low LMA wvalues can be eaten as little asg
species with high values of LMA [41]. In those cases, small
concenfrations of secondary defense compounds, such as tan-
ning [133], may significantly curb the set of herbivores able to
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feed on given leaves without hardly depending on the level of
sclerophylly [125], although the degree of herbivory in relation
to LMA and secondary chemical content has not been studied
across oak species.

Sderophylly as a Cold Protection Mechanism in
Evergreen Oaks

Winter is a season that can constitute stressful conditions due
to low temperatures and frost in evergreen species [11].
Among other effects, plants can suffer photoinhibition, xylem
embolism, ot cuticular abrasion, and consequently, plants may
reduce their physiological activity [11, 12, 91, 134]. To miti-
gate cold stress effects, plants may adjust several structural
and physiological traits related to LMA. According to
Gonzilez-Zurdo etal. (2016), . ilex and . suber, two ever-
green Mediterranean oaks, presented higher leaf thickness in
those sites with lower values of mean annual temperature.
Increasing leaf thickness both by increasing the number of cell
layers or by increasing individual cell layer, reduces the aver-
age intensity of light reaching the interior of the leaf, thereby
reducing the probability for photodamage [133, 136+]. Being
thicker also results in a greater water content per unit leaf area
[137, 138]. As water has a higher heat capacitance, the in-
crease in water content per area may increase the buffering
of temiperature changes and so reduces the rates of leaf freez-
ing [139] and leaf thawing [140], reducing the physiological
damage by frost, especially in leaves exposed to multiple
freeze-thaw cycles [136+]. Frost acclimation may also lead to
increases in cell wall thickness and cell wall rigidity [141].
This acclimation may help to avoid the collapse of cells under
low water potentials that may occur when frozen soils prevent
water delivery to transpiring leaves. A higher cell wall rigidity
also implies that for a given change in water potential, there is
a lower degree of water migration from cells to extracellular
spaces in comparison with more elastic cell walls [136¢].
Intracellular water can remain supercooled during low tem-
petatures, whereas extracellular water freezes faster; therefore,
a higher rigidity would delay water freezing [142]. The higher
cell wall rigidity may be due to an increase in fiber contents
[143, 144]. In fact, Gonzilez-Zurdo et al. [145] observed
higher contents of cellulose + hemicellulose in individuals of
O ifex and . suber inhabiting sites with higher number of
days with frost per vear.

These adjustments in leaf traits in response to low temper-
atures might promote an increase in the LMA of evergreen
oaks, at least within species 145, 146]. However, among spe-
cies, it is still unclear whether the main driver of changes in
LMA is severity of cold itself {(e.g., characterized by mean
arrmual temperature, MAT) or it is related to the length of the
cold season. Most of the studies only focus on MAT and other
temperature indicatots, not analyzing the effect of the length
of the unfavorable cold season. In this sense, Kikuzawa et al.
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[7] found a strong positive relationship between MAT and the
portion of the vear for favorable growth. Furthermore, taking
into account the temperature in natural conditions of 30 oak
species [160+], we have found a strong cotrelation (F =084,
p <0.0001) between MAT and the number of months with
mean temperature below 5 °C (Fig. 7), i.e., the unfavorable
season for growth, according to Wypych et al. [147]. These
correlations suggest that LMA variations among species at-
tributed to MAT could be also attributed and explained by the
length of the unfavorable season. Therefore, further research
is needed in order to clarify whether variations in LMA among
ozk species actually respond to the intensity of low tempera-
tures or, by contrast, to the length of the cold season.

Functional Implications of Sclerophylly

Sderophylly as a Key Factor Modulating Oak
Photosynthesis in the Context of the Leaf Economics
Spectrum

LMA-—the most widespread quantitative proxy for
sclerophylly—is one of the major traits in the leaf economics
gpecttum (LES), which globally describes the coordinated
variations in leaf structural, chemical, and photosynthetic
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characteristics [6]. The negative association between LMA
and Auass at a global scale has been linked to a higher invest-
ment in non-photosynthetic structural tissues and/or a lower
efficiency of the photosynthetically active mesophyll [148].
However, the relationships among area-based net CO- as-
similation {Ag..), area-based nitrogen (N,), and LMA are
less clear and could be modulated by the influence of different
physiological and anatomical traits [38+]. Bearing in mind this
genetal framework, these authors put in evidence the role of
different mechanistic traits that could exert opposite effects on
A, associated with changes in LMA [38+]. Thus, Onoda
et al. [38+] concluded that, globally, diffusive and biochernical
limitations to photosynthesis associated with thicker cell walls
(i.e., lower mesophyll conductance to CO; and lower N allo-
cation to Rubisco, respectively) can be complemented by
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nitrogen content per dry mass (Ny..) (Upper right panel), and (iv)

greater N, In species with large LMA, thereby largely equal-
1ZiNg Agren across species with contrasting LMA.

Besides global variation across all species, meaningful var-
iations among species in foliage traits have also been reported
within a single genus. This is the case of Quercus, which
exhibits a strong intra- [149] and interspecific [16++] variabil-
ity in LMA. In this regard, the meta-analysis performed by
Peguero-Pina et al. [150] demonstrated that the genus Quercus
shows a broad range of variation in several major fraits in LES
(ie., LMA, N and A, naee), covering a high span within the
full LES. In this section, we have extended this meta-analysis
up to 71 oak species with the dataset available from the TRY
Plant Trait Database ([40]; see Supplementary Material for
details}, which also included additional traits such as N e,
Agren and stomatal conductance for H.O {g).
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Material). Symbols as in Fig. 2
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Overall, the results obtained confirm that the genus Quercus
follows the general trends described i the LES, as LMA was
negatively related with N, .. and A .. (p <0.0001, Fig. 8).
However, this pattern was not observed when considering area-
based relationships. Thus, the relationship between LMA and
A . was not statistically significant (p = 0.095, Fig. §), although
it was positive when considering only DEC species (p = 0.002,
Fig. 8). Moreover, LMA and N,., showed a strong positive
relationship (p < 0.0001, Fig. 8), which is in line with the results
found by Yang et al. [151], for 483 species at 48 sites across
China. Taken together, our findings could indicate the existence
of additional factors modulating these relationships in oak spe-
cies. Thus, an increase in mesophyll thickness concomitant to
higher foliage robustness [41, 42] would explain the increase in
Narea, probably because of overall greater number of cell layets
and greater leaf volume [149, 150, 152]. In consequence, this
phenomenon counteracts the negative influence of higher LMA
values on photosynthetic capacity of oaks. By contrast, we have
not found any significant relationship between LMA and g,
mostly due to the occurrence of species with the lower g, values
in the groups with lower and higher LMA values (TEM-DEC
and MED-EVE, respectively) (see in supplementary material
figure 2). Otherwise, MED-DEC species with relatively low
LMA values had the higher g, values among all the oak species
analyzed (see in supplementary material figute 2). This reflects
the fact that transpiration rate should be independent of the
amount of photosynthetic machinery per unit area [16»¢].

It is interesting that DEC and EVE oak species werte
grouped, respectively, towards the high and low return end,
irrespective of their climatic origin. In fact, LMA is one ofthe
most impottant functional traits that clearly separates EVE and
DEC [16+», 83]. That is, within Quercus, these relationships
seem to be more influenced by the leaf habit than by the
climatic/ecological conditions of each species, indicating the
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coexistence of multiple trait values in the same climate [153].
Otherwise, Yang et al. [151] suggested that climate influences
trait variation in part by selection for different lite forms and
families. In spite of this, these authors found a positive corre-
lation between LMA and N, and photosynthetic capacities
after removal of climate effects, and concluded that it is still
necessary to collect more systematic trait data across all cli-
mates and biomes. For instance, available data about tropical
Quercus species are very limited, in spite of the great number
of cak species occurring under these climatic conditions [38].

Both higher g, and N, vield higher A, ., values in oaks, and
the best fit for these cotrelations was a curve describing an ex-
ponential rise to a maximum assimilation rate of 17.5 and
19.1 pmol CO; m > 5 ', respectively (Fig. 9). In other words,
there was a decreasing sensitivity of maximum CO, uptake per
leaf area when g, and N, reached threshold values, which
indicated that other factors could also constrain Axe,, especially
in species with higher g, (i.e., MED-DEC) and N,,..,, (i.e., MED-
EVE and MED-DEC). In this regard, the diffusion of CO, from
the sub-stomatal cavities to the sites of carboxylation (Le., the
mesophyll conductance, g,,,) plays a key role in the photosyn-
thetic process of Quercus species, [150]. This seems to be the
case of MED-EVE from Europe and California [154+], but also
for MED-DEC species such as . faginea [155]. It should be
noted that several studies have revealed that g, is negatively
related to LMA [38e, 156, 157]. Specifically, the fact that g, is
limited by large LMA values has been mostly related to several
leaf anatomical traits {i.e., mesophyll and cell wall thickness),
and has been demonstrated for different species [148, 158-160]
including MED oaks [154+]. Besides the increases in N, asso-
ciated to higher LMA values, Peguero-Pina et al. [161] demon-
strated the existence of other anatomical adaptations at the cell
level {increased mesophyll and chloroplast surface area exposed
to intercellular air space) that allow MED-EVE to reach An
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Fig. 9 Relationships between photosynthetic capacity per leaf atea (A ,.,) and (1) stomatal conductance (g} (left panel)} and (i) nittogen content per leaf
area (Nopo) (right panel) for different Ouercus species. Data obtained from literature (see Supplementary Material). Symbols as in Fig. 2
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values comparable to congeneric deciduous species despite their
higher leaf thickness and LMA.

Functional Mechanisms Associating Sclerophylly and
Drought Tolerance

The predominance of sclerophyllous oaks in habitats prone to
mduce water limitations, such as those under Mediterranean
climate, has not been adequately explained in a functional
way, s the role of a hard leaf for withstanding water shortage
remains unclear. In this sense, ditferent ecophysiological stud-
ies have revealed that Mediterranean sclerophyllous woody
species show different, and even contrasted, strategies to cope
with water stress [93, 162, 163] which question the existence
of a single role of sclerophylly in terms of water relation [83].

A leaf can reach a high LMA through an increase in thick-
ness (L.T), a higher leaf density {L.D) tissues, or the combina-
tion of both factors [5, 18, 41, 42], with very different fune-
tional consequences. Does an increase in LMA through a
higher LD have a role in water relations? Oertli [164] pro-
posed that leaves can withstand negative turgor pressure with-
out being subjected to cell collapse, or cytorrhysis, if their
tissue are constituted by small cells with thick walls. The
extreme buckling of mesophyll cells at low water potentials
(see [165]) will induce physical and irreversible damages in
the plasmalemma. Oertli et al. [166] proposed that this mech-
anism of avoiding cytorthysis by developing thick cell wallsis
especially important for plants living in dry habitats but with
access to water along the year, as is the case of Mediterranean
plants. However, this ability was not able to cope with

(MPa)

10 4

TEM-DEC
TEM-EVE
MED-DEC
MED-EVE
TRO-DEC
TRO-EVE

0 250

8I’TIE]X

r’=0.26

N[ Preceo

50 100 150
LMA (g m3)

Fig. 10 Relationship between leaf dry mass per unit area (LMA) and the
maximum bulk modulus of elasticity (£, for different Guercus species.
Symbols as in Fig. 2

extreme water deficit. The seminal idea of Oertli has been
recently revisited [167], but further research is needed to ac-
cept this mechanism as an explanation for the abundance of
sclerophyllous species in dry areas, such those under
Mediterranean-type climates.

Closely related to this ability for avoiding cell collapse by
thicker cell walls, the relation between LD and the cell rigidity
(€025 has been considered for explaining sclerophylly in water-
limited habitats [5, 90], due to the role of a higher &, in plant
water relations (see above). However, few authors have repott-
ed a positive correlation between LMA and &, [45, 168-170],
whereas others suggested a lack of correlation between both
traits [93, 162]. We have found a non-linear positive relation-
ship between LMA and £, from the data provided by
Corcuera et al. [83] for different Quercus species growing in
a cormimon garden {(Fig. 10). We obtained a similar result when
this meta-analysis was extended up to 25 oak species, including
the dataset available from the TRY Plant Trait Database [40]
(data not shown). A caution is needed when relating LMA and
&nas> 88 the former is dependent on all the dry matter accumu-
lated per area while the rigidity of the mesophyll cell walls
should explain the latter [45, 93]. So, only the establishment
of a closer relation between the morphological properties of the
cell walls (thickness and rigidity) of these cells and their con-
tribution to the overall LD could satisfy the idea that a higher
LMA by denser leaf tissues could constitute an adaptive mech-
anism to cope with water deficit. Salleo et al. [168] proposed
another adaptive advantage of sclerophyll in terms of water
deficit, when he suggested that the water contained in the me-
chanical tissues of some sclerophyllous woody plant species
would positively contributes to the recovery of the water deficit
and its consequences [168]. Further studies should confirm this
interesting idea.

Another way for increasing LD without a further increase
in LT may be the increment in vein density, due to the anat-
omy of the vascular bundles and, eventually, of the bundle
sheath extensions. A functional advantage, in terms of water
limitations, of a higher vein density was proposed by Scoffoni
etal. [171] and confirmed by Nardini et al. [172], when found
that the higher the density of major vein—{irst, second, and
third order—the higher the resistance to water stress-induced
xylem cavitation. Further evidence of an increase of major
vein density in oaks with increasing the aridity of their disfri-
bution range was found by Peguero-Pina et al. [82].

It is well known that drought-stressed plants close their
stomata to minimize the water loss, and under such conditions,
diffusion across the cuticle is the only route of water loss. So,
the cuticular water permeability (p) has been used as an indi-
cator of the efficiency of the cuticular transpiration barrier.
The genus Quercus, presenting both deciduous and evergreen
species, is ideal for testing whether sclerophylly can be con-
sidered as a functional adaptation to withstand drought at the
leaf cuticular level. To address this question, we compiled
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cuticular water permeability and leaf mass per area (LMA)
values in the literature and checked how these traits were
related. The cuticular conductance (g,,;,) represents the lowest
conductance a leaf can reach when stomata are maximally
closed as a consequence of desiccation stress [137].
Therefore, it is a proxy for cuticular permeability [169, 173,
174]. Both g,,;, and p were included in this analysis under the
assumption that the influence of leaky stomata is very small or
absent [169, 173, 174] and, therefore, they play the same
ecological role. To the best of our knowledge, only seven
publications reported concomitantly values of cuticular per-
meability and LMA of Quercus species (Supplementary
Table S1). Cuticular permeability given inmmol m % s~ were
converted to m s ! according to Kerstiens [175], where
0.41 mmolm ?s ! equals 1 x 10> m s *. In total, 21 individ-
ual data for permeability and 19 for LMA, including in some
cases multiple data for a single plant species, were evaluated.
LMA and permeability data ranged from 33.0 g m *
(Q. petraea) to 245.7 g m™ > (Q. coccifera), and in the alterna-
tive dimension from 2.1 x 10> m s™! (0. agrifolia) to 17.9 x
10 ° ms " in (Q. faginea), respectively. Both plant traits had
normal distributed data, and therefore, 7 tests could be used to
investigate differences among group of species.

Pairs of LMA and cuticular water permeability were found
for eight evergreen and five deciduous species of oaks. In
contrast to the common notion, the barrier properties of the
leaf cuticle are not correlated to LMA (see in supplementary
material figure 3). This agrees with previous studies on xero-
phytic plant species [176, 177]. Therefore, LMA is not a pre-
dictor for cuticular transpiration.

Data for eight deciduous and six evergreen oak species
were subjected to further analyses. LMA of deciduous oaks
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Fig. 11 Leaf mass per area (LMA) (A; 19 data points) and cuticular
permeances or minimum conductances (A; 21 data points) of 14
Quercus species collected from the literature (Supplementary Table S1).
Data represent eight deciduous oak species (DEC, 11 and 12 data points
for LMA and permeability, respectively) and six evergreen oak species
(EVE, 8 and 9 data points). The boxes stand for the lower (Q1) and upper
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LMA, the cuticular permeability of deciduous oaks (9.0+
50210 ms Tt021.93+12.18 mmol m ™ ™' mean + stan-
dard deviation) and evergreen oaks (8.4+34> 10 ms ' or
2040+ 841 mmol m = s™1Y was very similar. Thus, no statis-
tically significant difference was found between deciduous
and evergreen oaks (Fig. 11b).

These findings demonstrate that high LMA does not affect
the efficacy of the cuticular transpiration barrier and, there-
fore, does not suppott the hypothesis that the stiff leaves of
Quercus would be a functional adaptation to cope with the
summer drought through a decrease in cuticular transpiration.
It has been widely accepted that waxes mainly make up the
plant cuticular barrier against passive water loss [178].
However, this relation is not yet well understood. Cuticular
waxes are cormnplex mixtures of up to 150 components distrib-
uted into compound classes with different propetties. Previous
studies on several plant species have shown that cuticular
permeability correlates neither with the cuticular wax loads
nor with cuticle thickness [176, 177, 179, 180]. Recently,
Bueno et al. [181] showed that Q. coccifera plants produce
different leat wax loads when grown either under arid or hu-
mid conditions, but that the cuticular transpiration barrier
properties were not affected by the growing conditions.
‘While the plants under arid conditions had a higher wax load,
the relative cormpositions of the waxes were identical for both
habitats.

Conclusion

Our critical review of the different proposed explanations for
sclerophylly indicates that there is “no single way to Rome.”
The wide variability found for this frait within the genus
Quercus cannot be explained alone by any of the ecological
factors considered {water, nufrients, leaf longevity, herbivory,
temperature), neither any of them could be fully discarded.
Noteworthy, our study also suggests that these consfraints
may have a synergistic effect. Hence, habitats combining sev-
eral ecological limitations are the ones where scletophylly is
more prevalent, as exemplified by the case of Mediterranean
evergreens (see Fig. 12). Mediterranean habitats are unique in
combining summer drought and a relatively cold winter, split-
ting the growing season in two isolated periods (spring and
autumn). This has generally promoted leaf longevity, as a
mechanism to take advantage of spring and autumn optimal
conditions. As discussed above, these long-living leaves must
be also hard enough to overcome accumulated (both abiotic
and biotic) stressors. We could also identify a substantial
knowledge gap regarding oak species in tropical biomes, de-
spite being a major biodiversity hotspot for the genus. The few
studies available so far suggest that evergreen oaks in tropical
dry highlands may show converging physiological adapta-
tions with Mediterranean oaks, a point that deserves further

assessment. From a functional point of view, we can conclude
that in oaks, leaf habit largely modulates the physiological
mplications of sclerophylly. We have highlighted that, among
evergreens, sclerophylly has a cost not only in terms of carbon
nvestment but also limits carbon uptake capacity, mainly
through diffusional limitations. Conversely, the increase in
LMA among deciduous oaks is associated with larger photo-
synthetic capacity, reflecting the strategy of Mediterranean
deciduous oaks to maximize carbon gain during optimal pe-
riods, as an adaptation to the splitting of the growing season.
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Fig. 1 Relation between leaf mass per area (LMA) and total leaf area lost per branch due
to insect herbivory in four co-occurring Mediterranean Quercus species. Data redrawn
from [133]
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Fig. 2 Relationship between leaf dry mass per unit area (LMA) and stomatal conductance

(gs) for different Quercus species. Data obtained from literature (see Supplementary
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Fig. 3 Plot of leaf cuticular water permeability versus leaf mass per area (LMA) of 13
Quercus species (eight deciduous, five evergreen). Data were compiled from the

literature (see Supplementary material)
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Extended Methods

Compilation of plant functional traits

Data on leaf mass per area (LMA), drought-tolerance traits (PLC50, PLCS88, bulk
modulus of elasticity - €max, cuticular conductance - gmin), leaf life-span (LL), and
photosynthetic traits (nitrogen content per dry mass - Nmas and per area - Narea,
photosynthetic rate per mass - Amass and per area - Aara, stomatal conductance - gs) were
compiled from the literature, and eventually expanded with data retrieved from the TRY
— global database on plant traits [1], retrieving relevant data for 98 oak species /

subspecies worldwide (see Table S1).

Relationship between LMA and site conditions of oaks across the USA

Following Rueda et al. [2] we extracted information on oak distribution from FIA
database (http://www fia.fs.fed.us/; accessed march 2019); including all subplots and
microplots with presence of oak species, but excluding observations indentified only to
the genus level (Quercus sp.). Species codes and symbols were used to identify the
species at the subplot and microplot level, respectively, according to the information
provided in FIA reference tables (for further details about the organization of the FIA
database see [3] and [4]). Soil information for plots with presence of oaks was also
retrieved from FIA database [3]. Information for separate soil horizons was not available
in all cases, therefore mean soil nutrient values were used, combining data from all soil
layers. In the case of nitrogen, data was also available for the forest floor, and analysed
separately. We finally combined vegetation and soil data at the plot level, identified as
unique combinations of latitude and longitude coordinates. This resulted in 126296 sites,
including soil information for 55 different oak species. Combining the two datasets, we
ended up with 36 oak species with LMA data, among those included in the FIA dataset,
covering 124687 sites across the USA (Table S2). Most sites (68%) had at least two
different species (up to 12 species per site, with an average of 2.5 species per site), while
the average number of sites per species was 8755, ranging from 191 in Q. lobata Née to
47320 in Q. alba L. Finally, we attributed to each species a typical value of LMA (based
on the database and literature survey above) and then correlated this with the average

site conditions across all the plots with presence of the species.
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TABLE S1. Species included in the literature and dataset survey and references. The prevailing biome was determined according to the
species distribution, following [5]. For simplicity, we considered as evergreen all the species having the potential to retain their leaves for
at least eleven months, therefore including genuine evergreen, sub-evergreen, semi-evergreen and facultative drought-deciduous species.

Species Biome | Leaf | LMA Drought Leaf Lifespan Photosynthetic traits
habit Tolerance

Q. acuta Thunb. TEM EVE | [6][7]1[8] (6119171 [10]

Q. acutissima Carruth. TEM | DEC | [11][12][13][14][8] [15][13][16][17][12]
[18][19][20]

Q. afares Pomel MED DEC | [5] [5] [21]

Q. agrifolia Née MED | EVE | [22][23][24][25][26][6][27] | [28][29][30] [271125][17][6]
[24][22][23]

Q. alba L. TEM DEC | [31][29][32][24][11][33][6] | [34][29]1[35] [171[6][24][33]1[361[37]
[31][29][38]1[39][32]

Q. aliena Blume TEM DEC | [11][12] [29] [40][12][15][41]

Q. argentata Korth. TRO EVE | [42] [42]

Q. arizonica Sarg,. ARID | EVE | [43] [11]

Q. austrina Small TEM DEC | [44]][6][45] [6] [45][44]

Q. baronii Skan TRO EVE | [12] [12]

Q. berberidifolia Liebm. MED EVE | [29][11] [28][46][47]1[48][49][29] [46][50]

Q. canariensis Willd. MED DEC | [11][51][52][26] [53] [51][54]

Q. castaneifolia C.A Mey. MED DEC | [55]

Q. cerrioides (x) Willk. & MED DEC | [51]

Costa

Q. cerris L. MED DEC | [56][55][571[58][59] [35][5] [61] [571[60]1[59][58][55]

[60][26][6] [56][26][17][62]

Q. chapmanii Sarg. TEM DEC | [44][6][45] [45] [45][44][63]

Q. chenii Nakai TEM EVE | [12] [12]

Q. chrysolepis Liebm. MED EVE | [27] [35][5] [271[17]
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Species Biome | Leaf | LMA Drought Leaf Lifespan Photosynthetic traits
habit Tolerance
Q. coccifera L. MED EVE | [58][64][59][11][65][60] [66][29][5]1[67] [61][69] [271[591[65][171[571[6]
[26][6][27] [68] [64][26][70][71][29][72]
Q. coccinea Miinchh. TEM DEC | [31]]6][14] [6] [17][6]1[731[371[74]
[75][65][19]
Q. copeyensis C.H.Mull TEM EVE | [65] [65]]17]
Q. costaricensis Liebm. TEM EVE | [76][65] [65][17][76]
Q. dentata Thunb. TEM DEC | [8]
Q. douglasii Hook. & Arn. | MED DEC | [23][25][26][6][77] [25][171[771[6][26][23]
Q. dumosa Nutt. MED EVE | [23][25][6] [25][6][23][78]
Q. ellipsoidalis E.J Hill. TEM DEC | [31]]24][65][60][79][6] [6] [60][65][79][24][26]
[31][74][75]
Q. emoryi Torr. ARID | EVE | [43]
Q. fabri Hance TEM | DEC | [12][37] [16][17][80][40]
[12][37]
Q. faginea Lam. MED DEC | [57][11][65][51][60][26][6] | [81][35][82][5] [61][69][83][21] [65][171[571[51][73][6]
[6] [37][26][84][70][82][54]
Q. falcata Michx. TEM DEC | [29]]44][13][6][14][45] [34][29] [45][6] [44][13][17][29][45]
Q. floribunda Lindl. TRO EVE | [85] [86]
Q. frainetto Ten. MED DEC | [56] [871[29][35]
Q. fusiformis Small TEM EVE | [88] [89]1129]]88]
Q. gambelii Nutt. TEM DEC | [90]]91][26][43] [92][93][94][29] [95][96][91][26]
Q. garryana Douglas ex MED | DEC | [97] [97]
Hook.
Q. gemelliflora Blume TRO EVE | [98] [98]
Q. geminata Small TEM EVE | [44][6][45] [6][45] [44][6][45]
Q. georgiana M.A.Curtis TEM DEC | [55]
Q. gilva Blume TEM EVE | [12][7]]8] [7] [17][12][371[99]
Q. glauca Thunb. TRO EVE | [12][37][100][7][8][12][37] | [98][101] [100][7] [99][16][17][80][12][37]
Q. grisea Liebm. ARID | EVE | [43]
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Species Biome | Leaf | LMA Drought Leaf Lifespan Photosynthetic traits
habit Tolerance

Q. hemisphaerica Bartram TEM EVE | [44]][6][45] [45] [45][44]

Q. hypoleucoides A.Camus | ARID | EVE | [43]

Q. ilex subsp. ilex L. MED EVE | [31][22][29][56][102] [106][107][108][109] [69][69][69][21] [65][17][104][103][102][73][6]
[55][103][57][24][59] [110][111][112][113] [61] [24][571[60][103][591[22][29]
[11][104][65][51][105] [114][29][115][35] [26][31][118][119][120][71]
[52][60][26][6][27] [116][117] [121][122][123][117][54][72]

Q. ilex subsp. rotundifolin | MED EVE | [57][11]]60][26] [106][124][35][117] [61][83][6] [171[6][37][84]

Lam. [61[27] [5] [70][117]

Q. ilicifolia Wangenh. TEM DEC | [37] [73][37][125]

Q. incana Bartram TEM | DEC | [44][17][6][45] [45] [17][45][126]

Q. kelloggii Newb. MED DEC | [25][26][6]

Q. laevis Walter TEM | DEC | [31][44][11][17][45] [81][29] [45][6][6] [44][17][45][74][75][126]

Q. lanata Sm. in A.Rees TRO EVE | [85][127] [128]

Q. lancifolia Schldtl. & TRO EVE | [129] [129]

Cham.

Q. laurifolia Michx. TEM DEC | [44][11][45] [35] [45][6] [44][17][45]

Q. leucotrichophora TRO EVE | [85] [86]

A.Camus

Q. liaotungensis Koidz TRO DEC | [130] [131][132] [15]

Q. lobata Née MED DEC | [23][24][25][26][6] [25][17][6][24][26][23][133]

Q. lusitanica Lam. MED DEC | [6] [6]

Q. macrocarpa Michx. TEM DEC | [31][24][11][65][60] [134] [6] [65][79]1[26][17][74]
[79][26][6] [75][135][31]

Q. margaretta (Ashe) Small | TEM DEC | [44][17][6][45] [45] [17][45][44][126]

Q. marilandica TEN DEC | [136] [136]

(L.)Miinchh.

Q. michauxii Nutt. TEM DEC | [31]]44][32][24][11][65] [29]]65] [45]]6] [44][17][73][65][6][24]1[37]
[33][6][45] [31][11][45][32]

Q. minima (Sarg.)Small TEM EVE | [44][6][45] [45][6] [44][45]
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Species Biome | Leaf | LMA Drought Leaf Lifespan Photosynthetic traits
habit Tolerance
Q. mongolica Fisch. ex TRO DEC | [11][65][12][26][6][8] [137][6] [80][40][65][138][139][140]
Ledeb. [141][12][26][6][142][143]
Q. muehlenbergii Engelm. | TEM DEC | [26] [5][134]
Q. myrsinaefolia Blume TEM EVE | [31][11][33][37][8] [33][37][144][40]
Q. myrtifolia Willd. TEM EVE | [44][6][45] [45] [45][44]
Q. nigra L. TEM DEC | [29][44][13][6][45] [34][29][35] [45] [44][55][13][17][29][45]
Q. oleoides Schitdl. & TEM | EVE | [145][146][147] [148][29] [146][145][147]
Cham.
Q. palustris Miinchh. TEM DEC | [32][14] [115]
Q. petraea (Matt.)Liebl. TEM DEC | [55][103][57][58][24][59] [152][111][114][153][29] [60][59][65][156][157][104]
[104][149][150][65][51] [115][35][154][155][5] [24][149][57][51][55][151]
[151][60][26][6] [150][26][37][158][159]
Q. phellos L. TEM DEC | [29][14] [34][29] [29]
Q. prinus L. TEM DEC | [11] [160] [161][162]
Q. pubescens Willd.1805 MED | DEC | [57][64][59][105][60][26][6] | [152][111][163][113] [71][164][72][17][60][59][58]
[114][29][116] [29][118][119][120][6][64]
[105][26][37][165][166]
Q. pumila Walter TEM DEC | [6][45] [45] [45]
Q. pyrenaica Willd. MED | DEC | [59][11][65][51][52] [35][154] [61][69][69][69] [65][60][59][511[52][171[371[6]
[60][26][6] [83][6] [26][84][70][54]
Q. robur L. TEM DEC | [31][56][103][57][167] [152][152][169][114] [61][6] [170][171][172][156][82][57]
[24][59][11][150][65] [153][49][29][115] [60][103][59][65][104][103]
[168][17][60][26][6] [35][82][5] [168][17][55][6][73][24]
[57][150][56][26][31][167]
Q. robur subsp. brutia TEM DEC | [60]
(Ten.)O.Schwarz
Q. rubra L. TEM DEC | [31][29][55][57][32][24] [152][175][34][114] [6] [571[60][59][161][176][162]

[59][11][104][65][17][33]
[173][174][60][36]
[26][6][14]

[29][115][35][65][173]

[177][178][179][171][172]
[104][17][174][173][55][73]
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Species Biome | Leaf | LMA Drought Leaf Lifespan Photosynthetic traits
habit Tolerance
[61[24][29][33][571[36][37]
[29][26][31][32]
Q. rugosa Née TRO EVE | [43]
Q. salicina Blume TRO EVE | [7][8][180] [91[7]
Q. sebifera Trel. MED EVE | [29][11] [46][29] [29][46][50]
Q. semecarpifolia Sm. in TRO EVE | [127]]85] [181]
A Rees
Q. serrata Thunb TEM DEC | [100][7][8][12] [182][183][101] [100][7] [40][55][12]
Q. sessilifolia Blume TEM EVE | [8]
Q. shumardii Buckley TEM DEC | [11]]45] [45][6] [45]
Q. stellata Wangehn. TEM DEC | [29][11][13][6][45] [34][29][136] [45] [45][13][29][73]
Q. stewardiana A.Camus TRO EVE | [12] [12]
Q. suber L. MED EVE | [22][56][102][57][59][11][6 | [124][114][184][29] [61][69][83][21] [60][59][58][65][17][102]
5] [115][35][5] [6] [73][6]122][84][70][54][27]
[51][105][52][60][26][6][27]
Q. subpyrenaica Villar MED DEC | [185] [186]
Q. subsericea A.Camus TRO EVE | [98] [98]
Q. texana Buckley TEM DEC | [14]
Q. turbinella Greene MED DEC | [31]]22][24][33]][26][6] [160][29] [6] [6][22]
Q. vaccinifolia Kellogg MED EVE | [5] [5]
Q. variabilis Blume TEM DEC | [26][100][8] [100]
Q. velutina Lam. TEM DEC | [31][32][24][65][6] [35][65] [1871[171[73][65]1[31][6]
[24][26][32]
Q. virginiana Mill. TEM EVE | [31][22][44][145][24] [45] [44][145][22][45][74][75]
[6][14][45]
Q. wislizeni A.DC. MED EVE | [27] [169][29] [27]
Q.wutaishanica Mayr TRO DEC | [11] [11][80][40]
Q. xalapensis Bonpl. TRO DEC | [6] [6]
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Table S2. Species included in the study of geographic variation in leaf mass per area (LMA) across
the USA. For each species, we include the species code (SPCD) and symbol used in the Forest
Inventory, main biome within the USA, typical leaf habit, number of sites, and mean and standard
deviation of Latitude, Longitude, Elevation and LMA. LMA values based on compiled data (source:

see Table S1).
Main Leaf

SPC SYMBO Biom habi Elevation LMA (g m-
Species D L e t N. of sites  Latitude Longitude (m) 2)
Q. agrifolia 801 QUAG MED EVE 488 36.7 +1.8 -121.3£1.7 423 +302 164 +51 (7)
Q. alba 802  QUAL TEM DEC 47320 36.3+3.3 -85.3£5.6 243 192 8213 (7)
Q. arizonica 803  QUAR ARID EVE 1435 33409 -109.6 £1.8 1,871 £256 168 +20 (1)
Q. chrysolepis 805 ~ QUCH2 MED EVE 2045 39.8+2.3 -122.0£1.9 953 433 188 +17 (1)
Q. coccinea 806  QUCO2 TEM DEC 15688 36.5+2.0 -82.8 +4.3 341 +245 133 £76 (3)
Q. douglasii 807 QUDO MED DEC 1741 34.8 +3.6 -102.2£19.0 268 +294 137 +14 (5)
Q. ellipsoidalis 809  QUEL TEM DEC 2632 44.7 +1.5 -89.143.6 31373 72 +20 (6)
Q. emoryi 810 QUEM ARID EVE 784 33.1+1.1 -110.2£1.3 1,710 £199 168 +26 (1)
Q. falcata 812 QUFA TEM DEC 31302 33.8+2.0 -86.7 +5.5 141 +115 109 +24 (6)
Q. gambelii 814 QUGA TEM DEC 5036 36.7 2.2 -108.8£2.5 2,282 +261 83 +14 (4)
Q. garryana 815 QUGA4 MED DEC 918 424424 -122.6 #1.0 636 +392 118 £7 (1)
Q. grisea 846 QUGR3 ARID EVE 393 33.2+1.2 -107.8#1.9 2,011 +282 151 +37 (1)
Q. hypoleucoides 843 QUHY ARID EVE 234 32.6 0.6 -109.5+£1.1 1,997 +252 220 £22 (1)
Q. ilicifolia 816 QUIL TEM DEC 397 394423 -76.7 +4.3 311 +288 8249 (1)
Q. incana 842 QUIN TEM DEC 869 31.8+1.5 -84.7 +4.2 72 51 105 +12 (4)
Q. kelloggii 818  QUKE MED DEC 2033 39.9+1.9 -121.8£1.5 942 +437 108 +16 (3)
Q. laevis 819 QULA2 TEM DEC 2621 31.9+2.0 -83.1+2.9 61 +46 11349 (5)
Q. laurifolia 820 QULA3 TEM DEC 14681 31.8+1.8 -84.1+3.9 59 +58 98 19 (3)
Q. lobata 821 QULO MED DEC 191 38.3+1.7 -121.8£1.4 561 +365 122 +20 (5)
Q. macrocarpa 823 QUMA2 TEM DEC 4324 442 +3.3 -929+4.4 371 +216 68 £15 (8)
Q. michauxii 825 QUMI TEM DEC 3600 33.6+2.3 -85.2+6.1 66 +72 87 £26 (9)
Q. minima 841 QUMI2 TEM EVE 666 29.8+1.2 -83.1+2.3 28 70 162 +19 (3)
Q.
muehlenbergii 826 QUMU TEM DEC 4612 36.9+1.9 -88.6 +4.3 262 +140 510 (1)
Q. nigra 827 QUNI TEM DEC 36969 32.7+1.7 -86.2+5.2 86 +70 96 £30 (5)
Q. palustris 830 QUPA2 TEM DEC 1288 38.8 2.5 -86.6 +6.1 193 +101 108 +16 (2)
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146 £118

Q. phellos 831 QUPH TEM DEC 13076 33.6+1.9 -86.3 6.0 91 £73 )
Q. prinus 832 QUPR2 TEM DEC 13524 37.0=+2.1 -82.1+£3.2 460 +265 93 +13 (2)
Q. rubra 833 QURU TEM DEC 35492 39.2+4.0 -84.2 +6.1 344 +221 73 £16 (19)
Q. rugosa 847 QURU4 ARID EVE 361 33.2+1.0 -109.8 +1.2 1,838 +259 188 +14 (1)
Q. shumardii 834 QUSH TEM DEC 2583 345+2.3 -89.5+4.8 164 £116 99 £7 (2)
Q. stellata 835 QUST TEM DEC 27730 342 +2.1 -88.5 £5.6 175 £125 115 +42 (5)
Q. texana 828 QUTE TEM DEC 1481 32.6 1.7 91.3+1.8 49 +49 122 +24 (1)
Q. turbinella 8459 QUTU2 MED DEC 689 34.7 +1.3 -111.4+24 1,606 +257 146 +11 (6)
Q. velutina 837 QUVE TEM DEC 31325 36.9 +2.8 -85.4 £5.6 281 +195 73 £22 (5)
Q. virginiana 838 QUVI TEM EVE 5924 304 +1.6 -86.6 £7.0 116 £194 164 +58 (8)
Q. wislizent 839 QUWI2 MED EVE 715 38.1 1.8 -120.9+1.6 663 +419 162 +8 (1)
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Introduction

Summary

+ Increases in leaf mass per area (LMA) are commonly observed in response to environmental
stresses and are achieved through increases in leaf thickness and/or leaf density. Here, we
investigated how the two underlying components of LMA differ in relation to species native
climates and phylogeny, across deciduous and evergreen species.

« Using a phylogenetic approach, we quantified anatomical, compositional and climatic vari-
ables from 40 deciduous and 45 evergreen Quercus species from across the Northern Hemi-
sphere growingin a common garden.

* Deciduous species from shorter growing seasons tended to have leaves with lower LMA
and leaf thickness than those from longer growing seasons, while the opposite pattern was
found for evergreens. For both habits, LMA and thickness increased in arid environments.
However, this shift was associated with increased leaf density in evergreens but reduced den-
sity in deciduous species.

* Deciduous and evergreen oaks showed fundamental leaf morphological differences that
revealed a diverse adaptive response. While LMA in deciduous species may have diversified in
tight coordination with thickness mainly modulated by aridity, diversification of LMA within
evergreens appears to be dependent on the infrageneric group, with diversification in leaf
thickness modulated by both aridity and cold, while diversification in leaf density is only mod-
ulated by aridity.

nutrient availability {Loveless, 1962; Niinemets et /., 2009; Has-
siotou et o, 2010). A high LMA has also been tradidonally inter-

Sclerophyllous leaves are tough and frequently hard and stiff
{Grubb, 1986; Turner, 1994; Read & Sanson, 2003). To obtain
a quantitative proxy value for this leaf trait, most ecophysiological
studies calculate either the speciﬁc leaf area or its inverse, the leaf
mass per unit area (LMA) (e.g. Witkowski & Lamont, 1991;
Groom & Lamont, 1999; Osone et af., 2008; Poorter et af.,
2012; Gil-Pelegrin et 4f, 2017). Although the ecological and
functional significance of LMA is still under debate (Kikuzawa
et al., 2013; Alonso-Forn et af, 2020), it is Widely acccptcd that
an increase in LMA is a general response to environmental stress
(Onoda er af., 2011; Alonso-Forn ¢f 2L, 2020). Thus, many stud-
ies have reported a higher LMA under conditions of drought
stress (Turner, 1994; Reich et 4, 1999; Jordan er al, 2005), low
winter temperatures {Ogaya & Penuelas, 2007; Gonzilez-Zurdo
et al, 2016; Niinemets, 2016}, or under conditions of low

@ 2020 The Authors
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preted as a trait that increases the structural resistance of leaves, as
it may protect the leaf against herbivory or mechanical damage
{Turner, 1994; Reich er af, 1999; Sack er af, 2013) and so
expecting to achieve longer [ifespans (Coiey et al, 1985; Reich
et al., 1999}. However, Alonso-Forn et af., (2020) recently revis-
ited the role of these four factors (drought, cold, nutrient avail-
ability and leaf longevity) on sclerophylly within the genus
Quercus L. and they concluded that no sole factor could explain
all the variation observed in LMA, suggesting that these con-
straints may have a synergistic effect. Additionally, the mecha-
nisms driving higher LMA at lower temperatures across species
are still unclear (Alonso-Forn et 4/, 2020}, urging the considera-
tion that bath severity of cold and length of the cold season be
considered together in ecological studies. This segregadon
between the duradon (length of dime duting which stress occurs)
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and intensity (extreme value or accumulated value of a climatic
stress factor) has been previously incorporated in studies when
analysing drought stress (e.g. Granier ez al, 1999), but rarely
when considering cold stress.

LMA, defined above as the ratio between leaf mass and leaf
area, is also related to leaf thickness (LT, pum) and leaf density
(LD, mg cm 7, iLe. dry mass per hydrated volume), given that
LMA (g m™ ) =LT x LD (Witkowski & Lamont, 1991; Poorter
et al., 2009; John et af., 2017). These structural variables can also
depend on other parameters associated with leaf anatomy and
chemical composition. While variation in LT is mainly atuibuted
to changes in mesophyll thickness, LD is dependent (amongst
other things) on the chemistry of cell walls and vein craits (Villar
et al., 2013; John er al, 2017; Peguero-Pina er al, 2017a). In
addition, variation in LMA related to changes in LT or LD has
been suggested to have two major and potentally contrasting
consequences for leaf function, linked to leaf economic spectrum
theory (Wright et @/, 2004; Shipley et al, 2006). First, as per-
forming photosynthesis is the main function of the mesophyll,
we might expect that the increase in LMA would be associated
with an increase in mesophyll thickness, to lead to a greater
capacity for C assimilation per unit leaf area due to a higher
amount of photosynthetic tissue per unit area (Niinemets, 199%;
Niinemets, 2001; Peguero-Pina er afl, 2017a). Moreover, a
higher instantaneous photesynthetic rate per unit leaf area would
compensate for a shorter favourable scason caused by a higher
duration of stressful seasonally climatic events such as aridity or
cold (Kikuzawa er af., 2013; Peguero-Pina ef al., 2016a; Bcrdug()
et al, 2020). However, an increase in mesophyll thickness may
increase the nitrogen content per unit area (Onoda ez 2, 2017)
and, therefore, increase the risk for herbivory (Meloni er al,
2012). Thus, if changes in LMA are associated with changcs in
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photosynthetically competent tissues, thicker leaves that result in
high LMA would achieve higher instantaneous assimilation rates
per unit area compensating for a longer duration of climate stress
events, but at the expense of a lower protection given by a
stronger herbivore pressure (Scenario 1, Fig. 1). Second, changes
in LMA associated with LD imply variation in the relative
amount of cell types or variation in biomass allecation
(Niinemets, 2001; Hassiotou et af, 2010; Griffich et 2f, 2016).
For instance, a higher cell wall fraction with respect to cytoplasm
should lead to an increase in LD (Poorter er al, 2009) giving
mote structural resistance to the cell (Wyka & Oleksyn, 2014)
needed under more intense climate stress events (Qertli ez al,
1990; Scholz et al., 2012; Ding et al,, 2014; Alonso-Forn et al.,
2020), but inevitably reducing the efficiency of photosynthesis
due to a reduction in cell wall permeability to CO; and N alloca-
tion in photosynthetic proteins (Onoda ez 4/, 2017). Similarly,
higher vein density, which can also contribute to increasing LD
{Alonso-Forn et af, 2020), has been observed to be greater in
more arid biomes (Sack & Scoffoni, 2013), to the potential detri-
ment of reducing the amount of photosynthetic tssues. There-
fore, higher LMA associated with an increase in LD, and thus of
‘protective’ traits against intense climatic stresses, could trigger an
increase in leaf lifespan, compensating for the lower instanta-
neous C assimilation rate caused by an increase in the proportion
of nonphotosynthetic tissues (Kikuzawa, 19935; Niinemets, 2001;
Kikuzawa & Lechowicz, 2011; Scenario 2, Fig. 1).

In general, LMA and leaf functioning differ between decidu-
ous and evergreen species. Deciduous and evergreen species
indeed have been shown to differ in: {1} LMA values, with lower
values in deciduous species (e.g. Castro-Diez et al., 2000; Poorter
et al, 2009), (2) the leaf structural traits behind increases in
LMA (de la Riva ef 4/, 2016), {(3) biomass allocation (Pug]ieﬂi

iug:n‘ TN % i

' Duration {
L

CLIMATIC STRESS
Aridity, Cold J

| t Intensity

Sen 1

,"' Protectio n-"\I
S Lifespan ./

wa \ .~ it
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Fig. 1 Schematic representation of the two leaf mass per area (LMA) diversification scenarios. Scenario 1 (Sen 1): leaf thickness (LT) increases LMA to
increase A, in order to compensate for a shorter favourable season. Scenario 2 (Scn 2): leaf density (LD) increases LMA as a protective mechanism

against severe climatic factors. A,..., carbon assimilation per area.
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et al, 2020), and (4} leaf longevity (Kikuzawa, 1991; Wright
et al., 2005; Kikuzawa ef 4/, 2013). For instance, a recent meta-
analysis highlighted that, although variations in LMA were asso-
clated with LT and LD within both leaf habits, the variation
across deciduous oak species was rnainly due to variation in LT,
while variation across evergreen oaks was better explained by vari-
ation in LD {Escudero et 4/, 2017). In this sense, assuming that
species from both leaf habits can fic into the two LMA diversifica-
tion scenarios, the relative importance of Scenario 1 (LT increases
LMA in order to compensate photosynthetically for a shorter
favourable season} and Scenario 2 (LD increases LMA as a pro-
tective mechanism against severe climatic factors} within each leaf
habit is also expected to be different. While variation of LMA
within deciduous species could be more strongly associated with
Scenario 1, variation within evergreen species might be more
scrongly associated with Scenario 2. Furthermore, it is imperadve
to investigate these scenarios within a phylogenetic framewark, to
help understand why plants have evolved certain leaf traits rather
than others, which is a central question in evolutionary biology
(Pigliucci, 2007).

In this study, we investigated the two LMA diversificadon
scenarios in terms of several leafl traits enabling variation of
LMA across deciduous and evergreen Quercus species. We
quantiﬁed 14 leaf anatomical, nlorpho[ogica[ and chemical
traits in a set of 40 deciduous and 45 evergreen Quercus
species growing in a common garden in northern Spain. On
the one hand, the genus Quercus is an excellent system to per-
form this study, as it not only minimises phylogenetic varia-
tion {compared with studies performed across diverse species),
but also displays strong variation in LMA across species
adapted to a large variety of climatic conditions, from those
in nemoral—temperate areas to those in Mediterranean or
tropical environments (Gil-Pelegrin ¢z 4f, 2017). Therefore,
the genus Quercus constitutes a unique living laboratory to
understand global adaptive patterns along the leaf economic
specttum in forest trees (Alonso-Forn ef af, 2020}. On the
other hand, by allowing the contribution of environmental
variation to be ruled out as a factor in phenotypic variation,
common gardens allow interspecific comparisons of traits that
result from long-term adaptation to the environmental condi-
tions where different species have evolved. LMA could there-
fore be analysed in relation to the species” native climate.

Four main objectives were addressed: (1} to quantify and con-
trast the diversification in leaf morphology, anatomy and chemi-
cal composition between deciduous and evergreen oaks; (2} to
elucidate within each leaf habit which of the two components,
LT or LD, was more relevant in the evolution of LMA in
Quercus; (3} to identify for each leal habit which anatomical and
compositional traits are associated with increases in LT and LD;
and {4) to investigate the role of climate in the differendal diver-
sification of LMA within deciduous and evergreen oaks. We
hypothesised that diversificadon in LT was the main driver
behind the diversification in LMA within deciduous oaks,
whereas the diversification in LD would be more important
within evergreen oaks. We also hypothesised that the duradon of
climatic stress would have a greater impact than stress intensity

@ 2020 The Authors
New Phytologist @ 2020 New Phytologist Foundation

within deciduous species on LMA, but would have similar or less
importance within evergreens.

Materials and Methods

Plant material

To perform this study, 85 oak species from across the Northern
Hemisphere (Supporting Informatdon Table S1) were sampled
from living collecdons in the Jardin Botdnico de Iturrarin
(43°13'N, 02°01"W, 70 m asl, Gipuzkoa, Spain, www.iturraran.
arg). This commen garden features temperate climatic condi-
tions with a mean annual temperature of 14.5°C and a total
annual precipitation of 1631 mm (Peguero-Pina et af, 2016b).
Current year, fully developed leaves were collected from south-
ern-exposed branches of three trees per species during the early
morning {07:00-09:00 h, solar time). All trees sampled were
mature trees {15-25 yr old) to ensure leaf traits were measured at
similar ontogenic changes (Puglielli ez 2f, 2020). Leaves were
sealed in plastic bags and carried to the laboratory in portable
coolers. As LT and LD variations can be explored through a series
of anatomical and chemical traits (Villar e @, 2013; John ez 4L,
2017), we used one set of 10 leaves per species (three or four
leaves per tree} to measure leaf area, leaf mass and leaf fibre con-
centration, and another set of five leaves per species (one or two
leaves per tree} to measure diverse anatomical parameters (details
to be described later). Oak species were classified according to
their leaf habit as evergreen (45 species), if they retained their
leaves during the whole year and leal lifespan was at least
12 months, and deciduous (40 species), if they lost all leaves dur-
ing the winter season (Table S1). This classification was carried
out with personal observations on the specimens of the common
garden. We did not observe any species that retained their leaves
during the whole year with a leaf lifespan lower than 12 months.
Finally, climatic information based on the natural distribution
range of each oak species was obtained to study the leaf traits in
relation to climatic variables (to be described later).

Leaf mass per unit area and fibre concentration

Leaf area was measured by digitising 10 leaves per species and
using IMAGE] analysis software (http://rsb.info.nih.gov/nih-ima
gel}. Afterwards, leaves were oven dried for 3d at 70°C and
weighed using an analytical balance (Sartorius AG Model
BP221S; Sartorius AG, Goettingen, Germany). LMA was then
calculated as the ratio of the foliage dry mass to foliage area.
Later, leaves were ground with a bead mill (TissueLyser II; Qia-
gen, Hilden, Germany} for fibre analysis. Hemicellulose, cellu-
[ose and Iignin+ cutin  concentration were obtained by
quantifying neutral detcrgent fibre and acid detergent lignin fol-
lowing the method of Goering 8 Van Soest (1970). Fibre con-
centration, obtained from a bulk of 10 leaves, was expressed as
mil[igrams of fibre per gram of leaf dry mass. Abbreviations and
units of these traits are shown in Table 1{a). The mean values
{+SE) of leaf area and LMA, and the bulk values of fibre concen-
tration are available in Table S1.
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Table 1 List, units, abbreviations and association with the scenarios for (a)
leaf traits and {b) climatic variables.

Units  Abbreviation Scenario

{a) Leaf traits

Leafl mass per unit area gm LAMA 1,2

Leaf thickness pum LT 1

Leaf tissue density mg LD 2
cm™?

Leaf area cm?® LA 1,2

Hemicellulose concentration mg HC 2
g—'1

Cellulose concentration mg cC 2
g—'1

Lignin+ cutin concentration mg LCC 2
g7‘1

Palisade mesophyll thickness um PMT 1

Spongy mesophyll thickness pum SMT 1

Palisade mesophyll cell rows count  PCR 1

Palisade cell length um PCL 1,2

Palisade cell width nm PCW 1,2

Interveinal distance um VD 2

Bundle sheath extensicn width um BSEW 2

{b) Climatic variables

Mean monthly temperature °C fn 1,2

Monthly precipitation mm Pm 1,2

Growing season. Number of months ~ Month  GS 1

with £, > 5°C

Pericd of full plant growth. Number ~ Month  FPG 1

of months with £,,,> 10°C

Arid pericd. Number of months with ~ Month AP 1

tm>10°Cand 2 £, > Py

Annual mean temperature °C T 1,2

Minimum temperature of coldest °C TMIN 2

month

Mean temperature of driest quarter ~ °C TDRY 2

Annual precipitation mm P 1,2

Arid intensity. Sum of (2 £, — p) for months Al 2

with t,>10°Cand 2 £, > p,,

Leaf cross-sectional anatomy

A transverse section {¢. 3 X 2 mm} was cut between the secondary
veins of the middle part of each leaf. Sections were fixed in paraf-
fin and embedded in paraffin blocks (Ruzin, 1999). Leaf cross-
sections {20 um in thickness) were obtained from the blocks
using a rotary microtome (HM 350 S; Microm International
GmbH, Walldorf, Germany}. Cross-sections were deparaffinised
and stained following the procedure of Johansen’s safranin and
fast green {Johansen, 1940; Ruzin, 1999). Afterwards, images of
the cross-sections were taken using a digital camera {Optikam
Pro 5; Optika Microscopes, Ponteranica, Italy) coupled to a light
microscope (Optika B-600TiFL; Optika Microscopes, Ponteran-
ica, Italy} (Fig. 2). Anatomical parameters including LT, palisade
and spongy mesophyll thickness, number of palisade cell row lay-
ers, palisade cell size, interveinal distance (IVD) and bundle
sheath extension width (BSEW), were then measured from the
images using IMAGE] software (Fig.2). We measured one value
per cross-section for each anatomical parameter, except for IVD
and BSEW, for which we measured two values, and for palisadc
cell size for which we measured palisade cell length and width of
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20 cells per cross-section. Finally, for each species, the LD was
calculated as the ratio between LMA and LT (Witkowski &
Lamont, 1991; Niinemets, 1999). Abbreviations of leaf anatomy
traits, their units and their association with the scenarios are
shown in Table 1{(a). The mean values {=SE) of these anatomical
traits for each species are available in Table S1.

Climatic variables

Climatic information (bioclimatic variables; mean monthly tem-
perature, %, and monthly precipitation, p,) of species natural
distributions was obtained from the WorldClim database (http://
www.worldclim.org/) using geographical distribution coordinates
obtained from herbarium data (Gil-Pelegrin ¢r 2f, 2017). From
this climatic information, we selected six climatic variables related
to the duration and intensity of the seasonal stress, including cold
and arid-related variables. Indeed, we used two climatic variables
related to cold stress duration: the growing season and the period
of full plant growth, defined as the number of months when
monthly temperatures wete higher than 5°C and higher than
10°C, respectively (Wypych e af, 2017). We further selected
one climatic variable related to arid stress duradon: the aridicy
period, which we based off climatic diagrams (Breckle, 2002}
that define aridity as the number of months where 2 x monthly
temperatute (4,) > monthly precipitation (p,}, considering only
those months with mean temperatures higher than 10°C. We
selected one climatic variable that characterises cold stress inten-
sity, the minimum temperature of the coldest month. We finally
selected two climatic variables characterising aridity stress inten-
sity: the aridity intensity, defined as the sum of (24, — p} for
months with 24, > p,, and £, > 10°C, and the temperature of the
driest quarter {I'DRY) (Table 1b}. For a better understanding of
TDRY, we identified the season of the year with the driest quar-
ter by analysing the monthly precipitation of the localities for
each species. This analysis showed that most of the species
included in this study had their driest quarter either during sum-
mer (June, July, August} or during winter {December, January,
February} (Fig. S1}. Additionally, we include in the analyses the
mean annual temperature and the mean annual precipitation as
standard variables for comparative purposes with other studies.
Abbreviations of climatic variables, their units and their associa-
tion with each scenario are shown in Table 1(b). The mean values
(£SE} of the ¢ight climatic variables used in this study for each
species are available in Table S2.

These climatic variables from all species were previously anal-
vsed using principal components analysis in order to identify the
species within the eight climatic variables considered (Fig. S2).
This previous analysis also showed that thermal-related variables
(including the growing season and the pcriod of full pIant
growth) Weighcd more in the first component, while arid vari-
ables weighed more in the second component.

Data analysis

First, Student’s #tests were used to compare the leaf trait values
between deciduous and evergreen species in order to idendfy

© 2020 The Authors
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Fig.2 Leaf mesophyll cross-sections of two deciduous (a, b) and two evergreen (¢, d) Quercus species differing in leaf mass per area (LMA).
(a) Quercus robur LMA=86 g m™2). (b) Quercus marifandica (108 g m~2). (¢) Quercus insignis (90 g m™2). (d) Quereus miquihuanensis (198 g m~2).
BSEW, bundle sheath extension width; IVD, interveinal distance; LT, leaf thickness; PCL, palisade cell length; PCW, palisade cell width; PMT, palisade

mesophyll thickness; SMT, spongy mesophyll thickness. Bars, 100 um.

their differences in terms of LMA, anatomy and chemical com-
position.

Second, evolutionary dynamics of traits following the approach
of previous studies (Chatelet er 2/, 2013; Scoffoni et al., 2016) wete
examined with the aim of analysing within each leaf habit which of
the two components, L'T or LD, was more associated to the diversi-
fication of LMA in oaks. A phylogenetic tree was inferred from
Hermida-Carrera er 4/ (2017), pruned to match species measured
in this study. The phylogenetic tree was constructed using rbel.
sequences from 85 Quercus species and Fagus crenata as a root
species (see ‘Table 53 for GenBank accession numbers), resulting in
a tree similar to that shown by Hipp ez 4/ (2020) and consistent in
the assignment of species to subgenera (subgenus Cerris and sub-
genus Quercus) and sections (Denk ez 2/, 2017). Then, to visualise
how increases in either L'l and/or LD related to increases in LMA,
we caleulated the divergence of LT and LD from LMA across the
study’s oak species by first standardising the species means for all
three traits to values between 0 and 100. Then, we calculated the
absolute value of the difference between the standardised LMA and
the standardised LT and LD values respectively for each species. As
such, a divergence value close to 0 between LT and LMA across
species would mean that both traits co-evolved very tightly. We also
caleulated the divergence of the two first climatic principal compo-
nents {Fig, S2) from LMA, L'l" and LD in order to elucidate
whether climate was dghtly coordinated with these leaf traits across
specices.

Third, we compared the fit of three different models of trait
evolution: 2 Brownian motion (BM) model, an Ornstein—Uhlen-
beck {OU) model with a single global optimum (OU1) and an
OU model with two optima cither evergreen or deciduous species
{OU2). The best fit model for each variable was chosen using the
computed Akaike Information Criterion corrected for small sam-
p]c size, and the correspond.ing variable was transformed appro-
priately. Then, relationships between leal traits and climatic

© 2020 The Authors
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variables across different species within each leal habit were
explored with regression and correlation analyses (Spss statistical
package; SPSS Inc., Chicago, IL, USA). Analyses were performed
using phylogenectically independent contrasts (PICS) (Harvey &
Pagel, 1992). Interspecific differences in leaf traits were tested by
one-way ANOVA (Spss).

All analyses were performed in R (v.3.6.1) using the pack-
ages Analysis of Phylogenetics and Evolution (Apg; Paradis
et alk, 2004), Ornsiein—Uhlenbeck models for phylogenetic
Comparative Hypotheses (Ouch; Butler & King, 2004), and
Analysis of Evolutionary Diversification (GrIGER; Harmon
et al., 2008).

Results

Variation in anatomical and chemical composition across
species and leaf habits

All leaf traits analysed exhibited strong interspecific variability,
with leal arca showing the highest coefficient of variation
(Table 2). LMA, palisade and spongy mesophyll thickness, and
IVD showed intermediate coefficients of variation, whereas LD
showed fewer differences between the different species. Hemicel-
lulose and cellulose concentration and palisade cell size also
showed relatively low variability {Table 2).

The coefficients of variation for LMA, LT, LD, leaf area,
hemicellulose content, spongy mesophyll thickness and pal-
isade cell length were 1.2-1.9-fold higher for evergreen than
for deciduous species {Iable2). Evergreen and deciduous leaf
habits also showed significant differences in the mean values
of most leaf traits (P<0.05; Table2). Evergreen oaks had
1.4-fold higher LMA and LT than deciduous species, but
2.3-fold

lignin + cutin concentration were 1.3-fold and 1.1-fold higher,

smaller leaf area. Cellulose concentration and
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157 £0.6b

214
5.4

198+ 7h

584
173

81+02b

11

88+t4b 74+£3b 22401b 40+1a

137
24
161
36
32
31

148+ 6b

260
74
264
76
32

193+ 4h

210

169+ 6éa

252
119

19+2hb

141

191+7h 694+27a

232
87

130+ 6h
129

53

223

EVE (mean)

65

69

1058
487

DEC {max)
DEC {min)

23
56
23
28
17
22

28
135
35
25
30
39

104
290
128
16
16
20

25.1
9.6
27
25
28

346
118
35
25
39

(N

270
78
18
24
22

75

1205
435
17
26
22

337

EVE {(max)
EVE {min)
DEC (CV)
EVE (CV)

106
22

13
13
14

27
25
29

75
38
91

17
31

26
29

26
3¢

36

32

All species (CV)

45, Leaf traits notation as in Table 1. Different letters indicate statistically significant differences (P <0.05) between deciduous and evergreen species.

Mean values are mean &= SE. fipec = 40. Npyve

CV for all species is also shown.
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respectively, in evergreen than in deciduous species. The
larger thickness of evergreen species was due to the thicker
mesophyll, mainly due to the 1.7-fold larger spongy meso-
phyll contribution (Table2). There were also differences in
the vascular bundle traits. Evergreen oaks showed a signiﬁcant
1.5-fold lower 1VD and, therefore, a higher vein density, and
a significant 1.3-fold higher value of BSEW than deciduous
oaks {(Table 2). By contrast, LD, hemicellulose concentration
and palisade cell length did not show significant differences
between the two leaf habits {P<0.05; Table 2).

Dynamics and models of trait evolution

Across species, LT and LD evolved in coordination with shifts in
LMA, such that the direction and magnitude of evolutionary
shifts in LT or LD corresponded to shifts in LMA {Fig. S3).
However, LMA appears to have evolved in tighter coordination
with LT than it did with LD; 83% of all deciduous oak species
and 66% of the evergreen species belonging to subgenus Quercus
showed a tighter coordination between LT and LMA (expressed
as lower divergence berween the traits; Fig, 3}. By contrast, LD
showed tighter coordination with LMA in o 70% of the ever-
green oaks within the subgenus Cerris (Fig. 3). Notably, high val-
ues of LMA could be found in any clade, but were prcferany
associated with evergreen species (Fig. 3).

Concerning the coordination between LMA and climate, 71%
of the species showed a divergence value below 15, with at least
ane of the dimatic principal components, that is LMA showed a
very tight coordination with climate in most species analysed
(Fig. 3). Across species from subgenus Cerrds, LMA, LT and LD
showed a slight tighter coordination with PC1 {the thermal com-
ponent; Fig. S2} than they did with PC2 (the arid componens
Figs 3,52,54). Within subgenus Quercs, LMA and LT also
showed a inght tighter coordination with PC1, while LD showed
a tighter coordination with PC2 (Figs 3,54).

Comparing the fit of the three different models of trait evolu-
tion {BM, OU1 and OQU2), the model that best fitted most of
our trait variables (e.g. LMA, LT} was the OU2 model with two
trait optimum (for deciduous and evergreen species) (Table S4).
However, for some variables {e.g. LD) the fit of OU2 was similar
or slightly lower than OU1 (single trait optimum).

Correlations in anatomical and chemical composition within
leaf habits

Within deciduous species, LMA showed a positive association
with LT {incduding its thickness components palisade and spongy
mcsophyﬂ thickness and number of pa[isade cell rows), LD, pal‘
isade cell Icngth, cellulose concentration and [ignin+cutin con-
centration {(R=0.436-0.643, P<0.01), and a negative
assoclation with IVD (R= —0.596, P<(.001; Table 3a; Fig. 4).
LT was positively associated with the thickness of the different
tissue laycrs, with palisadc cell rows, BSEW, cellulose and
lignin+ cutin ~ concentration  {R=0.316-0.737, P<0.05;
Table 3a). LT was also negatively associated with LD and leaf
area (R=—0.408 and —0.457, P<0.01; Table 3a). LD showed
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Fig. 3 (a) Quercus phylogenetic tree based on rbcl showing the evolution of leaf mass per area (LMA) in coordination with leaf thickness (LT), leaf density
(LD) and climate. Darker colour for LMA indicates a higher value. Darker colours for LT, LD and the two first climatic principal components (PC1, PC2, see
Supporting Information Fig. $2) indicate tight coordinated evolution with LMA (= low divergence) across our study's species. Bolded and nonbaolded
species names indicate evergreen and deciduous species, respectively. (b, ¢} Percentage of species showing a higher coordination (= lower divergence)
between LMA and LT (white), LMA and LD (green), LMA and PC1 (grey), and LMA and PC2 (orange) for both leaf habits and both subgenera.
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Table 3 Correlation coefficients between leaf traits for (a) deciduous {DEC) and (b) evergreen (EVE) Quercus species using phylogenetically independent

contrasts {PICS).

{a) DEC LMA LT LD LA (b)Y EVE LMA LT LD LA

LT C.567%** LT 0.686***

LD 0.449%* —0.408** LD 0.405** —0.354%

LA —0.457%* LA —0.444%*

HC 0.572%** HC

CC 0.525%** 0.546*x* cC 0.577%x* 0.474x*

LcC 0.465** 0.372* LCC 0.317*

PMT 0.575%** 0.605*** PMT 0.817%** 0.909*** —0.350%
SMT 0.590%** 0.737%x% —0.369% —0.712%** SMT 0.528*x* 0.729%x* —0.499* —0.364%
PCR 0.436%* 0.318* PCR 0.774%xx* 0.715%**

PCL 0.643%%* —0.459** PCL 0.536** 0.468** —0.355% —0.537%**
PCW PCW —0.382%

VD —0.596%** —0.489%* 0.326* VD

BSEW 0.316* —0.475%* —0.513*** BSEW 0.584*x* 0.732%%* —0.304*

Leaf traits notation as in Table 1. Significance levels: *, £<0.05; **, P<<0.01; *** P < 0.001.

negative correlations with spongy mesophyll thickness, IVD and
with BSEW (R= —0.369 to —0.489, P<0.05; Table 3a).
Within the evergreen species — as in the deciduous species —
LMA showed positive associations with L'T" (including palisade
and spongy mesophyll thickness and number of palisade cell
rows), LD, palisade cell length, cellulose and lignin + cutin con-
centration (R=0.317-0.817, P<0.05), bcing also associated
with BSEW (R=0.584, P<0.001; Table3b; Fig. 4). LT was
positively related to the thickness of the different mesophyll tissue
layers, palisade cell rows and cell length, BSEW and to cellulose
concentration (R=0.468-0.909, P< 0.01) and negatively related
to LD and leaf area (R = —0.354 and —0.444, P<0.05;
Table 3b}, similar to the deciduous species. Within the evergreen
species, LD also showed a negative correlation with spongy meso-
phyll thickness and palisade cell size, including palisade cell
length and width (R= —0.366 to —0.499, P<0.05; Table 3b).

Relationship of climate and leaf anatomy within leaf habits

Within deciduous species, LMA was positively correlated with
the growing season (R=0.376, P<0.05) and to mean tempera-
ture of driest quarter (TDRY; R=0.345, P<0.04; Table 4a).
Leaf area was also related to TDRY, but the wend was the oppo-
site of that found for LMA (Table 4a}. Additionally, leafarea also
showed a negative correlation coefficient with minimum temper-
ature of the coldest month (TMIN; R=-0.393, P<0.05;
Table 4a). Surprisingly, LT within deciduous species was corre-
lated with all climatic variables considered in this study, bcing
positively associated with growing season, full plant growth
period, aridity period, aridity intensity, mean annual tempera-
ture, TMIN and TDRY (R=0.341-0.521, P<0.05), and nega-
tiver associated with annual precipitation  (R= —0.483,
P<0.01; Table S4). LD was positively correlated with annual
precipitation (R=0.523, P<0.001) and negatively correlated
with aridity period and aridity intensity (R=—-0.465 and
—0.537, P<(.01; Table 4a).

For the evergreen species, LMA and LT were negatively corre-
lated with the period of full pIant growth {(R=—0.350 and

New Phyrologist (2021)
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—0.432, P<0.05), a trend that was opposite to that found in the
deciduous species between these leaf craits and the growing season
(Table 4a). LMA and LT were also negatively correlated with
annual mean temperature, minimum temperature of coldest
month and annual precipitation (R=-0.471 to —0.663,
P<0.01}, and positively correlated with aridicy period
{R=0.381-0.581; P<(.05; Table 4b}. LMA was also positivcly
correlated with aridity intensity (R=0.401, < 0.01; Table 4b).
By contrast, leaf area showed positive correlations with minimum
temperature of coldest month and annual precipitadon
(R=10.645 and 0.742, P<0.001) and negative correlations with
aridity period and aridiry intensity (R= —0.420 and —0.344,
P=<0.05}, trends that were opposite to those found for LMA
{Table 4b}. Finally, LD was positively correlated with mean tem-
perature of driest quarter, aridity period and aridity intensity
(R=0.316-0.494, P<0.05; Table 4b).

Discussion

In this study, we analysed leaves from 85 Quercus species from
across the Northern Hemisphere buc [iving in a common garden.
Our results showed that the evolution of leaf traits follows the
OU2 model, which clearly segregates oaks in two main func-
tional groups, deciduous and evergreen. Irrespective of the phy-
logeny or the species’ natural habitats, these two groups differed
in anatomical leaf attributes such as LMA, LT or leaf area
(Table 2}, as previously reported by other studies (Corcuera ez 4,
2002; Escudero ef af, 2017). By contrast, thcy did not differ in
LD despite their significant differences in leaf traits related to
density, such as cellulose concentration, IVD and bundle sheet
extension width {Table 2}. This fact could be due to the thicker
spongy mesophyll of evergreens that may promote a larger
amount of intercellular airspaces, counteracting the effect of these
other leaf traits on LD (Escudero et af,, 2017).

Taking into account the segregation given by the OU2 model,
we evaluated variation in LMA related to changes in LT or LD
within each leaf habit according to two scenarios (Fig. 1) linked
to the leaf economic spectrum theory (Wrighe ez 2L, 2004).

© 2020 The Authors
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Scenario 1: LMA associated with photosynthetically
competent tissues to compensate a shorter favourable
season

As leaves are essenually organs udlised for photosynthesis
(Turner, 1994), Scenario 1 contemplated that an increase in
LMA would be achieved by thicker leaves in order to increase the
instantaneous carbon assimilation rates per unic area to compen-
sate for shorter favourable seasons in stressful climatic environ-
ments (Fig. 1). When this scenario was analysed within evergreen
oak species, our results effectively showed that evergreen oaks liv-
ing in environments with lower periods of full plant growth (i.c.
longer cold periods) and/or with higher aridity period, increased
LMA by increasing LT (Table4; Fig. 5). This suggested that
evergreen oaks inhabiting higher aldtudes (e.g. the subtropicals
Q. rehderiana and Q. rugosa), with longer dry periods (e.g. the
subtropical Q. ebtusata) or at higher latitudes under more

© 2020 The Authors
New Phyrofogisr © 2020 New Phytologist Foundation

continental climatic conditions and longer dry summers {e.g. the
Mediterranean oaks Q. chrysolepis and Q. ilex ssp. rotundifolia),
tended to exhibit a higher LMA due to a higher LT than those
evergreen oaks inhabiting lower aldtudes, lower latitudes and
with a minimal hot dry season {e.g. the subtropicals Q. sagracana,
Q. seemannit or Q. insignis; Fig. §2). By contrast, when analysing
Scenario 1 within deciduous species, our results showed thar che
deciduous oaks with higher LMA due to 2 higher LT inhabited
environments with shorter cold periods (which was opposite to
our prediction in Scenario 1) but with longer and more intense
aridity periods. This opposite pattern related to the length of the
growing season found for deciduous species compared with the
evergreens seemed to be consistent with global patterns (Wright
et al, 20035) and prediction based on a cost—benefic model
(Kikuzawa er al., 2013). However, for deciduous species, a longer
aridity period may counteract the effect of a shorter cold period
by shortening the favourable season (Peguero-Pina ez al, 2016a).
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Table 4 Correlation coefficients between leaf traits and climatic variables for (a) deciducus (DEC) and (b) evergreen (EVE) Quercus species using phyloge-

netically independent contrasts {PICS).

{a) DEC LMA LT LD LA (b) EVE LMA LT LD LA

Gs 0.376* 0.427** [

FPG 0.341* FPG —0.350* —0.432%*

AP 0.5271*** —0.465%* AP 0.581%** 0.381* 0.327* —0.420%*
T 0.370* T —0.598*** —0.638***

TMIN 0.325* —0.393% TMIN —0.471** —0.611%%* 0.645*x*
TDRY 0.345* 0.502** —0.348* TDRY 0.494***

P —0.483** 0.523*** P —0.495%** —0.663*** 0.742%**
Al 0.445%* —0.53 7%+ Al 0.401%* 0.316* —0.344%

Leaf traits and climatic variables notation as in Tahle 1. Significance levels: *, P<0.05; **, P <0.01; *** P <0.001.

This counteracted effect, together with the positive association
between aridity intensity and LT, pointed to aridity stress as the
main driver increasing LT within deciduous species. In this sense,
a higher LT not only would increase the instantaneous carbon
assimilation rates per unit area when water is more readily avail-
able, but would also improve water use efficiency under drought
conditions (Wright ¢f af, 2001; Gil-Pelegtin ¢f 4/, 2017). Exam-
ples of such deciduous species inhabiting arid environments
could be the subtropical Q. mexicana or the European and North
American  Mediterranean-type  oaks Q. fthaburensis  and
Q. garryana (Fig. S2).

The increase in LT that promoted an increase in LMA was
given by increasing the mesophyll thickness mainly through
increasing the number of cell layers, both within deciduous and
evergreen (Table 3; Fig4), which has been previously observed
across diverse species {de la Riva ez al, 2016; John ez 2, 2017).
This increase in mesophyll thickness has the potential to increase
photosynthetic rates per unit leaf area (A,..,} (Niinemets et 4,
1999). However, this assumption should be made carcfuﬂy as
there are other leaf traits that could modify A,., (Peguero-Pina
et al., 2017b). For examp[e, increases in cell wall thickness that
promote higher cellulose concentration (Terashima et 2/, 2006}
may result in a reduction in A, ., (Peguero-Pina ez al, 2017a,c).
Therefore, the positive correlation found in this study between
paIisadc mesophyll thickness and cellulose concentration, both in
deciduous (R=10.333, P<0.05) and evergreen (R=0.607,
P<0.001; data not shown) species, could counteract the pre-
sumed positive effect of a higher mesophyll thickness on A,,.,.
Additionally, the presumed increase in A,., could also be negated
by an increase in nonphotosynthetic tissues. Our results showed
that a higher LT is coordinated with a higher BSEW in both leal
habits, and reduces the amount of photosynthetic tissues
(Table 3; Fig. 5). This relationship suggests that thicker leaves
might have higher mesophyll structural reinforcement, which
may prevent thickness shrinkage during dehydration processes
(Sancho-Knapik e af, 2011}. In these two cases (a higher cell
wall thickness and thicker bundle sheath extensions), LT and
density could be considered coupled rather than being a trade-off
relationship {(Onoda e 44, 2017). Finally, the assumed higher
Area of 0ak species with higher LT may also be diminished at the
leaf level by the reduction of leaf area (Tables 3, 4). Given that

reduction in leaf size is a key modification that allows plants to
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withstand water deficit (Baldocchi & Xu, 2007), oaks inhabiting
arid environments could increase LT to increase A, in order to

compensate for their smaller leaf area (Peguero-Pina ez 4f,
2016a).

Scenario 2: LMA as a protective mechanism against severe
climatic factors

Protecdon will require Turther investment that would promate
toughcr, harder and stiffer leaves that might increase the leaf lifes-
pan of a particular species (Turner, 1994; Read & Sanson, 2003).
Therefore, our Scenario 2 considered that an increase in LMA
would be associated with denser leaves, in order to increase their
resistance under stressed climatic conditions, and therefore to
increase their lifespan (Fig. 1). When analysing Scenario 2 within
evergreen oaks, our results showed that those species living in
environments with higher aridity intensity and higher tempera-
ture of the driest quarter {TDRY), increased LMA by increasing
LD (Table 4b; Fig. 5}. As TDRY can mostly occur during winter
or during summer (Fig. $1}, it seems that those evergreens with
denser leaves are those inhabiting environments with drier sum-
mers {e.g. the Mediterranean Q. calliprinos and Q. coccifera,
Fig. §2). By contast with evergreens and contrary to our Sce-
nario 2, an increase in aridity intensity within deciduous oaks
was directly associated with an increase in LMA through increases
in LT, as mention above, but with decreases in LD {Table 4a).
This result suggested that, within deciduous oaks, higher aridity
promotes thicker and less dense leaves {e.g. in the Mediter-
ranean-type €Q garryana or Q lusitanica), which may improve
Agrea by increasing CO, mesophyll conductance (Niinemets
et al., 2009).

The positive relationship found between LMA and LD within
each leal habit, as reported before by other authors (Groom &
Lamont, 1997; Poorter ez 2, 2009; Read ¢f /., 2016), was nega-
tivdy influenced by the increase in spongy mesophyﬂ thickness,
both in evergreen and deciduous oaks. In other words, a higher
spongy thickness might promote a larger volume of intercellular
air spaces that could decrease the overall LD and, therefore,
weaken other relationships. However, we found that a higher LD
was associated with a reduction in cell size within evergreen
species, and with a lower IVD (i.e. higher vein density} through a

decrease in leaf area within deciduous species, anatomical
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Fig. 5 Schematic representation of the main associations found for anatomical (Table 3) and climatic variables (Table 4) for deciducus and evergreen
Quercus species. A blue arrow indicates a positive association, while a pink arrow indicates a negative association between two traits. The dashed line
indicates an indirect association. LD, leaf density; LMA, leaf mass per area; LT, leaf thickness.

modifications that have been reported as protective adaptations
to withstand water stress (Qertli e 2/, 1990; Scoffoni et al,
2011; Ding e al, 2014; Nardini er af, 2014). Furthermore, we
can also highlight other protection mechanisms within evergreen
oaks found in this study related to L'T. As abundant intercellular
air spaces provide room ro accommodarte extracellular ice (Wyka
& Oleksyn, 2014}, the higher LT due to a higher spongy meso-
phyll thickness found in evergreen species inhabiting colder envi-
ronments (Tables 3, 4; Fig. 5), may protect evergreen species
against frost damage. Addidonally, as low winter temperatures
may cause damage by absorption of excess light under limiting
conditions for photosynthesis, being thicker may also reduce the
probability for photodamage (Peguero-Pina et 4, 2009). To our
knowledge, there has been no previous report of cold intensity as
a determinant factor of interspecific variation in LMA, although
Wright et al, (2005) observed similar effects of mean annual tem-
perature in evergreen species. However, other authors observed
intraspecific trends in the LMA of evergreen species also related
to gradients in winter temperatures (Ogaya 8 Pefiuclas, 2007;
Mediavilla et 2/, 2012; Gonzalez-Zurdo et 2/, 2016; Niinemets,
2016). Moreover, minimum temperature of the coldest month in
our study was also positively related to the length of the growing
season (R=0.8, P<0.001; Fig. §5), suggesting that environ-
ments with colder winters are also sites with shorter growing sea-
sons, and therefore sites with louger winters (van Ommen Kloeke
et al., 2012). Taking into account that our results showed that an
increase in LMA may constitute an adaptation against both cold
duration and cold intensity in evergreen oaks (Fig. 5}, further
research is needed to partition these two effects and pinpoint
whether a higher LMA is a direct response to one and/or the
other.

Diversity in evolutionary trends

Our results showed that across most of the oaks included in this
study, LMA evolved in greater coordination with LT than with
LD (Fig. 3). This trend was found in deciduous oaks and in the
evergreen species from the subgenus Quercus, mainly belonging to

© 2020 The Authors
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the Lobatae and Quercus sections (Denk ef 4/, 2017). By contrast,
in the evergreen oaks from the subgenus Cerrzs— mainly belonging
to sections [lex and Cyclobalanopsis — LMA converged more with
LD (Fig, 3). This discrepancy within evergreen oaks, could be due
to the ancestral origin of each group. While the ancestors of sec-
dons Lobatae and Quercus are inferred to have occurred at higher
laticudes (Hipp e af, 2018; Cavender-Bares, 2019}, the ancestors
of Hex and Cyclobalanopsis may have inhabited lower latitudes
(Barrén et al., 2017; Jiang et al, 2019). Consequcntly, ancestors of
Lobatae and Quercus could have increased LMA by increasing LT
in order to achieve higher carbon assimilation rates to compensare
for a shorter favourable season typical of higher latitude environ-
ments where daylength varies considerably from summer to winter
solstice. By contrast, ancestors of llex and Cyclobalanopsis could
have increased LMA by increasing LD in order to protect their
leaves against stress factors (e.g. mechanical damage) and, there-
fore, to increase their leaf lifespan under environments wich longer
growing seasons, typical of lower latitudes. The possibility thac dif-
ferent oaks ancestors could depend primarily on the length of the
growing scason could help to explain why the thermal climatic
component— which alse includes the growing-season length vari-
ables — was slightly more important in explaining variadon in
LMA than the arid component. Further research is needed to fully
test these new hypotheses. However, our results clearly showed that
LMA was tighdy coordinated with climate, independenty of leal
habit or the climatic component considered. This reinforces cli-
mate as an important driver of leaf functioning in oaks; this was
recently pointed out by Ramirez-Valiente er 2l (2020) and sup-
ported by work in oaks across altitudinal gradiencs (Fallon &
Cavender-Bares, 2018).

Finally, our data also revealed that within Lsbatae oaks, LMA
changed according to the latitude of the species distribution
(Fig. S6). All Lobatar oaks inhabiting higher latitudes (. 40°) are
deciduous, and tend to have lower LMA values than Lodate oaks
found at middle latitudes (¢ 25°). This variation within decidu-
ous Lobatae oaks is tightly coordinated with changes in the length
of the growing season and temperature. At middle latitudes (e
25°), there is a shift in leaf habit in our set of species, from
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deciduous to evergreen, all having higher LMA than those living
at lower latitudes (z. 10-15°). According to our data, the varia-
tion in LMA within evergreen Lobatar oaks is associated with
changes in temperature and predipitation of species cdimatic
niches (Fig. $6). The association of LMA with latitude within
Lobatae oaks could be a consequence of the radiation from a
high-latitude ancestor (Hipp ef af,, 2018} towards lower latitudes
across North and Central America {Cavender-Bares, 2019).
However, these outcomes within Ledatae oaks should be consid-
ered Carcfully, as not all Lebatae oaks were included in our study.
Further research is needed to confirm this result and to elucidate
the main drivers of leaf trait evolution within the others infra-
generic groups.
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Fig. S1 Season location of the driest quarter of the year for deciduous (DEC) and evergreen (EVE)

Quercus species considered in this study. Data are mean + SE.
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Fig. S2 Principal components analysis of the climatic variables taking into account all Quercus
species. Climatic notation as in Table 1b. Roman numerals indicate an estimated position within
the climatic variables of several main Zonobiomes (Zb) (Breckle, 2002). II, Zb of the Humido-arid
Tropical Summer Rain Region; III, Zb of Subtropical Arid Climates; IV, Zb of the Arido-Humid
Winter Rain (Mediterranean) Region; V, Zb of the Warm-Temperate Humid Climate; VI, Zb of
the Temperate Nemoral Climate; VII, Zb of the Arid-Temperature Climate.

Breckle SW. 2002, Walter’s vegetation of the Earth. The ecological systems of the Geo-Biosphere.
4th-edition. Berlin, DE: Springer
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Fig. S3 Oak phylogenetic trees showing the evolution of (a, b) leaf mass per area (LMA), (a) leaf
thickness (LT) and (b) leaf density (LD) across the study's species. Bolded and non-bolded species

names indicate evergreen and deciduous species respectively.
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Fig. S4 (a) Divergence of the two first climatic principal components (PC1, PC2) from leaf
thickness (LT) and leaf density (LD). Bolded and non-bolded Quercus species names indicate
evergreen (EVE) and deciduous (DEC) species respectively. (b, ¢) Percentage of Quercus species
showing a lower divergence (i.e. higher coordination) between LT (b), LD (c) and the principal

components (PC1 in grey and PC2 in orange) for both leaf habits and both subgenus.

(@) LT LD
PC1 PCZ PC1PC2

—_—
(on
Bt

Q. longispica
Q.
LT

=3

section Jlex

. semec,
g hmMehophcra

Q. qngledana
Q. Iyrecides
Q acutissima

Q. vartabilis
Q afares

g suber
CEUIS

p:haburensns

% species

N s @ @

SLUan snusgqgns

section Cerris

O°DEC EVE DEC EVE
section Cyclobalanopsis m subgenus
Cerris Quercus

pc1 [
pc2 [

Q. schottkyana
Q. myrsinifolia
Q. gilva
. acuta
8 faginea ssp. broteroi
ginea
pyrenaica
Q lusitanica
Q. boissieri
. robur

. canariensis
frainetto
. cerrioides
. macranthera
Q petraea

. yunnanensis
mengolica

—_
(2]
-

serrata
malacotricha
Q chapmanii
§ montana

section Quercus

. alba
macrocarpa

% species

N B o @

g mueh}errbergfi

ml pllyﬂ
3 dai’:uman

Q MIJIMI
Q. msoyana

Q. ru,
Q. cbmoleph

. fusiformis

eana

. hintoniorum
. miguihuanensis
Q marilandica
gpag a

. hypoxantha

OpEc EVE DEC EVE
subgenus subgenus
Cerris Quercus

pc1 [
pc2 O

1section Protobalanus
|sec1ion Virentes

snasand) snusgqns

Q. rapurahuensis section Lobatae

Q. gulielmi-treleasei
Q. emoryi

Q. costaricensis

Q. arkansana

Q. acutifolia

8 hemisphaerica
shuma it

8. .llmmeri
Q. buckieyi
. laurina
durifolia
falcata
mexicana

Divergence
from LT 0_ 70

Divergence
fromlD g 90

96



= New

8 Phytologist
Fig. S5 Relationships between the minimum temperature of coldest month (TMIN) and the length
(number of months) of the growing season (GS) and the period of full plant growth (FPG) for
deciduous (DEC) and evergreen (EVE) Quercus species. Species with TMIN > 10°C were not

considered for the correlations. P<0.001.
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Fig. S6 Relationships within Quercus section Lobatae between leaf mas per area (LMA) and
latitude, growing season (GS), minimum temperature of coldest month (TMIN), mean temperature
of driest quarter (TDRY) and annual precipitation (P). DEC, deciduous; EVE, evergreen. Latitude
was obtained from herbarium data. Each circle is the mean value of one particular species. Climatic
variables not included in this figure showed non-significant correlations with LMA within Quercus

section Lobatae for both leaf habits.
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Table S1 Leaf habit and leaf traits mean values (+ SE) of the study's oak species growing in a
common garden in northern Spain (separate XLSX file). These data are openly available in TRY
at http://doi.org/10.17871/TRY.64

Table S2 Climatic variables mean values (+se) of the oak species’ climatic origins (separate
XLSX file).

Table 83 Quercus GenBank accession numbers for rbcl. gen. All sequences were obtained from
Hermida-Carrera et al. (2017) except those in bold, that were newly analyzed for this study
following the same procedure described in Hermida-Carrera et al. (2017), and that underlined that
was directly obtained from the GenBank.

Hermida-Carrera C, Mario A, Fares MA, Fernandez A, Gil-Pelegrin E, Kapralov MV, Mir
A, Molins A, Peguero-Pina JJ, Rocha J ef al. 2017. Positively selected amino acid replacements
within the RuBisCO enzyme of oak trees are associated with ecological adaptations. PLoS ONE
12: e0188984

Species Accession Species Accession
number number
Q. acuta MF044967 Q. leucotrichophora MF044850
0. acutifolia MF044890 Q. libani MF044946
Q. acutissima MF044941 Q. lobata MF044851
Q. afares MF044942 Q. longispica MF(044957
Q. affinis MF044891 Q. lusitanica MF044852
Q. alba MF044819 Q. macranthera MF044853
Q. arkansana MF044893 Q. macrocarpa MF044854
Q. boissieri MF044825 Q. malacotricha MF044855
Q. buckleyi MF044895 Q. marilandica MF044920
Q. calliprinos MF044953 Q. mexicana MF044921
Q. canariensis MF044827 Q. microphylla MF044859
Q. castanea MF044898 Q. miguihuanensis MT646902
Q. cerrioides MF044828 Q. mongolica MF044861
Q. cerris MF044943 Q. montana MF044862
Q. chapmanii MF044829 Q. muehlenbergii MF044863
Q. chrysolepis MF044964 Q. myrsinifolia MF044972
Q. coccifera MF044953 Q. myrtifolia MF044922
Q. costaricensis MF044900 Q. nigra MF044923
Q. crassipes MF044902 Q. obtusata MF044865

Q. durifolia MF044907 Q. pagoda MF044924
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Q. dysophylla

Q. emoryi

Q. engleriana

0. faginea

Q. faginea ssp. broteroi
Q. falcata

Q. frainetto

Q. fusiformis

Q. garryana

0. germana

Q. gilva

Q. glabrescens

Q. greggii

Q. gulielmi-treleasei
Q. hemisphaerica

Q. hintoniorum

Q. hypoxantha

Q. ilex ssp. ilex

Q. ilex ssp. rotundifolia
Q. insignis

Q. ithaburensis

Q. lanata

Q. laurina

MF044908
MF044909
MF044833
MF044835
MF044826
MF044911

MF044836
LM652999
MF044838
MF044840
MF044969
MF044841

MF044842
MF044913
MF044914
MT646901
MT646903
MF044956
MF044962
MF044847
MF044945
MF044848
MF044919

Q. palustris

Q. petraea

Q. phillyreoides
Q. pyrenaica

Q. rapurahuensis
Q. rehderiana
Q. rhysophylla
Q. robur

Q. rugosa

Q. sagraeana
Q. schottkyana
Q. seemannii
Q. semecarpifolia
Q. serrata

Q. shumardii
Q. skinneri

Q. suber

Q. tristis

Q. variabilis

Q. vasevana

Q. velutina

Q. yunnanensis
Fagus crenata

MF044925
MF044871
MF044959
MF044875
MF044927
MF(044960
MF044928
MF044876
MF044877
MF044830
MF044974
MF044932
MF044963
MF044879
MF044933
MF044934
MF044949
MF044936
MF044951
MF044883
MF044938
MF044887
MF044982
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Table S4 Model fitting for Quercus species using the Brownian Motion (BM) and the Ornstein-
Uhlenbeck models either with a single global optimum (OU1) or with two phenologically driven

optimas (OU2). AICc: Akaike Information Criterion corrected. Traits notation as in Table 1.

AlCe OU Parameters
Trait ~ BM.AICc OUI.AICe OU2.AICc ?\i:d}z it 3512 Opgrlﬁlim g;él Opt?nlfml Opt?nlfmz
LMA 1012 857 831 ou2 1203 112 1579 132 91
LT 1060 910 881 ou2 832 166 1428 194 135
LD 1221 1099 1104 ouUl 467 692 402 698 692
LA 1072 807 794 ou2 58918 30 75610 19 4]
HC 1099 862 863 oul/ou2 16730 174 131789 169 181
cC 1079 847 812 ou2 49366 173 5814 194 152
LCC 1053 875 874 oul/ou2 2247 140 2533 149 130
PMT 957 806 787 ou2 587 77 978 90 63
SMT 919 778 737 ou2 888 59 2144 73 43
PCR 298 149 129 ouz 575 2 710 2 2
PCL 761 613 617 oul 609 39 1002 40 38
PCW 496 260 255 ouz2 45087 8 90430 8 7
IVD 1154 1019 992 ou2 776 247 1316 196 308
BSEW 744 480 471 ou2 80246 14 51222 16 13
GS 425 285 261 ouz 614 11 992 11 10
FPG 547 368 342 ouz 1753 9 5772 10 8
AP 628 371 366 ouz 82032 2 19641 3 2
T 557 440 432 ou2 323 15 351 16 14
TMIN 739 527 504 ouz 56248 2 10790 4 -1
TDRY 720 567 568 ou1/0uU2 1258 13 1662 14 12
P 1511 1320 1318 oul/ouU2 7128 1113 38548 1245 963
Al 1105 940 943 ouUl 65825 49 94128 55 43
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Capitulo IV

Disentangling leaf structural and
material properties in relation to
their anatomical and chemical
compositional traits in oaks

(Quercus L.)
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Abstract

e Background and Aims: The existence of sclerophyllous plants has been
considered an adaptive strategy against different environmental stresses.
As it literally means "hard-leaved", it is essential to quantify the leaf
mechanical properties to understand sclerophylly. However, the relative
importance of each leaf trait on mechanical properties is not yet well
established.

e Methods: Genus Quercus is an excellent system to shed light on this since it
minimizes phylogenetic variation while having a wide variation in
sclerophylly. Thus, leaf anatomical traits and cell wall composition were
measured, analyzing their relationship with LMA and leaf mechanical
properties in a set of 25 oak species.

e Key results: The upper epidermis outer wall had a strong and direct
contribution to the leaf mechanical strength. Moreover, cellulose plays a
critical role in increasing leaf strength and toughness. The PCA plot based
on leaf trait values clearly separated Quercus species into two groups
corresponding to evergreen and deciduous species.

o Conclusions: Sclerophyllous Quercus species are tougher and stronger due
to their thicker epidermis outer wall and/or higher cellulose concentration.
Furthermore, section Ilex species share common traits regardless of they
occupy quite different climates. In addition, evergreen species living in
Mediterranean-type climates share common leaf traits irrespective of their

different phylogenetic origin.

Key words: Biomechanics, leaf anatomical traits, leaf mechanical resistance, leaf

mass per area (LMA), oaks (Quercus), sclerophylly.
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4.1. Introduction

Sclerophyllous leaves have been considered a universal adaptive strategy
in response to different environmental stresses (Alonso-Forn et al., 2020). Thus,
stress factors such as water deficit (e.g., Schimper, 1903; Oertli et al., 1990),
nutrient shortage (Loveless, 1961, 1962; Beadle, 1966), low temperatures (Koppel
and Heinsoo, 1994; Lamontagne et al., 1998) and physical damage (Chabot and
Hicks, 1982; Grubb, 1986) would have a synergistic effect that may explain the
variation in sclerophylly. This trait is a characteristic recognized by botanists
according to a physiognomic criterion. Thus, botanists have described
sclerophyllous leaves as hard, tough, stiff and leathery (Schimper, 1903; Seddon,
1974; Turner, 1994). Given that the concept of sclerophylly is a perception, it is
difficult to obtain an accurate measure or objective classification of sclerophylly
(Edwards et al., 2000). Moreover, as sclerophylly literally means "hard-leaved" it

is essential to quantify the leaf mechanical properties to understand this trait.

Most ecophysiological studies use the leaf mass per unit area (LMA) as a
quantitative proxy value for sclerophylly (e.g., Niinemets, 2001; Wright et al.,
2004). LMA is a combination of leaf thickness (LT) and leaf density (LD), which
in turn depend on a great variety of anatomical and compositional leaf traits such
as vein density, vein diameter, number of cell layers, cell size, air space fraction
or fiber content (Mediavilla et al., 2008; John et al., 2017; Sancho-Knapik et al.,
2021). Sclerophylly has been well studied in the genus Quercus, and in this regard,
Sancho-Knapik et al. (2021) recently found that LT influences the increase in LMA
more than LD. While LMA provides a good proxy for leaf “hardness”, it is not

necessarily a measure of leaf mechanical resistance (Onoda et al., 2011).

Direct approaches to quantify leaf sclerophylly require the measurement
of leaf mechanical properties (Aranwela et al., 1999; Read and Sanson, 2003;
Onoda et al., 2011). These include fracture-related properties, such as strength
and toughness, which refer to the ability to resist an applied force and applied
work, respectively (Cherrett, 1968; Williams, 1954; Coley, 1983; Choong et al.,
1992). A higher structural strength (i.e., maximum force to fracture), a higher
structural toughness (i.e., work to fracture) and their thickness-normalized
properties namely specific strength and specific toughness have been previously
associated with a higher leaf sclerophylly (Edwards et al., 2000; Wright and
Cannon, 2001; Read and Sanson, 2003). Leaf mechanical properties can be
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analyzed in relation to their underlying components, which is analogous to the
decomposition of LMA into LD and LT (Lucas et al., 2000; Kitajima and Poorter,
2010; Lusk et al., 2010). In the punch-and-die test, structural mechanical
properties such as maximum force or work to fracture per unit fracture length
(punch strength and punch toughness) can be decomposed into material
properties (specific punch strength and specific punch toughness) and LT
(Onoda et al., 2008; Onoda et al., 2011; Westbrook et al., 2011). Material properties
can be further analyzed in relation to tissue density or cell wall fiber content
(percentage of hemicellulose, cellulose, and lignin per unit leaf dry mass or per

unit volume).

The relative importance of each element of leaf tissue (e.g., cuticle,
epidermis, palisade mesophyll, spongy mesophyll and vascular bundle
extension) on the mechanical properties is not well established because their
relative volume fraction have different influences on LMA and mechanical
properties. Actually, several studies found that some anatomical variables
strongly influenced leaf toughness through the reinforcement of certain
structures with little effect on the amount of accumulated biomass per unit
surface area (Edwards et al., 2000; Westbrook et al., 2011; Onoda et al., 2012, 2015).
Onoda et al. (2015) showed that some structural traits such as cuticle thickness
have a significant impact on mechanical strength and toughness. The main
objectives of the present study were to determine the leaf anatomical and
compositional traits underlying a higher leaf strength and leaf toughness. The
objective was achieved by measuring leaf anatomical traits and cell wall fibre
composition and analyzing their relationship with both LMA and leaf

mechanical properties.

The genus Quercus is an excellent system to perform this study, as it not
only minimizes phylogenetic variation (compared to studies performed across
diverse species), but also displays a wide variation in leaf sclerophylly across
species (Gil-Pelegrin et al., 2017). In particular, section Ilex species has been
considered as pre-adapted to dry climates (He et al., 2014). Although their
ancestors occupied tropical and subtropical wet forests in the Himalaya-
Hengduan mountains, some species exhibit xeromorphic-like traits (Het et al.,
2014; Jiang et al., 2019). These traits would have allowed them to cope with hot-
dry seasonal conditions that occur in Mediterranean-type climates (Martin-
Sanchez et al. 2022).
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The present study was performed on a set of 25 oak species (Quercus spp.)
with different leaf habits (deciduous and evergreen) grown in a common garden
in Northeastern Spain. We analysed 41 leaf structural, morphological,
physicochemical and anatomical traits on these species (for species names see
Fig. 5). Specifically, we address the following hypotheses. (i) While structural
mechanical properties are better correlated with leaf anatomical traits, leaf
material properties are better correlated with cell wall composition. (ii)
Sclerophyllous leaves are stronger and tougher due to their thicker epidermis

outer wall and/or higher cellulose concentration.
4.2. Material and Methods
4.2.1. Plant Material

For this study, leaves were sampled from a living collection of 25 oak
species, maintained in the experimental fields from CITA de Aragon (41°390N,
0°520W, 200 m a.sl, Zaragoza, Spain). This common garden features
Mediterranean climatic conditions with a mean annual temperature of 15.4 °C
and total annual precipitation of 298 mm. Oak trees were ca. 20 years old; they
were drop irrigated twice per week and pruned if it was necessary. Current year,
fully developed, mature leaves were collected from south-exposed branches of
one individual per species during the early morning. Leaves were stored in
sealed plastic bags and carried to the laboratory in portable coolers. One set of 10
leaves was used for punch and die tests to measure the mechanical properties,
leaf strength and toughness. A second set of nine leaves was aimed to phenolic
compounds analysis. A third set of 10 leaves was utilized to obtain LMA. A
fourth set of 10 leaves was used for leaf fibre content analysis, and a fifth set of

10 leaves was used to obtain the morphological and anatomical traits.
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Table 1. List of leaf mechanical properties, anatomical and compositional traits

with their abbreviations and units.

Abbr. Parameter Units Abbr. Parameter Units
BSE_cp Bundle sheath extension % LT Leaf thickness um
cover percentage
BSE_d Bundle sheath extension mm mm? N.LD Nitrogen per unit volume mg cm3
density
BSE_w Bundle sheath extension pm Ncw_Ntotal Nitrogen in cell
width wall:Nitrogen
CLD Carbon per unit volume mg cm Ntotal Nitrogen content g 1001 g
CcC Cellulose content mg g PM_dl Palisade mesophyll cell um
length
Ccw_Ctotal Carbon in cell wall:Carbon PM_cw Palisade  mesophyll cell um
width
CD Cellulose per unit volume mg cm PM_nl Palisade mesophyll number
of layers
Ctotal Carbon content g 1001 g PMT Palisade mesophyll thickness um
Ctotal_Ntotal Ratio carbon:nitrogen PS Punch strength kN m!
HC Hemicellulose content mg g1 SM_p Spongy mesophyll porosity %
HCD Hemicellulose per unit mgcm? SMT Spongy mesophyll thickness  um
volume
LCC Lignin and cutin content mg g’ SPS Specific Punch Strength MN m?
LCD Lignin and cutin per unit mgcm SWEF Specific Work to Fracture k] m*2
volume
LD Leaf density mg cm?3 UE_latw Upper epidermis lateral wall ~ um
LE_latw Lower epidermis lateral pm UE_Iu Upper epidermis lumen cell pum?
wall
LE_lu Lower epidermis lumen cell pm? UE_lul Upper epidermis lumen um
length
LE_lul Lower epidermis lumen um UE_luw Upper epidermis Ilumen um
length width
LE_luw Lower epidermis lumen pm UE_ow Upper epidermis outer wall ~ pm
width
LE_ow Lower epidermis outer wall um UET Upper epidermis thickness um
LET Lower epidermis thickness ~ um WF Work of fracture Jm?
LMA Leaf mass per unit area g m?

4.2.2. Mechanical properties: punch and die test

Punch and die tests consisted of punching a hole through the leaf lamina.

As the punch contacts the leaf surface, the tip applies pressure until it overcomes

the tensile strength of the leaf, causing a fracture. As a result, a leaf hole is

produced and the compressive forces on the punch are released. A flat-ended
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and sharp-edged cylindrical punch made of steel of 2 mm diameter with a
clearance of 0.05 mm was built and mounted onto the moving head of the
mechanical tester Mach-1 V500C MAOO1 system (Biomomentum, Inc., Québec,
Canada). Similar to Read and Sanson (2003) a die designed to fit the punch was
located in the threaded base of the machine. A typical trial allowed the punch to
penetrate the die to a depth of 2 mm at a speed of 30 mm min'. Data for all punch
tests were collected at a rate of 100 Hz and were used to generate force-
displacement curves (Fig. S1a). Before every set of measurements, a blank test
was performed as a calibration in order to account for measuring the load forces
due to the background friction caused by the proximity of the die walls to the
punch tip. Leaf thickness (LT) was also measured with a micrometer (GT-H10L,
Keyence, Osaka, Japan) attached to an amplifier unit (GT-75AP, Keyence, Osaka,

Japan) just before each punch and die test.

To minimize variation in results due to differences between leaves of the
same species, the leaf tissue tested was standardized: major veins were avoided
and all trials were made halfway between the secondary veins delimiting the
upper and lower borders of the intercostal panel. When the size of the species
under study was big enough, four tests were conducted on each of the five leaves
selected. Otherwise, two tests were performed and ten leaves were selected (Fig.
S1b). All the mechanical tests were taken at room temperature with leaves fully
hydrated.

The analysis of the curves allowed to obtain the following parameters:
maximum force (Fmax) defined as the highest load value, punch strength (PS)
calculated as Fmax divided by the circumference of the punch, and the leaf
toughness or work of fracture (WF), calculated as the area below the curve
between the initial contact of the punch with the leaf and Fmax (Fig. S1a). The
starting point of the curve was counted from 10% of Fmax, to avoid the effect of
the leaf’s three-dimensional structure. Afterwards, the specific punch strength
(SPS) and the specific work of fracture (SWF) were expressed per unit area of

fracture (see all abbreviations and units in Table 1).

4.2.3. Leaf mass per area, compositional content, lignification and arid

intensity
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To calculate LMA, one disc (12.6 mm? in area) per leaf was obtained
between the secondary veins of 10 leaves per species. Discs were oven-dried for
3 days at 70 °C and afterwards, they were weighed to obtain their dry mass. LMA
was then calculated as the ratio between the dry mass and the disc area.
Additionally, leaf density (LD) was calculated as the ratio between LMA and LT
(Niinemets, 1999; Sancho-Knapik et al., 2021).

For fibre content calculation, 10 fresh leaves were oven-dried for 3 days at
70 °C. Then, the petiole and mid-rib were removed. The rest of the plant material
was ground and values of hemicellulose content (HC), cellulose content (CC) and
lignin + cutin content (LCC) were obtained by quantifying neutral detergent fibre
(NDF) and acid detergent lignin (ADL) following the method of Goering and Van
Soest (1970). The amount of total foliar nitrogen and carbon (Ntotal and Ctotal,
respectively) in dry leaves was measured using an organic element analyzer
(Flash EA 112, Thermo Fisher Scientific Inc., Waltham, MA, USA). The cellular
composition was obtained after the neutral detergent fibre (NDF) procedure
according to the method of Goering and Van Soest (1970). The nitrogen content
of the cell wall fraction was further estimated using the elemental analyzer

described above.

To detect the presence of lignified anatomical structures, 15-20 um cross-
sections were cut with a microtome (HM 350 S, MICROM GmbH, Walldorf,
Germany). Then, cross-sections were stained with a drop of phloroglucinol-HCl
solution or Wiesner stain, prepared as a mixture of 2:1 of 3 % phloroglucinol in
absolute ethanol and concentrated HCl (Pradhan and Loqué, 2014). Sections were
observed under a light microscope (OPTIKA B-600TiFL, Optika Microscopes,
Ponteranica, Italy) where lignified tissues appeared as fuchsia in colour. A few
drops of Safranin and AstraBlue 0.1% double stain were added to confirm tissue
lignification with a second method. After 30 seconds, the samples were rinsed
with distilled water and observed under light and epifluorescence microscopy
(OPTIKA B-600TiFL, Optika Microscopes, Ponteranica, Italy) using a green filter.

We selected a climatic variable to characterise aridity stress intensity: the
arid intensity, defined as the sum of (2tm — pm) for months with 2tm > pn and tm >
10°C. Being tm, the mean monthly temperature and pm, the mean monthly

precipitation. Data was obtained from Sancho-Knapik et al. (2019).
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4.2.4. Anatomical traits

Fig. 1 Leaf mesophyll cross section of Quercus myrsinifolia (a), detail of the upper epidermis of Q.
chrysolepis (b), and detail of leaf venation of Q. shumardii (c), showing diverse anatomical leaf traits

measured in this study. Trait notation as in Table 1.

Vein morphological parameters were determined in a set of five mature
leaves per species following the method described in Scoffoni et al. (2011) with
some modifications. Leaf sections obtained between secondary veins were
chemically cleared with 5% NaOH in an aqueous solution, washed with a bleach
solution, dehydrated in an ethanol dilution series (70, 90, 95 and 100 %) and
stained with safranin. Afterwards, one image (40x) per sample was taken using
a camera (Canon EOS M100) coupled to a microscopy (OPTIKA B-600TiFL,
Optika Microscopes, Ponteranica, Italy) and venation-related traits were
measured in three fields per leaf using the Image] software. Bundle sheath
extension density (BSE_d) was calculated as the ratio between the sum of all
bundle sheath extension lengths and sampled area. The cover percentage of the
leaf surface occupied by bundle sheath extension (BSE_cp) and the mean width
of the bundle sheath extension (BSE_w; Fig. 1c) were obtained using the Image J

software.

Finally, anatomical sections of five leaves per species were obtained by

gradual dehydration with ethanol, propylene oxide as a transition agent and
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inclusion in Araldite. One mesophyll image (200x) per leaf section was taken
using a camera (Canon EOS M100) coupled to a microscope (OPTIKA B-600TiFL,
Optika Microscopes, Ponteranica, Italy) and the following parameters were
measured in five fields of each image: palisade and spongy mesophyll thickness
(PMT and SMT, respectively; Fig. 1a), number of cell layers in the palisade
mesophyll (PM_nl), palisade mesophyll cell width and length (PM_cw and
PM_cl, respectively), spongy mesophyll porosity (SM_p), upper and lower
epidermis thickness (UET and LET, respectively; Fig. 1a), upper and lower
epidermis outer wall (UE_ow and LE_ow, respectively; Fig. 1b), upper and lower
epidermis lumen width and length (UE_luw, UE_lul, LE_luw and LE_lul,
respectively; Fig. 1b), upper and lower epidermis lateral wall (UE_latw and
LE_latw, respectively; Fig. 1b) and cell lumen size (UE_lu and LE_lu,
respectively). See all parameters, abbreviations and units in Table 1.

4.2.5. Structural equation models (SEM)

The correlation analyses identified the independent variables most
correlated to punch strength and specific punch strength (Fig. S2). With this
information in mind, we proposed two mechanistic models including the most
representative variables to estimate the network of correlations between traits
related to leaf mechanical properties, which were assessed with structural
equation models (SEM). In the first model, the leaf structural properties (i.e., leaf
thickness, palisade mesophyll thickness, spongy mesophyll thickness, upper -
lower epidermis thickness and upper - lower epidermis outer wall thickness)
were related to punch strength (Fig. 3a). In the second model, the leaf material
properties (leaf density, cellulose content, hemicellulose content, and lignin and

cutin content) were related to the specific punch strength (Fig. 3b).
4.2.6. Leaf construction cost

Leaf samples from the seven studied species were oven dried at 70 °C for
3 d until constant mass, ground and homogenized. Total leaf N concentration
was determined with an Organic Elemental Analyzer (Flash EA 112, Thermo
Fisher Scientific Inc., MA, USA). Ash concentration was determined
gravimetrically after the combustion of duplicated samples for at least 4 h at 500
°C. The heat of combustion was determined in triplicate samples of 18-24 mg with

an adiabatic bomb calorimeter (Phillipson Gentry Instruments, Inc., USA) with
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correction for ignition wire melting (Villar and Merino, 2001), following the
procedure of Phillipson (1964). Leaf construction cost (CC) (g glucose g*) was
calculated according to Williams et al. (1987) as:

(0.06968H_ —0.065)(1—[A])+ 7.5kN
cC = 14.0067

Eg (10)

where Hc is the ash-free heat of combustion (k] g?), [A] is the ash
concentration (g ash g dry mass), N is the tissue nitrogen concentration (g g
dry mass), E.g., is the growth efficiency (0.89 for woody leaves; Williams et al.,
1987) and k is the oxidation state of the nitrogen source (+5 for nitrate or -3 for
ammonium). In well-aerated Mediterranean soils, nitrate is the main source of
nitrogen and thus, k = +5. However, given that nitrate reduction in leaves can
occur at the expense of reductive equivalents generated at a light with no
apparent cost, we note that the nitrogen contribution to the construction cost also

depends on the share of nitrate reduction above- and belowground (Niinemets,
1997; Niinemets, 1999).

4.2.7. Statistical analysis

Data passed Shapiro-Wilk and Bartlett tests for normality and equality of
variances, respectively. Interspecific differences in leaf traits were evaluated by
one-way ANOVA. All analyses were performed in R (R Core Team, 2021). To
summarize the multivariate relationships among anatomical traits and Quercus
species, a principal components analysis (PCA) with two components was
carried out. This PCA was conducted using the FactoMineR: PCA package (Josse
and Husson, 2008). To find correlations between all studied parameters, a
Pearson’s correlation matrix was performed using ‘corrplot” package (Wei and
Simko, 2021). SEM were implemented using ‘lavaan’ package (Rosseel, 2012).
Standardized major axis (SMA) regressions (Warton et al., 2006) were fitted to
summarise the “scaling” relationship between two variables. To ensure our
results did not artificially arise from a lack of phylogenetic independence, we
additionally performed phylogenetic generalized least squares analysis
assuming that trait evolution mimics Brownian motion and using the phylogeny
from Hipp et al. (2020).
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4.3. Results

4.3.1. Leaf mass per area and leaf traits behind mechanical properties
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Fig. 2 Main relationships between physical parameters (punch strength and specific punch
strength) and leaf mass per area, leaf thickness, and leaf density, for deciduous (DEC; blue) and
evergreen (EVE; pink) Quercus species. Each point belongs to a Quercus species and represents its
mean value. Black continuous line is the correlation considering all species when correlation was
significative (p < 0.05).

Leaf mass per area (LMA), which is a combination of leaf thickness (LT)
and leaf density (LD), ranged from 64.2 to 223.9 g m™. LT ranged from 169 to 487
um and showed a good correlation (v = 0.84, p <0.001) with LMA. However, LD
showed less variation from 273 to 579 mg cm™ and had a moderate correlation (r
=0.52, p=0.008) with LMA. Oak species in this study showed a wide range in the
values of the leaf mechanical properties measured. Punch strength (PS) and
specific punch strength (SPS) ranged from 0.59 to 4.47 kN m and from 2.63 to
11.11 MN m?, respectively (Fig. 2), work of fracture (WF) from 0.07 to 1.31 ] m",
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specific work of fracture (SWF) from 0.33 to 3.26 k] m2. The species that showed
the highest values of these mechanical parameters were Quercus chrysolepis, Q.
phillyreoides, Q. coccifera and Q. ilex subsp. rotundifolia. In contrast, the species with
the overall lowest values were Q. lobata, Q. robur and Q. cerris. In general,
measured mechanical properties showed a good correlation (r > 0.7, p < 0.001)
with LMA (Fig. 2) even when phylogeny was considered (r > 0.73, p < 0.01; Fig.
S4). PS showed a strong positive correlation (r = 0.75, p < 0.001) with LT, but a
weak correlation (r = 0.4, p = 0.045) with LD. Moreover, PS can be mathematically
expressed as the product of SPS, and LT with LT having a relative contribution
of 0.51 to PS. SPS was better correlated (r = 0.62, p <0.001) with LD than with LT
(r =0.38, P > 0.05; Fig. 2). Furthermore, leaves showed higher PS and WF at a
given LMA as the scaling coefficients of the standardized major axis slopes were
significantly steeper than 1 (1.47 for PS and 2.06 for WEF; see Fig. S3). As has been
seen in LMA and leaf mechanical resistance measurements, a wide range of
variation was found in the compositional and anatomical variables (see table S1
and TRY dataset).

Both material and mechanical properties were positively correlated with
cellulose concentration (CC; r > 0.72, p <0.001), palisade and spongy mesophyll
thicknesses (PMT and SMT, respectively; r = 0.50 and 0.86, repectively p < 0.05)
including the components palisade mesophyll cell width and number of layers
(PM_ct and PM_nl, respectively; r = 0.43 to 0.79, p < 0.05), upper epidermis and
lower epidermis outer wall and lateral wall (UE_ow, UE_latw and LE_ow,
LE_latw; r=0.59 to 0.86, p < 0.01) and bundle sheet extension density, width and
cover percentage (BSE_d, BSE_w and BSE_cp, respectively; r = 0.42 to 0.79, p <
0.05; Fig. S2). Upper epidermis lumen cell (UE_lul) were negatively correlated
with mechanical properties (r < -0.61). The rest of the anatomical and
compositional traits showed less significant correlation coefficients (r <0.5) or did
not show significant correlations with the mechanical properties (Fig. S2). The
presence of lignified anatomical structures was detected in all species,
specifically in the bundle sheath. However, clearly lignified epidermis only
appeared in the most sclerophyllous species (eg. Q. chrysolepis, Q. phyllireoides

and Q. coccifera).
Leaf carbon concentration and nitrogen concentration in cell wall

(Ncw_Ctotal and Ncw_Ntotal) were not related to leaf mechanical traits.

However, leaf carbon concentration and C/N ratio did have a moderate
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correlation with PS (C.LD and C_N; r = 0.40, p = 0.049 and r = 0.41, p = 0.044,

respectively).

4.3.3 Structural equation models (SEM)
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Fig. 3 Structural equation models (SEM) for the contribution of (a) anatomical and (b)
compositional variables to leaf strength. punch strength (PS) and b) specific punch strength (SPS).
The figure shows the full model, with significant correlations (p < 0.05) highlighted by solid
arrows. PS, punch strength; SPS, specific punch strength; LT, leaf thickness; LD, leaf density; PMT
and SMT, palisade and spongy mesophyll thickness, respectively; ET, summatory of upper and
lower epidermis thickness; UE_ow, upper epidermis outer wall; CD, cellulose content per unit
volume; HCD, hemicellulose content per unit volume; LCD, lignin and cutin content per unit

volume. Numbers denote standardized path coefficients.

In the designed paths for SEMs, leaf traits were divided, on the one hand,
into anatomical traits (thickness of the different tissue layers) related to LT and
SPS (Fig. 3a), and, on the other hand, into compositional traits (cell wall
components) related to LD and SPS/LD (Fig. 3b). In the anatomical traits model,
both LT and SPS showed a high contribution to PS (r = 0.49 and r = 0.7,
respectively). Regarding anatomical traits, LT was highly explained by PMT (r =
0.46) while SMT and ET showed a non-significant association with LT (Fig. 3a).
On the other hand, SPS was strongly associated with the upper epidermis outer
wall thickness (UE_ow) (r = 0.78) while it did not influence LT. Furthermore, the

sum of upper and lower epidermis thickness (ET) had a moderate influence on
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SPS (r=0.33). UE_ow and ET together explained much of the variation in SPS (R?
=0.54).

In the compositional traits model, SPS was strongly associated with both
LD (r = 0.55) and SPS/LD (r = 0.77). As expected, LD was explained by a
combination of compositional traits, especially hemicellulose content per unit
volume (HCD, r = 0.62) and cellulose content per unit volume (CD, r = 0.36).
SPS/LD was explained by a strong (r = 0.78) direct influence of CD (Fig. 3b).

4.3.4. Principal component analysis and phylogeny
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Fig. 4 Principal component analysis (PCA) of leaf variables (black lines) in 25 Quercus species
(dots). Each symbol corresponds to a genus Quercus section. Variables: PS, punch strength; SPS,
specific punch strength; LMA, leaf dry mass per unit area; LT, leaf thickness; LD, leaf density;
CD, cellulose content per unit volume; HCD, hemicellulose content per unit volume; LCD, lignin
and cutin content per unit volume; PMT, palisade mesophyll thickness; SMT, spongy mesophyll
thickness; UET, upper epidermis thickness; LET, lower epidermis thickness; UE_ow, upper

epidermis outer wall; LE_ow, lower epidermis outer wall; BSE_cp, bundle sheath extension cover
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percentage; BSE_w, bundle sheath extension width; N, Nitrogen content; UE_lu, upper epidermis
cell lumen size; LE_lu, lower epidermis cell lumen size. Images of the epidermis of (1) Q.

shumardii and (2) Q. phillyreoides. Scale bar, 20 pm.

A principal component analysis (PCA) based on a selection of the
strongest correlations between variables in the correlation matrix (Fig. §2) and
considering the SEM, was performed. This PCA showed that the first main
component (explaining the 62.4% variability) grouped PS, LMA, CD, PMT, SMT,
UE_ow and BSE_w, whereas the second main component (explaining the 15.7%
variability), grouped LD and HCD (Fig. 4). The scores of the studied Quercus
species in the PCA biplot indicated that the mechanical, compositional and
anatomical traits analyzed clear differentiated deciduous and evergreen species

although could not differentiate the species according to the climate (Fig. 4).
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Fig. 5 a) Quercus phylogenetic tree based on Hipp et al. (2020). Colors in the tree represent Quercus
sections; in orange, section Cyclobalanopsis; dark green, section Cerris; light green, section Ilex; red,
section Lobatae; fuchsia, section Protobalanus; blue, section Quercus. PC1 and PC2. b) Relationship
between PC1 and PC2 and Arid intensity (Al). The colors of the circles refer to the phylogenetic
tree sections. It should be noted that the lower the Al value, the higher the degree of aridity.
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Regarding the phylogeny, all the species of the Quercus section, except Q.
mohriana, which is evergreen, tend to have low LMA, PS, cellulose content, thin
mesophylls and UE_ow (Fig. 5a). In contrast, all species of the Ilex sect. had a
strong coordination with those traits related to sclerophylly as high LMA, PS,
cellulose content, thick mesophyll and UE_ow, although they inhabit very
different climates. Q. chrysolepis (sect. Protobalanus), presented sclerophyllous
traits. Among the studied sect. Lobatae species, those evergreens (Q. agrifolia and
Q. wislizeni) had a strong coordination with sclerophyllous traits, while Q.
shumardi had less relation to sclerophyllous traits and a strong coordination with
LD and hemicellulose content. In the case of Q. myrsinifolia (sect. Cyclobalanopsis),
it had moderate coordination with both main components. In the case of the sect.
Cerris, the only species with sclerophyllous traits was Q. suber. Regarding climate,
no significant relationship was found between arid intensity and the main
components of PCA (Fig. 5b; Fig. S5).

4.3.5. Differences in construction cost and underlying traits among the

evergreen oaks

Leaf construction cost of the seven species ranged from 1.43 + 0.05 g glucose g
(Q. ilex subsp. rotundifolia) to 1.61 £ 0.06 g glucose g (Q. agrifolia and Q. coccifera),
while the mean leaf construction cost for the seven studied species was 1.53 + 0.07
g glucose g (Table S2). All the studied species showed construction cost values
in the range published for sclerophyllous evergreen leaves (Villar and Merino,
2001). The ash fraction does not contribute to the construction cost, while the
nitrogen concentration increases the construction cost due to extra costs required
for nitrogen assimilation. However, the energy content (H:) was the main
determinant of the leaf construction cost; therefore, the highest H. values
corresponded to the highest construction cost values (Table S2). Thus, Q. suber,
with the highest leaf N concentration, but also with the highest ash content, and

low energy content had the lowest leaf construction cost (Table S2).
4.4. Discussion
In this study, we analysed 41 leaf mechanical, morphological,

physicochemical and anatomical traits of 25 Quercus species grown in a common

garden in Northeastern Spain to determine the leaf traits underlying
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sclerophylly. Although most ecophysiological studies have used leaf mass per
unit area (LMA) as a proxy value for sclerophylly, sclerophylly actually means
"hard-leaved,” implying that mechanical properties of leaves are important in
understanding this attribute (Alonso-Forn et al., 2020). As previously observed
(Wright et al., 2004; Onoda et al., 2011), our results showed that, mechanical

properties were strongly correlated with LMA in studied Quercus species.

The inability of LMA to account adequately for the wide variation in
punch strength in our dataset reveals that there are variations in the mechanical
properties that do not contribute to an increase in the accumulated mass per
surface area. In this sense, we found a variation range in punch strength (PS)
measures of 7.5-fold and in work to fracture (WF) of 18-fold, while LMA only
varied 3.5-fold. Moreover, leaves showed higher PS and WF at a given LMA as
the scaling coefficients of the standardized major axis slopes were significantly
steeper than 1 (1.47 for PS and 2.08 for WF; see Fig. S3). Although the increase in
LMA in Quercus has previously been attributed mainly to an increase in leaf
thickness (LT) (Sancho-Knapik et al., 2021), we found that when accounting for
the effect of LT, the specific work to fracture (SWF) still increased with LMA (Fig.
2; S3). These results suggest that LM A could have more implications besides leaf
strength. Although high LMA species can have lower photosynthetic rate per
unit leaf area (Wright et al., 2004), Sancho-Knapik et al. (2021) suggested that
accumulation of photosynthetic tissues enable plants to generate higher
assimilation rates when facing certain environmental limitations. Moreover,
some sclerophyllous evergreen oaks, despite their larger LMA, were able to
achieve area-based net CO: assimilation values equivalent to congeneric
deciduous species due to an increased chloroplast surface area exposed to

intercellular air space (Peguero-Pina et al., 2017; Onoda et al., 2017).

According to our models, the upper epidermis outer wall had a strong and
direct contribution to the leaf mechanical strength (measured as specific punch
strength, SPS) (Fig. 3a) which is consistent with previous studies (Onoda et al.,
2012; Westbrook et al., 2011; He et al., 2019). Thus, an increase in the thickness of
this layer appears to lead to a tougher epidermis without great changes in the
accumulated mass per unit leaf surface area. Onoda et al. (2012) showed that
leaves with relatively thicker cuticles had higher leaf mechanical resistance
because the cuticle is made of very stiff material. Although a thicker cuticle may

imply a higher investment (Poorter and Villar, 1997), it does not result in
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substantial changes in leaf thickness, total accumulated mass per surface nor
construction cost (Villar and Merino, 2001; Table S2). In this sense, although Q.
chrysolepis a notably higher (>60%) LMA than Q. agrifolia, their construction costs
are very similar (Table S2). In addition, its extra cost can be offset by its greater
mechanical resistance to biotic and abiotic stresses which might confer longer leaf
lifespans among evergreen species (Krauss et al., 1997; Riederer and Schreiber,
2001; Wright et al., 2004; Carver and Gurr, 2006; Onoda et al., 2012).

The cellulose concentration per unit volume had a strong direct
contribution to SPS/LD (Fig. 3b) which indicates that cellulose plays a critical role
in increasing leaf strength and toughness, a result also found in tropical plants
(Kitajima and Poorter, 2010). In the correlation analysis (Fig. S2), cellulose
concentration was tightly correlated with the bundle sheath extension width and
cover percentage, and the outer wall thickness, suggesting that these anatomical

components, which are rich in cellulose, play key roles in mechanical resistance.

The PCA plots based on foliar trait values indicated a clear separation of
two groups along the first component axis corresponding to evergreen and
deciduous species (Fig. 4). Foliar mechanical properties, including punch
strength, LMA, cellulose content, mesophylls thickness upper epidermis outer
wall thickness, Bundle Sheath Extension width and cover percentage separated
these contrasting leaf habits. Deciduous oaks from Quercus, Cerris and Lobatae
sections, showed common leaf attributes regardless of their phylogenetic lineage.
This group of species is characterized by softer and thinner leaves, narrower
bundle sheath extension, less coverage of bundle sheath extension, lower
cellulose content, as well as thinner cuticles and outer walls that are not lignified.
Thus, Q. robur (section Quercus) from central Europe and Q. shumardii (section
Lobatae) from eastern North America share these leaf traits (Fig. 5). Moreover,
these leaf features do not seem to depend on the average climate of the native
habitat. Temperate species (e.g., Q. robur) share characters with species that
inhabit Mediterranean climates (e.g., Q. faginea and Q. cerris; Gil-Pelegrin et al.,
2017).

Evergreen oaks also share common features irrespective of their
phylogenetic lineage. These species share harder and thicker leaves, wider
bundle sheath extensions, a higher coverage of wider bundle sheath extensions,

higher cellulose content and an epidermis with thick cuticles and cell walls that
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are often lignified. Regarding this second group, some interesting insights
emerge. Species of sect. Ilex show similar foliar features, regardless of their
climate of origin. They occupy quite contrasting climates that range in arid
intensity from 0 (e.g., Q. phyllireoides) to 261 (e.g., Q. calliprinus) (Fig. 5b) and there
is still a great variation when we consider the phylogeny (Fig. S5). These shared
features may be explained by their common phylogenetic origin in the
palaeotropical flora in East Asia (Jiang et al., 2019) (Fig. 5a). Species from this
section are currently found in diverse climates, from humid temperate or
subtropical climates (e.g., Q, phillyreoides and Q. semecarpifolia; cf. Jiang et al.,
2019), to semi-arid Mediterranean areas (e.g., Q. coccifera; cf. Vilagrosa et al., 2003;
Gil-Plegrin et al., 2017). According to fossil record, xeromorphic-like traits were
already present in the ancestor of the sect. Ilex, Q. yangyiensis that lived in warm
aseasonal tropical conditions (Zhou et al., 2007; He et al., 2014). Under conditions
favorable year-round growth, maintaining an evergreen leaf habit would have
been favored over a deciduous leaf habit (Kikuzawa 1991, 1995). Evergreen
species with longer leaf lifespan necessitated more durable leaves with traits that
allow them to resist tearing and wear due to abiotic (Nikklas, 1999) and biotic
(Wrigth and Vincent, 1996; Peeters et al., 2007) interactions with the environment
(Turner, 1994). The increase in the level of sclerophyll through the accumulation
of structural carbohydrates could improve leaf persistence. In this way, the
improved leaf protection would help to resist for a longer time (Turner, 1994;
Takashima et al., 2004). Moreover, habitats with several ecological limitations
(e.g., drought, nutrient scarcity, low temperatures during the vegetative period
or mechanical damage) are the ones where sclerophylly is more prevalent, as
exemplified by the case of Mediterranean evergreens (Alonso-Forn et al., 2020

and references therein).

Although the leaf features of evergreen sclerophylls are extremely
functional in Mediterranean-type climate conditions, Ackerly (2004) proposed
that these qualities originated in ancestral non-Mediterranean-type habitats in
many lineages. Thus, previously mentioned sclerophyllous features can be
inferred to have contributed to the later success of section Ilex with the expansion
of the relatively recent Mediterranean-type climates (Ackerly, 2004; Deng et al.,
2017). Sect. llex species may thus have evolved foliar traits under ancestral
climates that pre-adapted them to Mediterranean-type climates (Verdu et al.,
2003). All American oak clades share a common high latitude temperate ancestor

(Hipp et al., 2018). Thus, some oaks studied here that occupy habitats in
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Mediterranean climates in the Nearctic (e.g., Q. agrifolia or Q. wislizeni, section
Lobatae), have been suggested to have evolved from temperate ancestors (Hipp et
al., 2018). Nevertheless, species of section Protobalanus are evergreen and are
restricted to mild climates. It appears likely that both conservatism in foliar traits
linked to shared ancestry and evolutionary legacies of adaptation to ancient
climates as well as evolutionary convergence in foliar traits from different
sections contributes to the observed patterns of sclerophyllous traits among
lineages and leaf habits. To conclude, there is an evolutionary progression
towards sclerophyllous leaf traits in sect. Protobalanus and sect. Lobatae that
inhabit dry climates, while sect. Ilex may have evolved to a lesser degree because

its tropical ancestors had foliar traits that were pre-adaptated to some extent.
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4.6. Supporting Information

The following Supporting Information is available for this article:

Table S1 Mean value, maximum (Max.) and minimum (Min.) values, standard
deviation (SD) and coefficient of variation (CV) of leaf traits for Quercus species.
Table S2 Heat of combustion, ash, nitrogen concentration (N) and construction
cost of leaves for the seven studied Quercus species.

Fig. S1 Example of force-displacement curves and points of the leaf were punch
and die tests were conducted.

Fig. S2 Correlation coefficients matrix of leaf mechanical properties,
compositional and anatomical traits.

Fig. S3 The bivariate trait relationships between leaf structural properties and
leaf mass per area (LMA).

Fig. S4 Corrected main relationships using phylogenetic generalized least
squares analysis.

Fig. S5 Corrected relationship between PC1 and PC2 and Arid intensity (AI)

using phylogenetic generalized least squares analysis.
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Table S1 Mean value, maximum (Max.) and minimum (Min.) values, standard deviation (SD)

and coefficient of variation (CV) of leaf traits for Quercus species.

Abbr.
PS
SPS
WF
SWEF
LMA
LT
LD
HC
CcC

LCC

HCD

CD

LCD
Ntotal
Ctotal
N.LD

C.LD

Ncw_Ntotal
Ccw_Ctotal

C_N

Variable

Punch strength

Specific Punch Strength
Work of fracture
Specific Work to Fracture
Leaf mass per unit area
Leaf thickness

Leaf density
Hemicellulose content
Cellulose content

Lignin and cutin content

Hemicellulose per unit
volume

Cellulose per unit volume

Lignin and cutin per unit
volume

Nitrogen content

Carbon content

Nitrogen per unit volume
Carbon per unit volume

Nitrogen in cell
wall:Nitrogen

Carbon in cell wall:Carbon

Ratio carbon:nitrogen

Units
kN m!
MN m?

Jm?

k] m?2

gm

pum
mg cm

mg g
mg g
mg g

mg cm

mg cm

mg cm
g 1001 gt
g 1001 gt
mg cm

mg cm

Mean Min.
1.81 0.59
579 2.63
042 0.07
126  0.33
134 64.0
300 169
448 273
192 134
160  96.0
746 320
86.5 39.1
724 310
329 162
1.37 095
47.7 412
6.11 2.86
213 126
041 0.23
0.48 0.31
36.0 26.0

Max.

4.47

11.1

1.31

3.26

224

487

579

262

246

110

139

132

53.4

1.78

50.7

8.37

280

0.74

0.66

52.3

SD

1.01

1.98

0.35

0.76

48.5

92.4

86.0

28.1

41.3

18.4

23.5

26.0

8.93

0.26

2.30

1.46

41.5

0.13

0.08

7.38

Ccv

0.56

0.34

0.81

0.60

0.36

0.31

0.19

0.15

0.26

0.25

0.27

0.36

0.27

0.19

0.05

0.24

0.19

0.32

0.17

0.20
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PMT

PM_nl

PM _cl

PM_ct
SMT

SM_p
UET

UE_ow

UE_luw

UE_lul
UE_latw
UE_lu
LET

LE_ow

LE_luw

LE_lul

LE_latw

Palisade mesophyll
thickness

Palisade mesophyll layers

Palisade mesophyll cell
length

Palisade mesophyll cell
width

Spongy mesophyll thickness
Spongy mesophyll porosity
Upper epidermis thickness
Upper epidermis outer wall

Upper epidermis lumen
width

Upper epidermis lumen
length

Upper epidermis lateral wall
Upper epidermis lumen cell
Lower epidermis thickness
Lower epidermis outer wall

Lower epidermis lumen
width

Lower epidermis lumen
length

Lower epidermis lateral wall

pum

pum

pum
pum
%
pm
pm

pum

um
pm
pm?
um

um

um

um
um

79.7

1.52

54.3

8.74

96.9

36.5

18.2

5.49

11.6

18.16

3.12

200

11.8

3.56

7.12

10.9

1.31

42.5

32.6

6.99

49.3

21.5

14.1

2.80

6.60

10.6

1.30

70.4

8.30

1.10

4.53

7.00

0.71

148

80.2

12.1

163

47.5

244

9.66

18.1

24.6

6.42

312

16.7

6.20

9.46

141

2.14

29.3

0.59

124

1.56

36.2

6.37

2.78

2.07

3.34

441

1.16

77.2

2.02

1.50

1.08

2.10

0.43

0.37

0.39

0.23

0.18

0.37

0.17

0.15

0.38

0.29

0.24

0.37

0.39

0.17

0.42

0.15

0.19

0.33
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Abbr.

BSE_d

BSE_cp

BSE w

Variable

Bundle sheath extension
density

Bundle sheath extension
cover percentage

Bundle sheath extension
width

Units

mm mm-2

%

pum

Mean

7.40

34.3

26.1

Min.

4.96

8.87

12.3

Max.

9.60

59.0

35.9

SD

1.38

15.1

7.02

Ccv

0.19

0.44

0.34
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Table S2 Heat of combustion, ash, nitrogen concentration (N) and construction cost (CC) of leaves

for the seven studied Quercus species. Data are mean + SE. Different letters indicate significant

differences among species (Tukey’s test, P < 0.05).

Heat of
Ash N CC

Species combustion

&g (88" (gg" (g glucose g)
Q. chrysolepis 22.2 +0.3> 0.0736 + 0.0004¢ 0.012 £ 0.001 1.58 +0.02¢¢
Q. agrifolia 21.9 +0.3a 0.0465 + 0.0004° 0.014+ 0.0022 1.61 +0.02¢¢
Q. wislizeni 19.8 £ 0.62 0.0392 + 0.0005 0.014 +0.0032 1.46 +0.042
Q. coccifera 22.0 +£0.9a 0.0487 + 0.0002° 0.014 + 0.0022 1.61 = 0.06¢¢
Q. ilex subsp.

20.8 £ 2.1ab 0.0558 + 0.0006bc 0.011 +£0.0032 1.50 = 0.16abe
ilex
Q. ilex subsp.

20.0+0.7a 0.0257 + 0.00042 0.011 £ 0.001- 1.49 + 0.062b
rotundifolia
Q. suber 20.3+£0.7a 0.0856 + 0.0004¢ 0.017 +0.0022 1.43 +0.052
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Fig. S1 (a) Example of force-displacement curves of Quercus robur obtained from punch and die
test showing maximum force (Fmax) and work to fracture (WF) calculated as the area below the
curve between the initial contact of the punch with the leaf and Fmax. (b) Examples of the points
were punch and die tests were conducted in leaves of Q. coccifera (left) and Q. robur (right),

avoiding major veins and delimiting upper and lower borders of the intercostal panel.
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Fig. S2 Correlation coefficients in matrix form between leaf mechanical properties, compositional

and anatomical traits. The matrix includes the correlations graduated according to the legend.

Abbreviations as in Table 1.
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Fig. S3 The bivariate trait relationships between leaf structural properties and leaf mass per area
(LMA). Note that graph axes are log10 scaled.
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Fig. S4 Corrected main relationships using phylogenetic generalized least squares analysis
assuming that trait evolution mimics Brownian motion and using the phylogeny from Hipp et al.
(2020). Physical parameters (punch strength and specific punch strength) and leaf mass per area,
leaf thickness, and leaf density, for deciduous (DEC; blue) and evergreen (EVE; pink) Quercus

species. Each circle belongs to a Quercus species and represents its mean value. The blue
continuous line is the correlation considering all species.
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Fig. S5 Corrected relationship between PC1 and PC2 and Arid intensity (AlI) using phylogenetic generalized least
squares analysis assuming that trait evolution mimics Brownian motion and using the phylogeny from Hipp et al.
(2020). Each circle belongs to a Quercus species and represents its mean value. The colours of the circles represent
the different sections of studied Quercus (see Fig. 5).
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Capitulo V

Cell-level anatomy explains leaf age-
dependent declines in mesophyll conductance
and photosynthetic capacity in the evergreen
Mediterranean oak Quercus ilex subsp.
rotundifolia
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Leaves of Mediterranean evergreen tree species experience a reduction in net CO, assimilation (Ay) and mesophyll
conductance to CO; (gm) during aging and senescence, which would be influenced by changes in leaf anatomical traits
at cell level. Anatomical modifications can be accompanied by the dismantling of photosynthetic apparatus associated to
leaf senescence, manifested through changes at the biochemical level (i.e., lower nitrogen investment in photosynthetic
machinery). However, the role of changes in leaf anatomy at cell level and nitrogen content in g, and AN decline
experienced by old non-senescent leaves of evergreen trees with long leaf lifespan is far from being elucidated. We
evaluated age-dependent changes in morphological, anatomical, chemical and photosynthetic traits in Quercus ilex
subsp. rotundifolia Lam., an evergreen oak with high leaf longevity. All photosynthetic traits decreased with increasing
leaf age. The relative change in cell wall thickness (T .,) was less than in chloroplast surface area exposed to intercellular
air space (S./S), and S./S was a key anatomical trait explaining variations in g,, and Ay among different age classes.
The reduction of S./S was related to ultrastructural changes in chloroplasts associated to leaf aging, with a concomitant
reduction in cytoplasmic nitrogen. Changes in leaf anatomy and biochemistry were responsible for the age-dependent
modifications in g, and AN. These findings revealed a gradual physiological deterioration related to the dismantling of
the photosynthetic apparatus in older leaves of Q. ilex subsp. rotundifolia.

Keywords: holm oak, leaf aging, leaf anatomy, mesophyll conductance, nitrogen, photosynthesis.

Introduction (Chabot and Hicks 1982). It is widely acknowledged that devel-

The ecological implications of differences in leaf lifespan have
been analyzed by cost-benefit models that optimize leaf lifetime
carbon gain in different environments (Chabot and Hicks 1982,
Kikuzawa 1991, Ackerly 1999). These models postulate that
leaves should be replaced when leaf maintenance costs during
unfavorable periods surpass the carbon gain in favorable periods
or, alternatively, the potential future gain is less than the cost
of losing the leaves in terms of carbon and nutrient investment

oping leaves show a rise in photosynthesis to maximum levels
that is followed by an age-dependent decrease in photosynthetic
potential until leaf senescence (Freeland 1952, Chabot and
Hicks 1982, Niinemets et al. 2004, 2006, 2009, 2012,
Harayama et al. 2016).

Evergreen tree species with long leaf lifespan retain
several cohorts of foliage that can contribute significantly to
canopy photosynthesis (Niinemets et al. 2005, Warren 2006,

© The Author(s) 2022. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com
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Peguero-Pina et al. 2007, Yasumura and Ishida 2011). Indeed,
Escudero and Mediavilla (2003) analyzed the decline in
photosynthetic performance of several evergreen species from
Mediterranean-type climates with long lifespan, concluding that
the retention of old leaves resulted in a higher whole-canopy
net CO» assimilation, despite their lower assimilation rate.

Studies have also found evidence for increased photosyn-
thetic limitation in older leaves of different plant species due
to a reduced mesophyll conductance to CO: (gn) (Loreto et al.
1994, Flexas et al. 20074, Zhang et al. 2008, Niinemets et al.
2009), including Mediterranean evergreen tree species during
aging and senescence (Niinemets et al. 2005, 2008). In fact,
gm plays a predominant role in the photosynthetic process of
Mediterranean evergreen tree species, being often the most
limiting factor for net CO, assimilation (Flexas et al. 2014,
Galmés et al. 2014, Niinemets and Keenan 2014, Peguero-Pina
et al. 2016q¢, Peguero-Pina et al. 2017qa, Peguero-Pina et al.
2018, Alonso-Forn et al. 2021).

Values of gy, for a given plant species can be influenced by
different leaf anatomical traits, mainly the cell wall thickness, the
mesophyll and chloroplast surface area exposed to intercellular
air space per unit leaf area (5n/5 and S./5, respectively) and
the chloroplast size (Terashima et al. 2011, Tomés et al. 2013,
Peguero-Pina et al. 2016h, 2017b, Sdez et al. 2017, Séez
et al. 2018, Carriqui et al. 2019). Given the strong control
of leaf anatomy on gp, Niinemets et al. (2005) suggested
that the drawdown of photosynthesis and gy, in older leaves
of Mediterranean evergreen tree species could be associated
with increases in the thickness of mesophyll cell walls with
increasing leaf age. Moreover, Niinemets et al. {2009) proposed
that the dismantling of the photosynthetic apparatus associated
to leaf senescence would reduce S./S, which could explain the
reduction of both gy, and net CO» assimilation. Recently, Clarke
et al. (2021) concluded that reduced gy, in older leaves of the
annual forb Nicotiana tabacum was associated with cell wall
thickening and reduction in 5./5. However, to the best of our
knowledge, there is alack of empirical studies of age-dependent
changes in leaf anatomical traits (i.e., cell wall thickness, 5./5,
chloroplast number and size) as the mechanistic explanation for
the decline in photosynthetic potential of older leaves in species
with long leaf lifespan.

Moreover, the dismantling of photosynthetic apparatus asso-
ciated to leaf senescence can be manifested through a decrease
in leaf nitrogen content and/or lower fractions of nitrogen in
photosynthetic enzymes of functional chloroplasts (i.e., Rubisco
and rate-limiting components of photosynthetic electron trans-
port). Reallocation of N from clder to younger leaves has
been interpreted as a mechanism to improve whole-canopy
photosynthesis (Thomas and Stoddart 1980, Chabot and Hicks
1982, Field 1983, Field and Mooney 1983, Smart 1994,
Kitajima et al. 1997). Indeed, Warren (2006} and Kuusk et al.
{(2018) found that the concentrations of nitrogen and the

maximum rate of carboxylation (Vep.y) decreased with needle
age in different Pinus species. On the other hand, Hikosaka
(2005) suggested that the decrease in photosynthetic potential
in evergrean species with a longer leaf lifespan is not necessarily
coupled with leaf nitrogen content. In this regard, Niinemets
et al. (2005) only found minor changes in nitrogen content per
unit area in older leaves of Mediterranean evergreens despite
the fact that the capacities for photosynthetic electron transport
(fmax) and Vomax decreased fivefold on an area basis.

Therefore, the role of leaf anatomy and nitrogen content
in determining g and photosynthetic capacity in old non-
senescent leaves of evergreen trees with long leaf lifespan is
far from being elucidated. We hypothesized that (i) changes in
leaf anatomical traits (e.g., increased cell wall thickness and/or
decreased S./S) in older leaves of evergreen species with long
leaf lifespan are primarily responsible for decreases in foliage
photosynthetic potentials in older leaves and (ii) anatomical
modifications are accompanied by age-dependent changes at
biochemical level (e.g., the decrease in nitrogen investment in
photosynthetic machinery). To test these hypotheses, we evalu-
ated the age-dependent changes in morphological, anatomical,
chemical and photosynthetic traits in Q #ex subsp. rotundifolia
Lam., a Mediterranean evergreen oak with high leaf longevity (ca
28 months, according to Mediavilla and Escudero 2003) and a
high fraction of leaves =1 year old that play an important role
in canopy photosynthesis (Sala i Serra 1992, Corcuera et al.
2005).

Materials and methods

Plant material and experimental conditions

This study was carried out with adult ca 5 m tall trees of Q. Jlex
subsp. rotundifolia (‘Cazorla’ provenance, seed origin: 38°06" N,
02°33' W, 1236 m above sea level, Spain) growing outdoors at
CITA de Aragén (41°39' N, 0°52° W, Zaragoza, Spain) under
Mediterranean conditions {mean annual temperature 15.4 °C,
total annual precipitation 228 mm). All trees were exposed
to the same environmental conditions and drip-irrigated every
2 days. Physiological measurements were carried out in Septem-
ber 2018 in current-year (O-year-old), 1-year-old and 2-year-
old leaves from three branches of three 15-year-old trees. The
same measurements were repeated during September 2020
in current-year (O-year-old), 1-year-old and 2-year-old leaves
from the same three branches of the same trees. Thus, the
current-year leaves (O-year-old) measured in September 2018
correspond to the 2-year-old leaves measured in September
2020,

Light environment was characterized with three HOBO Pen-
dant temp/light sensors (ONSET, Bourne, MA, USA) placed
along a branch to determine the average light intensity above
each of the three leaf cohorts studied (O-year-old, 1-year-old
and 2-year-old). Measurements were recorded every 1 min
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during three sunny days of September 2018 (Figure S1 avail-
able as Supplementary data at free Physiology Online). The
integrated daily quantum flux density (Qj, mol m™2 day~') was
calculated for each leaf cohort from the mean values of incident
solar radiation (Cescatti and Zorer 2003) (Figure S2 available
as Supplementary data at Tree Physiology Online).

Leaf gas-exchange and chiorophyll fluorescence
measurements

Simultaneous gas-exchange and chlorophyll flucrescence mea-
surements were carried out between 09:00 and 10:00 h
(solar time) with a portable photosystem system CIRAS-2 (PP-
Systems, Amesbury, MA, USA) fitted with an automatic universal
leaf cuvette (PLC&-U, PP-Systems) and an FMS |l portable
pulse amplitude modulated fluorometer (Hansatech Instruments
Ltd, Norfolk, UK). All measurements were conducted under the
following standard environmental conditions: CO, concentration
surrounding the leaf (C,) of 400 pmol mol™', leaf temperature
of 25 °C, vapor pressure deficit of 1.25 kPa and saturating pho-
tosynthetic photon flux density (PPFD) of 1500 gemol m=2 s™'.
Additional measurements were also performed under lower
PPFD of 350 and 750 pmol m™2 s7' in September 2018.
After steady state gas-exchange rate was reached, the net
assimilation rate (An), the stomatal conductance (g:) and the
effective quantum yield of PSIl (Ppg)) were estimated. $pgy
was calculated as (Fu—Fs)/F' v, where Fs is the steady-state
fluorescence yield and F is the maximum fluorescence yield
during an 1 s saturating light pulse of ca 8000 pmol m=2 s7°
{(Genty et al. 1989). Photosynthetic electron transport rate (Jn,)
was then calculated according to Krall and Edwards (1992),
following the methodology described in Peguero-Pina et al.
(20164a). Leakage of CO; in and out of the cuvette was deter-
mined for the same range of CO, concentrations as described
in Flexas et al. (20075) and used to correct the values of Ay
and corresponding substomatal CO» concentration (C).

Estimation of mesophyll conductance, gm and maximum
velocity of carboxylation (Vemax)} by gas exchange and
chiorophyll flucrescence

Mesophyll conductance (gr) and maximum velocity of carboxy-
lation (Verax) were estimated according to the variable / method
of Harley et al. (1992) (Eq. (1)) and the one-point method of
De Kauwe et al. (2018) (Eq. (2)), respectively, as follows:

An

i = T TGt s ALY
‘ JF—HANTAL)

(1

(2)

chax = ( A -

G-I+
aLt) -oots

where Ay and C; values used correspond to the gas-exchange
measurements at saturating light. The chloroplastic CO»
compensation point in the absence of mitochondrial respiration
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(T"*) and the respiration rate in the light (R ) were estimated as
in Flexas et al. (2007a), whereas K|, (the effective Michaelis—
Menten constant) was estimated as in De Kauwe et al
(2018).

Morphological and anatomical measurements
and leaf nitrogen concentration

Sections of 1 mm x 1 mm were cut between the main veins
from the same leaves used for gas-exchange and processed for
anatomical measurements following the methodology described
in Peguero-Pina et al. (2016¢). Semi-thin (0.8 pm) and ultra-
thin (90 nm) cross-sections were cut with an ultramicrotome
(Reichert and Jung model Ultracut E). Semi-thin cross-sections
were stained with 1% toluidine blue and viewed under a
light microscope (Optika B-60OTiFL, Optika Microscopes, Pon-
teranica, Italy). Ultrathin cross-sections were contrasted with
uranyl acetate and lead citrate and viewed under a transmission
electron microscope (H600, Hitachi, Tokyo, Japan). Light and
electron microscopy images were analyzed with Image) software
(http://rsb.info.nih.gov/nih-image/) to determine leaf anatomi-
cal characteristics. Light micrographs were used to measure leaf
thickness, mesophyll thickness between the two epidermal lay-
ers, number of palisade layers, fraction of the mesophyll tissue
occupied by the intercellular air spaces (fizc), and mesophyll
{Sm/S) and chloroplast (5./S) surface area facing intercellular
air spaces per leaf area (BEvans et al. 1994, Syvertsen et al
1995, Toméas et al. 2013). Electron micrographs were used
to measure the cell wall thickness (T.y), cytoplasm thickness
(Teyt), chloroplast length (L) and chloroplast thickness (1)
{Tomas et al. 2013). Moreover, total chloroplast area (Aq)
and total area occupied by starch grains and plastoglobuli {Ast
and Ay, respectively) were also measured to estimate the
percentage of functional area per chloroplast as (A —Astiy—-Apig)
» 100, Each anatomical trait was measured in three different
sections and four to six different fields of view.

Leaf dry mass per unit area (LMA) was measured in Septem-
ber 2018 and September 2020 in nine leaves per cohort
from the same branches previously used for gas exchange and
chlorophyll fluorescence measurements (three leaves of each
age from each of the three trees used for measurements). Leaf
area was measured after scanning the leaves with the Imagel
software. Leaf dry mass was determined after leaves were oven
dried at 70 °C for 3 days. The LMA was calculated as the ratio
of foliage dry mass to foliage area.

Total leaf nitrogen (Nigar) was quantified in dried leaves using
an Organic Elemental Analyzer (Flash EA 112, Thermo Fisher
Scientific Inc,, Waltham, MA, USA). For the leaves measured
in September 2020, the cell wall fraction was obtained after
performing the neutral fiber detergent (NDF) following the
method of Goering and Van Soest (1970). Nitrogen content of
the cell wall fraction (Neej wal) was further estimated using the
elemental analyzer as aforementioned. The fraction of nitrogen

Tree Physiology Online at http://wwwtreephys.oxfordjournals.org

148



4 Alonso-Fom et al.

allocated in the cytoplasm (Nyyopiesm) was caleulated as follows:
Ncytoplasm = (Nigta) ¢ 100-Nggy wan x NDF)/(100-NDF).

Mesophyll conductance modeled on the basis of anatomical
traits

Mesophyll diffusion conductance estimated using the measured
leaf anatomical traits (gm.) was calculated as a compos-
ite conductance of withindleaf gas and liquid diffusion path-
ways, according to the one-dimensional gas diffusion model of
Niinemets and Reichstein (2003) as applied by Tosens et al.
(2012):

1
Gma = —3 (3)

4 Bl
Gias Heagiq
where gizc is the gas phase conductance from substomatal
cavities to outer surface of cell walls, gjq is the conductance
in the liquid and lipid phases from the outer surface of cell
walls to chloroplasts, R is the gas constant (Pa m® K™ mol™'),
Tk is the absolute temperature (K) and H is the Henry's law
constant for CO, (Pa m® mol™). g is defined as a gas-
phase conductance, and thus H/(RTy), the dimensionless form
of the Henry's law constant converts giiq to the corresponding
gas-phase equivalent conductance (Niinemets and Reichstein
2003).
The gas-phase conductance (and the reciprocal term, ris)
was calculated as described in Niinemets and Reichstein
(2003):

1 - D o fia

Gas = E C AlpsseT

4)

where Al (m) is the average gas-phase thickness, t is the
diffusion path tortuosity {(1.57 m m™', Syvertsen et al. 1995),
{4 is the diffusivity of the CO; in the air (1.51107° m® s™°
at 25 °C) and fizs is the fraction of intercellular air spaces.
Alz: was taken as the half of the mesophyll thickness. Total
liquid phase conductance {(gjq) from the outer surface of cell
walls to the carboxylation sites in the chloroplasts is the sum
of serial resistances of the cell wall (roy), the plasmalemma
{rp)) and the liquid phase inside the cell (reqitot) (Tomas et al.
2013):

Sm
qu - ( (5)

Tope +1pl +rcel‘tot) .5

Cell wall conductance was calculated as described in
Paguero-Pina et al. (2012). We used a value of 0.028 for
the porosity of cell wall as previously estimated by Tomas et al.
(2013) for @ flex. We used an estimate of 0.0035 m s for
the conductance of plasma membrane (Tosens et al. 2012).
The conductance inside the cell was calculated considering two
different pathways of CO, (one for cell wall parts lined with
chloroplasts and the other for interchloroplastial areas, Tholen
et al. 2012) as described by Tomés et al. (2013).

Quantitative limitations analyses of Ay

The relative controls on Ay were separated into their functional
components according to the quantitative limitation analysis
of Grassi and Magnani (2005) as applied in Tomas et al.
(2013). This methodology allows comparing relative changes
in limitations to net CO- assimilation into limitations due to
limited g to CO» (g:,coz; stomatal limitations, k), g (mesophyll
limitations, /) and leaf biochemistry (biochemical limitations,
). Each of the three components, I, fi, and i, can vary
between zero and one (. + Iy + i = 1). They were calculated
as:

o — Yot/ Gecoz # 3AN/8C,

Giot + AN /SC,

[ Giot/gm o 3AN/8C, (7)
" Grot + AN/ BC,

/ Grot
A L
Grot + 8AN/SC,

where giot is the total conductance to CO» from leaf surface to

(6)

)

carboxylation sites inthe chloroplasts (1/giet = 1/gscoz + 1/gm)-

The values of g (Eq. (1)) were used to calculate the
chloroplastic CO» concentration (C.) as C. = C—Ay/gm.
3A/8C was calculated as the slope of the relationship between
Cc and Ay, considering a C range of 50-100 gmol mol™".

Chlorophyll measurements

Discs from the leaves measured in September 2020 were
wrapped in aluminum foil, frozen in liquid nitrogen and stored
at —20 °C. Pigments were extracted with acetone (100%) in
presence of Na-ascorbate. Extracts were thawed on ice, filtered
through a 0.45-um filter and chlorophylls were determined
spectrophotometrically (V-1100, P Selecta, Abrera, Spain)
according to Lichtenthaler (1987).

Statistical analysis

Data are expressed as means + standard error of the mean.
One-way analyses of variance were performed to identify the
leaf age effect on each of the measured traits. Multiple com-
parisons were carried out among O-, 1- and 2-year-old leaves
using the post hoc Tukey's honestly significant difference test.
Student’s i-tests were used to compare current-year leaves (O-
year-old) measured in September 2018 with 2-year-old leaves
measured in September 2020 to evaluate the changes of
the measured traits due to leaf aging within the same cohort
of leaves. Principal components analysis (PCA) was used to
summarize the multivariate relationships among the measured
traits of O-, 1- and 2-year-old leaves. All statistical analyses
were performed in the R software environment (version 4.0.0,
R Development Core Team 2018).

Results

For measurements performed both in 2018 and in 2020, all
photosynthetic characteristics decreased with increasing leaf
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Figure 1. Photosynthetic characteristics for O- (current), 1- and 2-year-old leaves of Q. ifex subsp. rotundifolia measured in 2018 and 2020: Ay,
net assimilation rate; gs, stomatal conductance; gp,, mesophyll conductance; Jg,, photosynthetic electron transport rate; Vcmax, maximum velocity of
carboxylation. Data are means £ SE. Different letters indicate significant differences among O-, 1- and 2-year-old leaves (Tukey's test, P < 0.05).

Asterisks indicate significant differences between current-year leaves measured in 2018 and 2-year-old leaves measured in September 2020 (striped
bars) (Student's t-test, P < 0.05).

age within the individual branches (Figure 1). In addition, for

the same cohorts of leaves measured in two different years
(O-year-old leaves in 2018 and 2-year-old leaves in 2020),
leaf photosynthetic traits were also greater in O-year-old leaves
measured in 2018 than in 2-year-old leaves measured in

2020 (Figure 1). Analogously, leaf nitrogen concentration (N)
decreased with increasing leaf age, although exclusively in terms
of nitrogen allocated in the cytoplasm (Figure 2). The LMA
varied less, and only the current-year leaves measured in 2018
had a lower LMA than 1- and 2-year-old leaves (Figure 2).
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Figure 2. Leaf mass per area (LMA) (upper panel) and total leaf nitrogen
concentration (N) on mass basis (medium panel) for O- (current),
1- and 2-year-old leaves of Q. ilex subsp. rotundifolia measured in
2018 and 2020. Lower panel shows cytoplasmic and cell wall N
concentrations on mass basis for O- (current), 1- and 2-year-old leaves
of Q ilex subsp. rotundifolia measured in 2020. Data are means +
SE. Different letters indicate significant differences among 0-, 1- and
2-year-old leaves (Tukey's test, P <= 0.05). Asterisk indicates significant
differences between current-year leaves measured in 2018 and 2-year-
old leaves measured in September 2020 (striped bars) (Student's t-test,
P < 0.05).

Leaf age-dependent differences in net assimilation rate (Ay)
were primarily driven by mesophyll conductance (gr,) and max-
imum velocity of carboxylation (Vemax). Thus, the correlations
between Ay and g (r* = 0.94, P < 0.001) and between Ay
and Vemax {(rF = 0.91, P < 0.001) were stronger than those
found between Ay and gs (r* = 0.32, P < 0.001) and between
An and Jgy (rF = 0.26, P < 0.001) (Figure 3). Analysis of the
partitioning of photosynthetic limitations further confirmed that
An was mainly limited by gm and the relative importance of
mesophyll limitation (/) increased with leaf age (P < 0.05,
Figure S3 available as Supplementary data at Tree Physiology
Online). Ay (r* = 0,40, P < 0.001) and Venax (7 = 0.36,
P < 0.001) increased with increasing N concentration on area
basis (Figure 4). No significant correlations were found between
LMA and Ay and between LMA and N (F > 0.01, Figure 4).

Two-year-old leaves had a lower chloroplast surface area
facing intercellular air spaces (5./S) than current and 1-year-
old leaves (Figure 5). Moreover, S./S for 2-year-old leaves mea-
sured in 2020 was much lower than that for O-year-old leaves
measured in 2018 (Student's t-test, P < 0.05) (Figure 5). This
primarily reflected presence of fewer chloroplasts in clder leaves
(Figure 6). Furthermore, a sharp decrease in the percentage
of functional area per chloroplast was observed in 2-year-cld
leaves, both in 2018 and 2020, mainly due to a strong increase
in the size of starch grains and plastoglobuli (Figures 6 and 7).
The percentage of functional area per chloroplast was also lower
for 2-year-old leaves measured in 2020 than in current-year
leaves measured in 2018 (Figure 7). Cell wall thickness {Tq,)
was greater in 2-year-old leaves than in O- and 1-year-old leaves
both in 2018 and 2020 (Figure 5). There were no age-related
changes in chloroplast thickness (T ) (Figure 5). Mesophyll
surface area facing intercellular air spaces per leaf area (5,/5)
also did not differ among leaf cohorts, except for a higher
value in O-year-old than in 1- and 2-year-old leaves measured in
2018 (Figure 5). Tew, Ten and S, /S did not display significant
differences between O-year-old leaves measured in 2018 and
2-year-old leaves measured in 2020 (Figure 5).

Across leaf ages, a strong positive relationship was observed
between 5./S and Ay (r* = 0.61, P < 0.001) and a negative
relationship between T., and Ay (© = 0.39, P < 0.05)
(Figure 8). No correlations were detected between T.n and
Sm/S and Ay (P > 0.05, Figure 8). A positive linear relationship
was observed between measured values of g (Eg. (1)) and
gm Vvalues modeled using leaf anatomical traits (gm.a, Eq. (3))
(r’ = 0.44, P < 0.001, Figure S4 available as Supplementary
data at Tree Physiology Online}. Together with the correlations
of Ay with S./S and T., (Figure 8), this underscores the
importance of leaf anatomy in determining the differences in
gm and Ay among the different leaf age classes in Q. ilex subsp.
rotundifolia.

In the PCA, the first and second principal components
accounted for 53% and 15% of the total variation (Figure S5
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Figure 3. Relationships between net assimilation rate (Ay) and (i) stomatal conductance (gs) (upper left panel), (i) mesophyll conductance (gm)
{upper right panel), (iii} photosynthetic electron transport rate (Jqy) (lower left panel) and (iv) maximum velocity of carboxylation (Vemax) (lower
right panel) for O- (current), 1- and 2-year-old leaves of @ ifex subsp. rotundifolic measured in 2018 and 2020. ***P < 0.001.

available as Supplementary data at Tree Physiology Online).
The first compenent integrated the variation in Ay, positively
associated with gm, S¢/S, Vemax (and, to a lesser extent, N,
gs and J,), but negatively associated with T,. Conversely,
the second component was not related with A, but showed
positive weights for Sn/S and ¢, and negative weights for
gs and Jg,. The scores of the studied leaf cohorts in the
PCA biplot indicated that the functional and anatomical traits
analyzed clearly differentiated O-, 1- and 2-year-old leaves of Q.
ilex subsp. rotundifolia. In particular, the three leaf age classes
differed clearly aleng the first component (A, and associated

traits), whereas the second component explained the variability
within each leaf cohort,

Discussion

Qur study demonstrated a major decline in the photosynthetic
activity with leaf age in Q. ilex subsp. rotundifolia, an evergreen
Mediterranean oak with long leaf lifespan (Figure 1). Thus,
this work agrees with the previous findings for this species by
Escudero and Mediavilla (2003) and Niinemets et al. (2005,
2006). Furthermore, we have established a clear link between

Tree Physiology Online at http://www.treephys.oxfordjournals.org

152



8 Alonso-Forn et al.

25 1.6
O current O current
0 @ 1-year @ 1-year
—~ 20 . . @ 2-years 14| % @ 2-years
"5 %O o
°% 00 © o ® o
~ 151 o 1.2 8%0 o ®
O - x - o
O A b ~ 229 o
° TEey-~_ S z 06 o oo __
E 10 1 e -".‘--_. 10 T @ @ [}
3 @ e - [ ] @
= oo @ o
< 5. be ¢ 0.8 - o o °°
°. °% #=0.01 e #=0.03
0 : : n.s. 0.6 . . n.s.
150 200 250 300 150 200 250 300
LMA (g m?) LMA (g m?)
25 100
O current O current
@ 1-year o @ 1-year
—~ 201 @ 2-years e @ . _I:; 80 - @ 2-years ]
" "
g £
S ™
ON 15 1 S 60 -
: S
S 10, E 40
E 2
z £
< 51 ~° 20
"=0.40 r"=0.36
D T T T T 0 T T T |***
0.10 0.15 0.20 0.25 0.10 0.15 0.20 0.25
N (mol m?) N (mol m?)

Figure 4. Relationships between LMA and (i) net assimilation rate (Ay) (upper left panel) and (ii) total leaf nitrogen concentration (N) on mass basis
(upper right panel) for O- {current), 1- and 2-year-old leaves of Q. ilex subsp. rotundifolia measured in 2018 and 2020C. Relationships between total
leaf nitragen concentration (N) on area basis and (iii) net assimilation rate (Ay) (lower left panel), and (iv) maximum velocity of carboxylation (V max)
(lower right panel) for G-, 1- and 2-year-old leaves of Q. ifex subsp. rotundifolia measured in 2018 and 2020. N.s. means non-significant relationship

(P > 0.05), “**P < 0.001.

the decrease in Ay and the changes in g experienced by
the different leaf cohorts (Figure 3) as indicated by Niinemets
et al. (2005) for some Mediterranean evergreen tree species.
This link has been also evidenced for Q. ilex subsp. rotundifolia
when describing the within-species variation in g, and Ay
(Peguero-Pina et al. 2017b) and the response of these traits
to water stress {Peguero-Pina et al. 2018, Alonso-Forn et al.
2021). In fact, the results here obtained support the idea that
An was mainly limited by g, and the relative importance of

mesophyll limitation (/) increased with increasing leaf age
(P < 0.05, Figure S3 available as Supplementary data at Tree
Physiology Online).

The good relationship between modeled and measured gn,
{(Figure S4 available as Supplementary data at Tree Physiology
Online) largely underpins a predominant role of anatomical traits
in determining photosynthetic differences among different leaf
age classes in Q. ilex subsp. rotundifolia. However, it should
be noted that g, measured with the Harley et al. (1992)
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Figure 5. Cell wall thickness (Tew), chloroplast thickness (Tcn) and mesophyll (Sm/S) and chloroplast (S¢/S) surface area facing intercellular air
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Different letters indicate significant differences among O-, 1- and 2-year-old leaves (Tukey's test, P < 0.05). Asterisk indicates significant differences
between current-year leaves measured in 2018 and 2-year-old leaves measured in September 2020 (striped bars) (Student's t-test, P < 0.05).

method was higher than gm, modeled with anatomical traits,
which is contrary to expectations as modeled gp, usually gives
the maximum theoretical value. This fact suggests the existence
of other factors that might also influence the age-dependent
changes in gm displayed by Q. ilex subsp. rotundifolia. In this
regard, Roig-Oliver et al. (2021) demonstrated that short-
term changes in cell wall composition (i.e., pectins enhance-
ment) were associated with gm decline under water deficit in
Helianthus annuus L. Therefore, it would be possible that long-
term changes in cell wall composition might affect cell wall
conductance and photosynthesis in Q. ilex subsp. rotundifolia,
although this is a matter that deserves further investigation.

In any case, regarding leaf anatomy, the reduction of both gn
and Ay in older leaves of this species was clearly induced by
increases in cell wall thickness (7.,) and reductions in chloro-
plast surface area exposed to intercellular air space per unit leaf
area (S./S) (Figures 8 and S5 available as Supplementary data
at Tree Physiology Online). To the extent of our knowledge, this
is the first study that provides empirical evidence demonstrating
changes in ultrastructural leaf anatomical traits as the explana-
tion for the drawdown of photosynthesis and gn, with leaf age in
species with high leaf longevity. Concerning cell wall thickness,
Sugiura et al. (2020) stated that the decrease in gn, in old
senescing leaves of Glycine max and Phaseolus vulgaris could
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Figure 6. Transverse sections of O- (current) (a, b), 1- (c, d) and 2-
year-old (e, f) leaves of Q. ifex subsp. rotundifolia measured in 2018 (a,
c, e) and 2020 (b, d, f). GR, grana; SG, starch grain; PG, plastoglobulus.
Bars, 2 pem.

be partly attributable to an increase in cell wall mass. Carriqui
etal. (2021) also reported that leaf aging was associated with
increases in Ty in Arabidopsis thaliana, albeit without effects
on gm and photosynthesis probably due to a compensatory
association between increased T., and decreased chloroplast
thickness. Niinemets et al. (2005) suggested that the age-
dependent increase in LMA in Mediterranean species reflected
the higher investments in cell wall during leaf aging, with a
concomitant effect on the CO, drawdown from internal air
spaces to chloroplasts due to limited gn,,. However, in our study,
we only found minor changes in LMA among different leaf
cohorts (Figure 2), and found no correlation between LMA and
An (Figure 4). In addition, changes in T, during leaf aging,
although correlated with Ay, were relatively small (Figures 8 and
9). By contrast, the stronger relationship found between Ay and
Sc/S (Figure 8) demonstrated that S./S is the key anatomical
trait dominating the variations in g, and Ay among different
leaf age classes in this species. Although the cell walls typically
exert the strongest control on g, (Peguero-Pina et al. 2017a,
Veromann et al. 2017), other components such as S./S as
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Figure 7. Functional area per chloroplast (%) for O- (current), 1-
and 2-year-old leaves of Q. ifex subsp. rotundifolia measured in 2018
and 2020. Data are means + SE. Different letters indicate significant
differences among O-, 1- and 2-year-old leaves (Tukey’s test, P < 0.05).
Asterisk indicates significant differences between current-year leaves
measured in 2018 and 2-year-old leaves measured in September 2020
(striped bars) (Student's t-test, P < 0.05). Micrographs located at the
right of the panel show a representative chloroplast for each of the
studied age classes.

observed in our study and in Veromann-Jirgenson et al. (2020),
chloroplast thickness (Peguero-Pina et al. 2012) or the liquid-
phase pathway length between cytosol and chloroplasts (Lei
et al. 2021) can dominate changes in gm. In fact, irrespective
of the leaf age class, all Ty values found in our study were
relatively high, implying a major control on gn,, (Terashima et al.
2011). However, the relative age-dependent change in T, was
less than S./S, implying that age-dependent modifications in
gm Were dominated by S¢./S in our study. Analogously, needle
age-dependent reductions in gm in three Mediterranean Pinus
species were associated with reductions in S./S (Kuusk et al.
2018).

The reduction of S./S in old leaves may be related to the
progressive dismantling of the photosynthetic apparatus asso-
ciated to leaf aging (Niinemets et al. 2009, 201 2). Chloroplast
dismantling, i.e., the transition to the so-called ‘gerontoplasts’,
is an essential process in leaf senescence that is characterized
by ultrastructural changes such as the increase in size and
number of plastoglobuli (Niinemets et al. 2012, Mulisch and
Krupinska 2013, Dominguez and Cejudo 2021). In our study,
chloroplasts in older leaves were characterized by a sharp
decrease in their functional area (Figure 7), which could be
associated to the size increase experienced by starch grains and
plastoglobuli in 2-year-old leaves of Q. ilex subsp. rotundifolia
(Figure 6). Leaf aging was also manifested in a decrease in
total leaf nitrogen concentration, mainly in terms of nitrogen
allocated in the cytoplasm of 2-year-old leaves (Figure 2).
Consequently, it might be expected that the dismantling of the
photosynthetic apparatus could have a strong impact on the
amount of Rubisco, explaining the sharp decrease in Vcmax
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Figure 8. Relationships between net assimilation rate (Ay) and (i) cell wall thickness (Tcow) (upper left panel), (i) chloroplast thickness (Tcn) (upper
right panel), (iii) mesophyll surface area facing intercellular air spaces per leaf area (Si/S) (lower left panel) and (iv) chloroplast surface area facing

intercellular air spaces per leaf area (S¢/S) (lower right panel} for O- (current), 1- and 2-year-old leaves of Q. ilex subsp. rotundifolia measured in
2018 and 2020. N.s. denotes a non-significant relationship (P = 0.05). **P < 0.05. ***P < 0.001.

experienced by 2-year-old leaves (Figure 1), with a substan-
tial impact on the photosynthetic capacity of this species
(Figure 3 and 4).

At this point, the next question is, which is triggering the age-
dependent decline of photosynthetic potential in Q. flex subsp.
rotundifolia? Different authors have argued that this could be the
consequence of self-shading of clder leaves within the crown
as they age (Field and Mooney 1983, Kitajima et al. 1997,
Ackerly 1999, Ishida et al. 1999, Niinemets et al. 2004, 2006,
2009). Thus, Terashima et al. (2005} stated that self-shading
of older leaves might be involved in chlorophyll degradation
and the regulation of leaf senescence. On the cther hand,
reacclimation of evergreen leaves to reduced light conditions
is typically associated with increased chlorophyll content to

harvest more light (Brooks et al. 1994, 1996). In addition,
in these studies, chlorophyll a to b content also decreased
upon reacclimation of older leaves after shading (Brooks et al.
1996}, indicating a greater share of chlorophyll associated with
the light harvesting complex Il (Lichtenthaler et al. 2007). We
observed a decrease in light availability in 1- and 2-year-cld
leaves with respect to current-year leaves of Q. flex subsp.
rotundifolia (Figures S1 and S2 available as Supplementary data
at Tree Physiology Online}, but without major consequences
for the total amount of chlorophylls (Chl a 4+ Chl b, Table 52
available as Supplementary data at [ree Physiology Online}.
However, contrary to other studies, the ratio Chl a/Chl b was
higher in 2-year-old than in 1-year-old leaves (Table S2 available
as Supplementary data at Tree Physiology Online), indicating
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limited acclimation of pigment-protein complexes to altered light
level but an acclimation to a higher light energy excess in Q. flex
subsp. rotundifolia.

Self-shading could also promote a decrease of nitrogen
in older foliage due to the retranslocation from shaded to
sunlit leaves (Hikosaka 2005). The concurrent decrease of
An and nitrogen should imply the absence of changes in
photosynthetic nitrogen-use efficiency (PNUE) with leaf age
{(Mooney et al. 1981, Field and Mooney 1283). Howsver, in our
study, we observed a strong decrease in PNUE with leaf age in
Q@ flex subsp. rotundifolia, as demonstrated in other evergreen
oak species (Escudero and Mediavilla 2003, Niinemets et al.
2004, Yasumura and Ishida 2011). This reflected a much
greater decrease in net CO; assimilation than in leaf nitrogen
content (Table S1 available as Supplementary data at Tree
Physiology Online). Thus, this species has a substantial fraction
of older leaves with an inherently low photosynthetic potential
and nitrogen-use efficiency, irrespective of the amount of inci-
dent light (Table S1 available as Supplementary data at /ree
Physiology Online). Despite this, 2-year-old leaves maintained a
positive carbon balance, so the retention of these leaves would
yield a higher whole-canopy net CO, assimilation despite their
low PNUE and intrinsic water-use efficiency (i(WUE = Ap/gs)
(Table S1 available as Supplementary data at free Physiology
Online).

Besides self-shading, a possible increase in the allocation
of nitrogen to cell walls with leaf age could also decrease
photosynthetic activity and PNUE (Niinemets et al. 2009). A
higher investment on cell wall biomass is expected to lead to
an increase of LMA (Onoda et al. 2004). However, as stated
above, we only found minor changes in LMA among different leaf
cohorts (Figure 2), which was in line with the results obtained
by Yasumura and Ishida (2011) for the evergreen cak Quercus
myrsinvefolia. Moreover, we did not observe an increase in the
nitrogen content per dry mass in the cell wall with leaf age
{(Figure 2), and 7, did not show differences between the same
cohort of leaves measured in 2018 (current-year) and in 2020
(2-year-old) (Figure 5).

Therefore, it is not well established the triggering factor for
the age-dependent physiological deterioration evidenced by
leaves of Q. ilex subsp. rotundifolia. In this regard, the role
of leaf hydraulic conductance decline as the causing factor
of photosynthetic decay in senescent leaves should be also
considered. The role of leaf hydraulics in leaf senescence
was suggested early by Neumann and Stein (1984), who
hypothesized that the sequential pattern of leaf senescence
observed during plant development in £ wuigaris L. may be
related to progressive changes in the hydraulic architecture of
the plant. Brodribb and Holbrook (2003) found a declining
leaf hydraulic conductance that was probably linked to the
loss of photosynthetic capacity during leaf senescence in

two deciduous tree species (Calycophyllum candidissimum
and Rhedera trinervis). In line with this, Locke and Ort
(2014) showed that hydraulic decline in G. max during
senescence was accompanied by gradual decreases in leaf
water status and photosynthesis, although they could not
conclude if this decline triggered photosynthetic decline and
senescence. This mechanism was described by Giraldo et al.
(2013), who proposed that the timing of leaf senescence
in Solanum  lycopersicum L was determined by an age-
dependent decline in leaf hydraulic conductance limiting gas
exchange. However, these authors did not find evidence of
this phenomencn in deciduous tree species such as Acer
saccharum Marsh. and Quercus rubra L. In any case, to the
best of our knowledge, no studies have dealt with this issue in
evergreen trees with long leaf lifespan. More research is needed
to clarify the possible involvement of leaf hydraulics decline
in the age-dependent changes of photosynthetic capacity
observed in Q. ilex subsp. rotundifolia.

Conclusions

In conclusion, our study demonstrates major age-dependent
changes in leaf photosynthetic capacity that were driven by
alterations in mesophyll conductance due to anatomical mod-
ification. However, the age-dependent decrease in the foliage
photosynthetic potentials was weakly associated with self-
shading and/or an increase in cell wall biomass. By contrast,
confirming our hypotheses, we observed that changes in leaf
anatomical (i.e., a strong decrease in 5./5) and biochemical (i.e.,
a decrease in leaf nitrogen content and nitrogen investments
in photosynthetic machinery) traits were responsible for the
age-dependent modifications. These changes reflect a gradual
physiological deterioration related to the dismantling of the
photosynthetic apparatus. Further research is needed to elu-
cidate the ultimate causing factor that triggers the physiolog-
ical detericration of leaves of evergreen trees with long leaf
lifespan.
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Supporting Information

Figure S1. Photosynthetic photon flux density (PPFD) during three sunny days of September 2018 for
each of the three leaf cohorts studied (0- (current), 1- and 2-year-old leaves) of Q. ilex subsp. rotundifolia.
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Figure S2. Integrated daily quantum flux density (Qint) during three sunny days of September 2018 for
each of the three leaf cohorts studied (0- (current), 1- and 2-year-old) of Q. ilex subsp. rotundifolia.

Different letters indicate significant differences among 0-, 1- and 2-year-old leaves (Tukey’s test, P <0.05).
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Figure S3. Relative stomatal (Is), mesophyll (Im) and biochemical (Iv) photosynthesis limitations for 0-

(current), 1- and 2-year-old leaves of Q. ilex subsp. rotundifolia measured in 2018 and 2020. The increase

of Im with increasing leaf age was statistically significant at P < 0.05 both in 2018 and 2020.
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Figure S4. Relationship between mesophyll conductance (gm) modelled with anatomical traits (Eq. 3) and
gm measured with the Harley et al. (1992) method (Eq. 1) for 0- (current), 1- and 2-year-old leaves of Q.
ilex subsp. rotundifolia measured in 2018 and 2020. *** - P < 0.001.
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Figure S5. Relationship between the first two principal components (PC1 vs. PC2) of the principal
component analysis (PCA) computed on the measured traits obtained for 0- (current), 1- and 2-year-old
leaves of Q. ilex subsp. rotundifolia measured in 2018 and 2020. Variables: An, net assimilation rate; g,
stomatal conductance; gm, mesophyll conductance; Ja,, photosynthetic electron transport rate; Vemax,
maximum velocity of carboxylation; LMA, leaf dry mass per unit area; N, total leaf nitrogen
concentration; Tew, cell wall thickness; Tei, chloroplast thickness; Swm/S and S¢/S, mesophyll and

chloroplast surface area facing intercellular air spaces per leaf area.
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Table S1. Photosynthetic characteristics for 0- (current), 1- and 2-year-old leaves of Q. ilex subsp.
rotundifolia measured in 2018 at three photosynthetic photon flux density (PPFD) conditions (1500, 750

and 350 pmol m s'): A, net assimilation rate; gs, stomatal conductance; gm, mesophyll conductance;

Vemax, maximum velocity of carboxylation; ®rsn, effective quantum yield of PSII; iWUE, intrinsic water

use efficiency (An/gs); PNUE, photosynthetic nitrogen use efficiency (An/N). Different letters indicate

significant differences among 0-, 1- and 2-year-old leaves (Tukey’s test, P <0.05).

Leaf PPFD (umol photons m? s)
Age
1500 750 350

0 14.5+ 0.5 11.7+1.6* 7.4 +0.6%
AN (umol CO2 m2 s't) 1 11.8+0.2° 10.7 £0.92 7.1+0.6%

2 51+0.5¢ 6.3+0.7° 4.9 +0.6°

0 0.367 +0.023*  0.265+0.049*  0.276 + 0.046°
gs (mol H20 m? s) 1 0.321+0.016=  0.245+0.032*  0.256 + 0.035°

2 0.208 £0.018> 0.182+0.029=  0.192 + 0.031*

0 0.067 £0.004*  0.065+0.011=  0.035 + 0.004*
gm (mol CO2m?s?) 1 0.051+0.002> 0.053 +£0.005*  0.032 £ 0.004*

2 0.020 +0.003¢  0.026 £ 0.004>  0.020 + 0.003°

0 0.37 +0.02° 0.46 +0.03* 0.55+0.02°
orsi 1 0.35+0.022 0.46 +0.022 0.58 £0.01°

2 0.21 £0.04° 0.35£0.02° 0.51 £0.02°

0 41.1 +3.4° 47.6 +3.2° 31.2+3.6
iWUE  (pumol CO:2 mol! H20) 1 37.5+£2.2% 45.8 +2.3® 30.1+2.72

2 25.8£3.2° 38.2+3.7° 28.9 +3.3

0 82.1£2.2° 65.0 £8.32 41.9 +3.3%
PNUE (umol CO2mol N1s?) 1 67.0£1.1° 60.9 £5.4° 40.4 +3.4°

2 35.7 £3.1¢ 463 +59° 35.8 £ 4.6°
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Table S2. Total chlorophyll concentration (Chl a + Chl b) and the ratio between Chl a and Chl b
concentrations for 0- (current), 1- and 2-year-old leaves of Q. ilex subsp. rotundifolia measured in 2020.

Different letters indicate significant differences among 0-, 1- and 2-year-old leaves (Tukey’s test, P <0.05).

Chla+Chlb Chla/Chlb

Leaf Age
(umol m) (mol mol™)
0 458.6 + 4.0® 3.0+ 0.2
1 541.6 +£ 2.9 2.7+0.1°
2 364.2 +£2.3° 3.1+0.1°
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Capitulo VI

Contrasting functional strategies following
severe drought in two Mediterranean oaks
with different leaf habit: Quercus faginea and
Quercus ilex subsp. rotundifolia
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Nowadays, evergreen sclerophyllous and winter-deciduous malacophyllous oaks with different paleogeographical origins
coexist under Mediterranean-type climates, such as the mixed forests of the evergreen Quercus ilex subsp. rotundifolia
Lam. and the winter-deciduous Quercus faginea Lam. Both Mediterranean oaks constitute two examples of contrasting
leaf habit, so it could be expected that they would have different functional strategies to cope with summer drought.
In this study, we analysed photosynthetic, photochemical and hydraulic traits of different organs for Q. faginea and Q.
ilex subsp. rotundifolia under well-watered conditions and subjected to very severe drought. The coordinated response
between photosynthetic and hydraulic traits explained the higher photosynthetic capacity of Q. faginea under well-
watered conditions, which compensated its shorter leaf life span at the expense of higher water consumption. The
progressive imposition of water stress evidenced that both types of Mediterranean oaks displayed different functional
strategies to cope with water limitations. Specifically, the decrease in mesophyll conductance associated with edaphic
drought seems to be the main factor explaining the differences found in the dynamics of net CO, assimilation throughout
the drought period. The sharp decline in photosynthetic traits of Q. faginea was coupled with a strong decrease in
shoot hydraulic conductance in response to drought. This fact probably avoided extensive xylem embolism in the stems
(i.e., ‘vulnerability segmentation’), which enabled new leaf development after drought period in Q. faginea. By contrast,
leaves of Q. ilex subsp. rotundifolia showed effective photoprotective mechanisms and high resistance to drought-induced
cavitation, which would be related with the longer leaf life span of the evergreen Mediterranean oaks. The co-occurrence
of both types of Mediterranean oaks could be related to edaphic conditions that ensure the maintenance of soil water
potential above critical values for Q. faginea, which can be severely affected by soil degradation and climate change.

Keywords: hydraulic traits, Mediterranean-type climates, mesophyll conductance, photoprotection, photosynthesis, vulnera-
bility segmentation, water stress.
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Introduction

Two types of caks (Quercus L.; Fagaceae) currently coex-
ist in locations under genuine Mediterranean-type climates,
i.e., the well-known evergreen sclerophyllous type and the
sparsely accepted winter-deciduous malacophyllous type (see
Gil-Pelegrin et al. 2017 and references therein). Several authors
have reportad such co-occurrence (Tognetti et al. 1998, Nardini
et al. 1999, Montserrat-Marti et al. 2009) and considered as a
peculiarity of the Mediterranean biome (Baldocchi et al. 2010).
The evergreen sclerophyllous oaks have been considered key-
stone Mediterranean tree species that would have their origin
in pre-Mediterranean lineages of the Palasotropical geoflora
(Valiente-Banuet et al. 2006, Denk et al. 2017, liang et al.
2019) and display morphological traits traditionally associated
to Mediterranean-type climates with dry and hot summers
(Traiser et al. 2005, Walter 1985). Nevertheless, most of
the winter-deciduous Mediterranean oak species, in spite of
having an Arcto-Tertiary origin (Grimssen et al. 2015), seem
to be able to cope with the extreme summer aridity period
in a similar way to their evergreen relatives (Radoglou 1996,
Scarascia-Mugnozza et al. 2000), and some of them inhabit
under extremely dry Mediterranean sub-types (Dufour-Dror and
Ertas 2004).

The mixed forests of the evergreen sclerophyllous Quercus
flex subsp. rotundifolic Lam. and winter-deciduous Quercus
faginea Lam. located in the inland areas of the Iberian Peninsula
would be a good example of this situation (Forner et al. 2018gq,
Montserrat-Marti et al. 2009). These areas are characterized by
the occurrence of two potential stress periods throughout the
year, the cold winter and the dry and hot summer (Mediavilla and
Escudero 2004, Montserrat-Marti et al. 2009). Leaf shedding
during the autumn allows @ faginea to evade the negative
effect of low temperatures experienced by the leaves of Q. ilex
subsp. rotundifolia (Corcuera et al. 2005q, 20055). However,
the incidence of a dry period during summer severely affects
the performance and growth of the two co-occurring species
{Corcuera et al. 2004q, 2004b). In this context, it is crucial
for Mediterranean tree species to develop different mechanisms
and strategies to survive under situations of water deficit
{Baldocchi et al. 2010, Forner et al, 201858).

Stomatal closure under drought conditions regulates water
consumption at the expense of a reduction in photosynthesis,
which has been extensively reported for both types of
Mediterranean oaks (Acherar and Rambal 1992, Mediavilla
and Escudero 2003, 2004, Peguero-Pina et al. 2008¢, 2008,
2018). Besides stomatal limitations, the decrease of the
diffusion of CO- from the sub-stomatal cavities to the sites
of carboxylation (i.e., a reduced mesophyll conductance, gm)
is also one of the key factors limiting photosynthesis under
water stress (Flexas et al. 2012, Niinemets and Keenan
2014). However, to the extent of our knowledge, only a
few studies have dealt with this topic in Mediterranean oaks

(Peguero-Pina et al. 2017a and references therein). An increase
of limitations to photosynthesis in response to drought implies
that light incident on the leaf surface may exceed the amount
that can be used for photosynthesis. Under this situation,
different mechanisms allow the protection of the photosynthetic
apparatus, such as the non-photochemical quenching (NPQ)
of chlorophyll flucrescence and the de-epoxidation of the
xanthophyll cycle, which have been described for some
evergreen and deciduous oaks in response to moderate or
severe drought conditions (see Garcia-Plazaola et al. 2017 and
references therein).

Another efficient strategy to survive under water deficit is the
development of xylem with a high resistance to water stress-
induced embolism, as the failure of the water transport system is
a primary cause of plant mortality during drought (Martin-StPaul
et al. 2017, Rodriguez-Dominguez et al. 2018). This seems to
be the case in both types of Mediterranean oaks, which show
very negative values of water potential inducing 50% and 88%
loss of hydraulic conductivity in the stems (PLCzy and PLCgs,
respectively), as reviewed by Gil-Pelegrin et al. (2017). Thus,
the combination of an early stomatal closure together with a
high resistance of the stem to embolism (i.e., a wide hydraulic
safety margin, Martin-StPaul et al. 2017) in Mediterranean
oaks would constitute a key factor for increasing the survival
under Mediterranean severe drought conditions (Vilagrosa et al.
2010).

Besides stem vulnerability, plant tolerance to drought would
be constrained by the capacity of other plant crgans to with-
stand xylem embolism (Skelton et al. 2018). This phenomenon
is known as ‘vulnerability segmentation’ (Hochberg et al. 2017),
and could create hydraulic fuses within the plant in order to
confine the drought-induced cavitation to the most expend-
able parts of the plant (e.g., leaves) and further protect the
more costly tissues (e.g., stems or roots) (Creek et al. 2018,
Rodriguez-Dominguez et al. 2018). However, contrastingly to
stem xylem embolism, only a few studies have dealt with
the dynamic of leaf or shoot hydraulic conductance under
water stress conditions in Mediterranean oaks (Nardini et al.
2012, Nardini and Tyree 1999, Peguero-Fina et al. 2015,
Scoffoni et al. 2012, Skelton &t al. 2018). Furthermore, leaf
hydraulic conductance is also considered a key factor for net
CO, assimilation (Scoffoni et al. 2012), possibly through its
covariation with stomatal and mesophyll conductance (Flexas
et al. 2013, Wang et al. 2018).

In particular, regarding @Q ifex subsp. rotundifolia, a con-
siderable number of studies have dealt with its physiclogical
performance under drought stress from different viewpoints.
Thus, a drop in water potential increased the diffusive and
non-diffusive limitations to net CO, assimilation in this species
(Limousin et al. 2010, Gallé et al. 2011, Zhou et al. 2014,
Peguero-Pina et al. 2018), which responded through photopro-
tective mechanisms for dissipating the excess of light energy
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{Peguerc-Pina et al. 2009, Sancho-Knapik et al. 2018). More-
over, the reported curves of stem xylem cavitation seem to
indicate a high resistance to drought-induced cavitation (e.g.,
PLCsp ca —6.5 MPa according to Peguero-Pina et al. 2014).
Nevertheless, the tolerance of other tissues {(i.e., leaves or
shoots) of @ ilex subsp. rotundifolia to drought-induced cav-
itation has not been studied yet. A high resistance would
be also expected, as recently found by Rodriguez-Dominguez
et al. (2018) in Olea europoea, another very resilient Mediter-
ranean evergreen tree that is able to resist high level of
water stress. In contrast, concerning Q. faginea, several stud-
ies have reported an early stomatal closure in response to
water scarcity, even more marked than that found for @ ifex
subsp. rofundifolia (Acherar and Rambal 1922, Forner et al.
2018a, Mediavilla and Escudero 2003, 2004). However, as
far as we know, no studies have dealt with the dynamic of
mesophyll conductance, the role of non-stomatal limitations to
photosynthesis and the existence of efficient photoprotective
mechanisms when this species is subjected to severe water
shortage. Regarding hydraulic traits, although Esteso-Martinez
et al. (2006) reported a relatively low sensitivity of the stem
xylem of seedlings of @ faginea to drought-induced cavitation
(PLCop = —3.9 MPa), there is a lack of studies about the
sensitivity or leaves or shoots to drought-induced cavitation in
Q faginea.

Therefore, it could be expected that both species show
different functional strategies to cope with water limitations
that go beyond that they constitute two examples of con-
trasting leaf habit (Escudero et al. 2017). Very few compar-
ative ecophysiclogical studies have analysed simultaneously the
response to intense water deficit of photosynthetic, photochem-
ical and hydraulic traits of different organs involving co-occurring
Mediterranean oaks with contrasting leaf habits {(Ramirez-Va-
liente et al. 2020). In this sense, the specific objectives of this
study are: (i) to analyse the existence of a differential response
to very severe drought in photosynthetic, photochemical and
hydraulic traits of Q faginea and Q. ilex subsp. rotundifolia,
and (ii) to elucidate the possible existence of a coordina-
tion among these traits for both species to withstand water
shortage.

Materials and methods

Plant material and experimental conditions

This study was carried out with plants of Quercus faginea Lam.
and Quercus flex subsp. rotundifolia from the same provenance
(‘Alcarria-Serrania de Cuenca’ provenance, 40°19'N, 2°15W,
950 m above sea level, Spain). Acorns from both species
were sown and cultivated in 2009 under the same conditions
with a mixture of 80% compost (Neuhaus Humin Substrat
N6&; Klasman-Deilmann GmbH, Geeste, Germany) and 20%
perlite in 0.5 | containers inside a greenhouse. After the
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first growth cycle, seedlings were transplanted to 25 |
containers filled with the same mixture described above and
cultivated outdoors in a common garden at CITA de Aragén
(41°39'N, 0°52'W, Zaragoza, Spain) under Mediterranean
conditions (mean annual temperature 15.4 °C, total annual
precipitation 298 mm). A slow-release fertilizer (15:9:12 nitro-
gen:phosphorous:potassium (N:P:K), Osmocote Plus, Sierra
Chemical, Milpitas, CA, USA) was added twice a year to the
top 10-cm layer of substrate (3 g I7' growth substrate). All
plants were grown under the same environmental conditions,
drip-irrigated to field capacity every 2 days and pruned when
necessary until just before the beginning of the vegetative
period of 2018.

Two weeks before the onset of the experiment, five potted
plants per species (10 years old) were placed under a polyethy-
lene roof (200 pm thickness) with open sides that allowed
passing 90% of photosynthetic photon flux density (PPFD)
{~1800 pmol photons m™2 s7' at midday, over the course of
the experiment). We used this cover to avoid re-watering by
unwanted precipitation events throughout the drought period.
Irrigation was stopped on 11 July 2018 and all measurements
started on 12 July 2018 under well-watered conditions in the
five plants per species (thereafter 'stressed plants’). During
the following days, all measurements were simultaneously per-
formed in the same five stressed plants per species every
2-4 days with increasing levels of drought: 12, 16, 19, 23,
25,27, 30 July and 1 August 2018 for Q faginea; 12, 16, 20,
24, 28 July and 1 August 2018 for Q. ilex subsp. rotundifolic.
Drought stress was imposed until 2 August 2018, when the per-
centage of green leaves was almost negligible for both species
(11% for Q faginea and 12% for Q. ilex subsp. rotundifoiia,
Figure 1). Subsequently, stressed plants were irrigated again
to field capacity after the last measurement under drought
conditions.

Plants of @ faginec burst buds again at the end of the
summer; we took advantage of this event to examine the
hydraulic capacity of the new stems (hereafter 'second growth’)
and those that experienced the drought period (hereafter first
growth’) in the stressed plants. For comparative purposes, we
also measured the hydraulic capacity of the first and second
growth in another set of five plants of Q. faginea that were grown
under the same environmental conditions than stressed plants
although drip-irrigated to field capacity every 2 days throughout
the summer (hereafter 'control plants’).

Water potential measurements

Leaf water potential was measured at predawn and midday
(pp and Pwp, respectively, MPa) throughout the drought
period in one shoot of each one of the five studied stressed
plants per species (with leaves still attached to the shoots) with
a Scholander pressure chamber, according to the methedology
described by Turner (1288).
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Figure 1. Time course of the percentage of green, yellow and brown
leaves with predawn water potential (Wpp) for Q faginea (A) and
Q. ilex subsp. rotundifolia (B) during the drought period. Data are
mean =+ standard error (SE) of each date when stressed plants were
measured (see Materials and methods for details). Asterisks indicate
the point of the drought period when the decrease of the percentage
of green leaves was statistically significant (pairwise t-test, P < 0.05)
compared with well-watered conditions (first point of the graph).

Percentage of leaf damage using visual scoring and spectral
reflectance

Percentage of green, yellow and brown leaves was estimated
by means of visual scoring (VS) throughout the drought pericd
for each one of the five studied stressed plants per species.
To test that colour changes were associated to changes in leaf
chlorophyll concentration, we made spectral reflectance mea-
surements between 9 and 10 h (solar time) in one green, yellow
and brown fully developed current-year attached leaf for each
one of the five studied stressed plants per species throughout
the drought period. To do this, we used a visible/near-infrared

spectroradiometer USB-2000 (Ocean Optics, Dunedin, FL,
USA) connected into one end of a bifurcated fibre optic
cable, which were also connected into the other end to a
tungsten halogen light source LS-1-LL (Ocean Optics). Leaf
reflectance was calculated by dividing leaf spectral radiance by
the radiance of a white standard (Spectralon, Labsphere, North
Sutton, NH, USA). Integration time was 200 ms. The normalized
difference vegetation index (NDVI) was used for the estimation
of changes in leaf chlorophyll concentration and calculated as
(R750 — R70s)/(R750 + R705), where R750 and Ryos represent,
respectively, the reflectance at 750 and 705 nm (Richardson
and Berlyn 2002).

Leaf gas exchange and chlorophyll fluorescence
measurements

Chlorophyll {Chl) fluorescence parameters were measured firstly
at predawn on fully developed current-year attached leaves and
cortical bark chlorenchyma of each cne of the five studied
stressed plants of Q. faginea and Q. ilex subsp. rotundifolia. Mea-
surements were performed with a FMS [l modulated fluorometer
(Hansatech Instruments, Norfolk, UK} on one green, yellow and
brown leaf per studied stressed plant, and the weighted mean
was calculated for each plant according to the percentage of
each leaf type (Figure 1}. Initial Chl flucrescence in the dark-
adapted state (Fo) was measured only with the modulated light
(0.6 kHz, PPFD <0.4 pmol m™ s7'), which avoids electron
transport through phaotosystem I (PSIl). Maximal Chl fluores-
cence in the dark-adapted state (Fnm) was measured by closing
reaction centres with a 0.8-s pulse of 6000 pmol m™* s~ of
white light (20 kHz). Fo was measured in presence of far-
red light that fully oxidizes the PSIl acceptor side (Belkhodja
et al. 1998). The dark-adapted, maximum quantum efficiency
of PSIl was calculated as Fy/Fym (Abadia et al. 1999), being
Fy = Fm — Fo, both for leaves and cortical bark chlorenchyma
(Peguero-Pina et al. 2008b).

Afterwards, simultanecus gas-exchange and chlorophyll flu-
orescence measurements were carried out in the same leaves
between 9 and 10 h (solar time) with the portable photosystem
CIRAS-2 (PP-Systems, Amesbury, MA, USA) fitted with an auto-
matic universal leaf cuvette (PLC6&-U, PP-Systems) and the FMS
Il portable fluorometer mentioned above. All measurements were
conducted under controlled conditions for CO» concentration
surrounding the leaf (C, = 400 pmol mol '), leaf temperature
(25 °C), vapour pressure deficit (1.25 kPa) and saturating
PPFD (1500 pmol m™ s™'). After steady-state in terms of gas
exchange was reached (typically ~10 min after leaf clamping),
net photosynthesis (An, pmol COz m™* s7'), stomatal conduc-
tance {gs, mmol HoO m ™ s ') and Chl fluorescence at steady-
state photosynthesis (Fs) were recorded. The maximum Chl
fluorescence in the light-adapted state (F'y) was subsequently
determined with a 0.8-s pulse of 6000 pmol m™* s of white
light. Finally, the minimum Chl fluorescence in the light-adapted
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state (F'o) was determined after switching off the actinic light
and in presence of far-red light (7 pmol m=2 s77).

The actual ($pg) and intrinsic (Deye) PSIl efficiency were
calculated according to Genty et al. {1989) as (Fu—Fs)/F'm
and (Fy—Fo)/Fm, respectively NPQ was calculated as
(Fm/F'w)—1 (Bilger and Bjsrkman 1990). The fraction of
light absorbed that is dissipated in the PSIl antenna (1—®gyc)
was also estimated (Morales et al. 1998). Photosynthetic
electron transport rate (/r) was determined according to Krall
and Edwards (1992). The measured fluxes were corrected by
quantifying the leakage of CO; in and out of the cuvette with
a photosynthetically inactive leaf obtained by heating (Flexas
et al. 20074a).

Mesophyll conductance (gn) and maximum velocity of car-
boxylation (Vemax) were estimated according to the variable
1 method of Harley et al. (1992) (Eq. 1) and the one-peint
method of De Kauwe et al. (2016) (Eq. 2), respectively, as
follows:

An

gm - C F*;JF+8;AN+RL22 (1)
P TR ANRD

Vemax — ( al

&) - o015

(2)

where Ay and the substomatal CO. concentration (C)) were
taken from the gas-exchange measurements at saturating light.
The chloroplastic CO, compensation point in the absence of
mitochondrial respiration (I"*) and the respiration rate in the
light (R|) were estimated as described in Flexas et al. (2007b),
whereas K, (the Michaelis—-Menten constant) was estimated as
described in De Kauwe et al. (2016).

The relative controls on Ay were separated into their func-
tional components according to the proposal by Jones (1985)
as implemented and comprehensively described by Grassi and
Magnani (2005). This methodology allows comparing relative
changes in limitations to net CO, assimilation into different
components related to g. (stomatal limitations, L), gy (mes-
ophyll limitations, f,) and leaf biochemistry (biochemical lim-
itations, k). &, {n and &, with value between zero and one
{Is +Im + 1 = 1), were calculated as:

Grot/Gs ¢ SAN/8C

fo= "~ (3)
Grot + 8AN/SCc

. Grot/ G ® 8AN/8C
Grot + AN /8C

i — Gtot ,

Gor + 84N /6C,

where gs is the stomatal conductance to CO2, gy is the
mesophyll conductance according to Harley et al. (1992) (Eq.
1), and giot is the total conductance to CO; from leaf surface to
carboxylation sites in the chloroplasts (1/git = 1/g: + 1/gm).

4

(&)

Responses to drought in two Mediterranean caks 375

The values of g, obtained were used to calculate the chloroplas-
tic CO; concentration (C.) using the equation C, = C; — Ay/gm.
3Ay/8C was calculated for Q. foginea and € flex subsp. roiundi-
folica as the slope of the relationship between C.. and Ay obtained
for each species, considering a C range of 50-100 pmol mol™!
(Peguero-Pina et al. 2017b).

Native xylem embolism

Native xylem embolism was determined throughout the drought
period in current-year twigs of @ faginea and Q ilex subsp.
rotundffolia collected from branches of each one of the five
studied stressed plants per species where W had previously
been measured. We used the same experimental procedure that
is described in Peguero-Pina et al. (2018). Twigs were cut under
water in the experimental field and immediately transported
to the laboratory while maintaining them under water and
covered with a plastic bag. Once there, stem segments of
the twigs were recut under water (50 mm long), and both
ends were shaved with a razor blade. Segments were placed
in a tubing immersed in distilled water to avoid desiccation
and to maintain a near constant temperature, and connected
to a digital mass flowmeter Liqui-Flow (Bronkhorst High-Tech,
Ruurlo, The MNetherlands). We perfused distilled, degassed and
filtered (0.22 pm) water containing 0.005% (volume/volume)
Micropur (Katadyn Products, Wallisellen, Switzerland) to pre-
vent microbial growth. The hydraulic conductivity (Kstem, kg m
s7' MPa") was measured at a pressure of 0.005 MPa and
after removing air embolisms at a pressure of 0.15 MPa for
60-90 s. Native embolism was calculated as the ratio between
Kstem values obtained before and after removing embolism.

Shoot hydraulic conductance (Ksnoot)

Shoot hydraulic conductance (Kshoor, mmol m=2 ' MPa™') was
measured for @ faginea and Q. flex subsp. rotundifolic through-
out the drought period following the methodology detailed in
Brodribb et al. (2005). Cne sun-exposed branch of each one
of the five studied stressed plants per species was sampled
at 07:00-08:00 h (solar time), minimizing the possibility for
midday reduction in leaf hydraulic conductance (Kzaf) (Brodribb
and Holbrook 2004). Branches were enclosed in sealed plastic
bags to impede water loss, and stored in complete darkness
during at least 1 h to achieve complete stomatal closure. This
procedure ensures that all leaves from the same branch reached
the same water potential, which is assumed to be that of
the leaves before rehydration (). Afterwards, one shoot per
branch was cut under water to avoid air entry and allowed
to take up water for 30 to 60 s (f). The water potential
after rehydration was subsequently measured (\l'1). The leaf
hydraulic conductance was calculated as:

¥
. Coln(%2)
shoot = — (3)]
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where C (mol MPa™" m™2) is the shooct capacitance for each
species, calculated as the initial slope of the pressure-volume
relationships, normalized by the leaf area (Brodribb et al. 2005).
pressure-volume relationships for @ faginea and Q. ifex subsp.
rotundifolia were determined in six leaves per species following
the free-transpiration method (Vilagrosa et al. 2003).

Nitrogen, phosphorus and potassium concentration in green,
yellow and brown leaves

The macro-nutrients N, P and K were selected to document
nutrient resorption prior to abscission in response to leaf
damage for Q. faginec and Q. fiex subsp. rotundifolia. Nitrogen P
and K concentration were analysed for each one of the studied
stressed plants in (i) green leaves at the beginning of the
experiment, and (ii) green, yellow and brown leaves at the
end of the drought period. N was quantified using an Organic
Elemental Analyzer (Flash EA 112, Thermo Fisher Scientific Inc.,
Waltham, MA, USA). Phosphorus and K were quantified using
an inductively coupled plasma optical emission spectrometer
{(Varian 725 ES, Varian Inc,, Palo Alto, CA, USA).

Stem hydraulic conductivity in Q. faginea after the drought
period

As explained above, we examined the hydraulic capacity of
the new stems (‘second growth’) and the possible hydraulic
recovery of the stems that experienced the drought period (“first
growth’) in the five stressed plants of Q faginea. Moreover, for
comparative purposes, we also measured the hydraulic capacity
of the first and second growth in another set of five control
plants of @ faginea that were well irrigated throughout the
summer. To do this, K«am was determined 2 months after the
end of experiment (1-2 October 2018) in one stem segment
of each one of the five control and the five stressed plants
of Q faginea before and after removing air embolisms, and
native embolism was then calculated as described above and
expressed as percentage loss of conductivity (PLC, %). Leaf-
specific conductivity (LSC, kg m™" s7' MPa™') was calculated
as the ratio between Ko before removing air embolism and
total leaf surface area supplied. Leaf area was measured by
digitalizing the leaves and using the Imagel image analysis
software (http://rsb.info.nih.gov/nih-image/).

Statistical analysis

Data are expressed as means + standard error of the mean.
Student’s i-tests were used to determine the point during the
drought period when the change for each measured parameter
was statistically significant compared with well-watered condi-
tions. PLCsp values were calculated for stems and shoots by
adjusting pairs of data (W'mp vs. percentage of maximum Kaerm
and U'yp vs percentage of maximum Kgpoor. respectively) by
using a sigmoidal function according to Pammenter and Van der
Willigen (1998). One-way analyses of variance were performed

to identify the effect of the type of leaf (green, yellow and
brown) on NDVI and nutrient composition for stressed plants
of beoth species. Multiple comparisons were carried out ameong
types of leaf for NDVI and nutrient composition using post hoc
Tukey's Honest Significant Difference test. Student's f-tests were
used to compare the values of Ky, PLC, LSC and total leaf
area between control and stressed plants both for the first and
the second growth of @ faginea 2 months after the drought
period. All statistical analyses were performed in the R software
environment (version 4.0.0, R Development Core Team, 2018).

Results

We found a differential response to changes in water potential
between Q faginea and @ ifex subsp. rotundifoiic in terms of leaf
damage (Figure 1). Thus, @ faginea showed a gradual decrease
in the percentage of green leaves for a Wpp range between
ca —2 MPa and —4 MPa, as the percentage of yellow and
brown leaves gradually increased (Figure 1A). The percentage
of green leaves experienced a drastic reduction (15%) whan
Ypp was below —4.5 MPa in comparison with the values under
well-watered conditions (100%) and the percentage of brown
leaves showed its maximum value (64%) at the end of the
drought peried (\Wpp = —5.6 MPa) (Figure 1A). By contrast,
@ ilex subsp. rotundifofia maintained all the leaves green at
this stage (Ypp = —5.2 MPa), and only experienced a sharp
increase in the percentage of brown leaves (88%) at the end
of the drought period (I'pp = —8 MPa) (Figure 1B). It should
be noted that Q) ffex subsp. rotundifolic never showed yellow
leaves throughout the drought period (Figure 1B).

Leaf damage in Q faginea was subsequently followed by
a decrease in Fy/Fy in yellow and, especially, brown leaves
with respect to green leaves (Figure 2A). Thus, at the end
of the drought period, when the percentage of green leaves
was almost negligible, Fy/Fw in yellow and brown leaves were
~0.5 and 0.1, respectively (Figure 2A). Nonetheless, Fy/Fy
in stems of @ faginea remained high throughout the drought
period (Figure 2B). By contrast, Q. ifex subsp. rotundifolia did not
show this pattern, as F/F showed a decrease in green leaves
and, albeit delayed, also in stems, reaching very low values at
the end of the drought period (~0.2 and 0.3, respectively)
(Figure 2C and D).

The values of the NDVI of green leaves were much higher
than those measured for yellow or brown leaves for drought
stressed plants of both species (P < 0.05, Figure 51 available
as Supplementary Data at Tree Physiology Online), suggesting
that leaf discoloration was associated to a decrease in chloro-
phyll concentration. The NDVI did not show statistically signif-
icant differences (P > 0.05) throughout the drought period
within each leaf type (i.e., green, yellow or brown) for drought
stressed plants of either Q foginea or Q) ilex subsp. rotundifolia
(data not shown). The drop in NDVI associated to changes in
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Figure 2. Time course of the maximum potential PSIl efficiency (Fy/Fn) with predawn water potential (Wpp) for Q. faginea and @ ifex subsp.
rotundifolia leaves (A and C, respectively) and stems (B and D, respectively) during the drought period. Data are mean + SE of each date when
stressed plants were measured (see Materials and methods for details). Asterisks indicate the point of the drought period when the decrease was
statistically significant (pairwlise t-test, P < 0.05) compared with well-watered conditions (first point of the graph).

leaf colour was accompanied in Q. faginea by a decrease in N,
P and K concentrations, especially for brown leaves (Figure S2
available as Supplementary Data at Tree Physiology Online). In
contrast, Q. ilex subsp. rotundifolia did not experience changes
in N/P/K content between green and brown leaves (Figure S2
available as Supplementary Data at Tree Physiology Online). No
differences in N/P/K concentrations were found between green
leaves under well-watered conditions at the beginning of the
drought period (Gr_i) and the leaves that remained green at
the end of the drought period (Gr_f} for stressed plants of Q.
faginea and Q. ilex subsp. rotundifolia {Figure S2 available as
Supplementary Data at Tree Physiology Online).

The values of net photosynthesis and stomatal conductance
(An and gs) for Q faginea were 1.4- and 1.6-fold higher,
respectively, than those recorded for Q. ilex subsp. rotundifolia
at the beginning of the experiment (i.e., when Wpp was about
—0.2 MPa) (Figure 3A and B). The intrinsic water-use efficiency
(IWUE = An/gs) did not show statistically significant differences
(P > 0.05) between for both species at this stage (Figure 3C).

Both Ay and g, decreased in Q. faginea and Q. jlex subsp.
rotundifolia when W pp became more negative, reaching negative
values for Ay and almost negligible values for g. at the end
of the drought period (Figure 3}. The main difference in the
response to changes in water potential between the two species
was found when water stress was moderate (i.e., when ¥pp
ranged between ca —1 and —2 MPa). At this stage, Q. faginea
experienced a sharp decrease in Ay (Figure 3B), even higher
than that found for gs (Figure 3A), with a concomitant reduction
in iIWUE when Wpp reached —1.5 MPa (Figure 3C). By contrast,
Q. ilex subsp rotundifolia showed a more gradual decrease in
An and gs, displaying higher values that Q. faginea at this
stage (Figure 3A and B). Moreover, the drops in Ay and gs in
Q. ilex subsp. rotundifofia when Wpp became more negative
were coordinated, such that iWUE remained fairly constant for
this species throughout the drought period (Figure 3C). This
pattern was also observed for mesophyll conductance (gm)
and maximum velocity of carboxylation (Vemax), with higher
values for Q. faginea at the beginning of the experiment but
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a sharp decrease than Q. ilex subsp. rofundifolia throughout the
drought period (Figure 4). The analysis of the partitioning of
photosynthetic limitations revealed that Ay was mainly limited by
mesophyll conductance (I,) for Q. ifex subsp. rotundifolia, with
a gradual increase throughout the drought period (Figure SB).
Stomatal () and biochemical (/) limitations for this species
slightly decreased and remained fairly constant, respectively,
during the drought period (Figure 5A and C). Regarding Q.
faginea, Ay was mainly limited by /, and /y at the beginning
of the experiment (Figure 5). However, when Wpp became
more negative, /,, strongly decreased at the expense of a sharp
increase in I, whereas /5 only experienced a slight reduction
(Figure 5).

The rest of parameters derived from Chl fluorescence
measurements also showed outstanding differences between
the two species. The actual PSIl efficiency (dpsgy) was much
higher in Q. ilex subsp. rotundifolia than in Q. faginea at the
beginning of the drought period (i.e., when Wpp was about
—0.2 MPa) (Figure 6A). However, contrary to Q. faginea, $pg))
in Q. ilex subsp. rotundifolia experienced a strong decrease
when Wpp diminished, showing lower values than Q. faginea
even when stress was moderate (i.e, when Wpp was ca
—1 MPa) (Figure 6A). The fraction of light absorbed that is
dissipated in the PSIl antenna (1 — ®ey} and NPQ were
much lower for Q. ifex subsp. rotundifolic at the beginning
of the drought pericd, while both parameters experienced a
sharp increase in this species when water stress was moderate
(Figure 6B and C). By contrast, the increase in @, and NPQ
throughout the drought period was more gradual in Q. faginea
(Figure 6B and C).

The increasing levels of maximum daily drought stress {esti-
mated through the measurement of ¥yvp) induced a progres-
sive loss of hydraulic conductivity in Q. faginea and Q. ilex
subsp. rotundifolia, both in shoots (Ksphoot) and stems (Kstem)
(Figure 7). Regarding Kstem, @. ifex subsp. rotundifolia reached
values of native xylem embolism ~50% at water potential val-
ues similar than Q. faginea {ca —5.9 and —5.5 MPa, respectively,
Figure 7B). By contrast, the water potential inducing the 50%
loss of hydraulic conductivity in the shoots occurred at water
potential values much more negative in Q. ilex subsp. rotundifolia
than in @ faginea {ca —6.8 and — 4.9 MPa, respectively,
Figure 7A).

Two months after the end of the experiment, the values of
the PLC in the stems that were subjected to the drought period
(first growth) of stressed plants of Q. faginea were much higher
than that for the first growth of control plants (Figure 8B},
which implied a strong reduction in Ksem (Figure 8A). PLC
in the second growth was almost negligible for both control
and stressed plants (Figure 8B). In spite of this, Kstem in the
second growth of stressed plants was much lower than that
for control plants (Figure 8A), which can be explained by the
strong decrease in the conductive xylem area {data not shown).
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Figure 3. Time course of {A) net photosynthesis (Ay), (B) stomatal
conductance (gs) and (C) iIWUE with predawn water potential (Wpp) for
Q faginea (white symbols) and Q. ilex subsp. rotundifolia (grey symbols)
leaves during the drought period. Data are mean £ SE of each date
when stressed plants were measured (see Materials and methods for
details). Measurements were performed on green, yellow and brown
leaves when present, and the weighted mean was calculated for each
plant according to the percentage of each leaf type (Figure 1). Data
were adjusted for a better visualization and interpretation of the results.
Asterisks indicate the peint of the drought period when the decrease
was statistically significant (pairwise t-test, P < 0.05) compared with
well-watered conditions (first peint of the graph). Triangles represent
unreliable IWUE values due to the combination of negative Ay and
extremely low g5 at the end of the drought period.
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Figure 4. Time course of (A) mesophyll conductance (gp,) and (B)
maximum velocity of carboxylation (Vemax) with predawn water potential
(Wpp) for Q faginea (white symbols) and Q. ifex subsp. rotundifolia (grey
symbols) leaves during the drought periad. Data are mean =+ SE of each
date when stressed plants were measured (see Materials and methods
for details). Measurements were performed on green, yellow and brown
leaves when present, and the weighted mean was calculated for each
plant according to the percentage of each leaf type (Figure 1). Data
were adjusted for a better visualization and interpretation of the results.
Asterisks indicate the point of the drought period when the decrease
was statistically significant {pairwise t-test, P < 0.05) compared with
well-watered conditions (first point of the graph).

LSC did not show differences (P = 0.05) between control
and stressed plants for the first growth (Figure 8C) due to
the strong reduction in supported leaf area experienced by
stressed plants (Figure 8D), which compensated the differences
in Kstem (Figure 8A), The differences in LSC between control
and stressed plant for the second growth (Figure 8C) reflected
the differences in Kqem (Figure 8A), as supported leaf area did
not show differences (P > 0.05) between both types of plants
for the second growth (Figure 8D},
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Figure 5. Time course of relative (A) stomatal (fs), (B) mesophyll
{/m) and (C) biochemical (/,) photosynthesis limitations with predawn
water potential (Wpp) for Q faginea (white symbals) and Q. ilex subsp.
rotundifofia (grey symbols) leaves during the drought period. Data are
mean + SE of each date when stressed plants were measured (see
Materials and methods for details). Measurements were performed on
green, yellow and brown leaves when present, and the weighted mean
was calculated for each plant according to the percentage of each
leaf type (Figure 1). Asterisks indicate the point of the drought period
when the change was statistically significant (pairwise t-test, P < 0.05)
compared with well-watered conditions (first point of the graph).
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Figure 6. Time course of (A) actual PSII efficiency (dps)), (B) the frac-
tion of light absorbed that is dissipated in the PSIl antenna (1 — $eyxe)
and (C) NPQ with predawn water potential (Wpp) for Q faginea (white
symbols) and Q. ifex subsp. rotundifolia (grey symbols) leaves during the
drought period. Data are mean + SE of each date when stressed plants
were measured (see Materials and methods for details). Measurements
were performed on green, yellow and brown leaves when present, and
the weighted mean was calculated for each plant according to the
percentage of each leaf type (Figure 1). Data were adjusted for a better
visualization and interpretation of the results. Asterisks indicate the
point of the drought period when the change was statistically significant
(pairwise t-test, P < Q.05) compared with well-watered conditions (first
paint of the graph).
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Figure 7. Relationship between midday water potential (W'mp) and the
percentage of (A) shoot hydraulic conductance (Ksheot) and (B) stem
hydraulic conductivity (Kstem) for @ faginea (white symbols) and @ ifex
subsp. rotundifolia (grey symbols) leaves during the drought period. Data
are mean £ SE of each date when stressed plants were measured (see
Materials and methods for details). Asterisks indicate the point of the
drought period when the decrease was statistically significant (pairwise
t-test, P < 0.05) compared with well-watered conditions (first point of
the graph). Vertical dashed lines indicate the water potential inducing
50% loss of hydraulic conductivity (PLCsg) in shoots and stems.

Discussion

Segregation between Q. faginea and Q. ilex subsp.
rotundifolia in the absence of water stress

This study has evidenced that Q. faginea displayed higher values
of AN, gs and gn than Q. ilex subsp. rotundifolia under well-
watered conditions at the beginning of the experiment (first
peoint of the graphs in Figures 3 and 4), with similar values
than those previously reported for Q. faginea (Peguero-Pina
et al. 2016) and for Q. ilex subsp. rotundifolia (Peguero-Pina
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Figure 8. (A) Stem hydraulic conductivity (Kstem), (B) PLC, (C) LSC and (D) supported leaf area for the first and the second growth in control (white
bars) and stressed (grey bars) plants of Q faginea 2 months after the end of the drought period. Data are mean £ SE. Asterisks indicate statistically

significant differences between control and stressed plants (P < 0.05).

etal. 2017b, 2018). Regarding this, some comparative studies
already stated the lower g and Ay in Q. ifex subsp. rotundifolia
when compared with Q. faginea in the absence of water stress
(Forner et al. 2018a, Juarez-Lopez et al. 2008, Mediavilla and
Escudero 2003, 2004). Our results also show that, under well-
watered conditions at the beginning of the experiment, Kqhoot
was much higher for Q. faginea than for Q. ilex subsp. rotundifolia
(454 £3.9and 27.2 £ 1.4 mmolm ° s ' MPa", respectively)
(data not shown). Taken together, these facts reflect the exis-
tence of a coordinated response between gas exchange and
leaf hydraulic when these species are compared under well-
watered conditions, as the evergreen Q. ilex subsp. rotundifolia
showed a similar percentage of decrease for these parameters
with respect to the winter-deciduous Q. faginea (i.e., 34%, 39%,
45% and 40% for Ay, gs, gm and Koot respectively). Previous
studies have established that the link between photosynthesis
and leaf hydraulic arises from gs (Brodribb et al. 2007, Scoffoni
et al. 2016), as water loss and CO; uptake share a common
pathway through stomata (Boyer 2015). Moreover, several

studies have also peinted out the existence of a coordination
of gm and leaf hydraulic (Flexas et al. 2013, Lu et al. 2019,
Xiong et al. 2017, 2018), as recently reviewed by Xiong and
Nadal (2020). These authors suggested that water movement
in mesophyll tissues also share a commoen pathway with COz
transport through the gas phase that would connect g, and the
outside-xylem component of leaf hydraulic conductance (Kqy).
Overall, this coordination would explain the increased ability
for carbon assimilation found in Q. faginea when compared
with Q. ifex subsp. rotundifolia in the absence of water stress,
albeit at the expense of a higher water consumption under the
atmospheric evaporative demand experienced by this species
during summer (Peguero-Pina et al. 2016).

The progressive imposition of water stress induced a
differential physiological response between Q. faginea
and Q. ilex subsp. rotundifolia

We confirmed that winter-deciduous Mediterranean oaks such
as Q. faginea showed a higher stomatal sensitivity to soil water
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deficit than evergreen Mediterranean oaks such as Q. ifex subsp.
rotundifolia (Figure 3B), as previously reported by Acherar and
Rambal (1992) and Mediavilla and Escudero (2003). This phe-
nomenon minimized water losses in Q. faginea at the expense of
an extreme reduction in Ay, and may explain the slightly higher
rates of Ay in Q flex subsp. retundifolia at low water potentials
(Figure 3) (Forner et al. 2018a). However, unlike previous stud-
ies, this is the first comparative research between two species
representing the two types of Mediterranean oaks dealing with
the role of nen-stomatal factors constraining photosynthetic
activity under drought conditions.

According to our results, the differential response of g, to
edaphic drought seems to be the main factor explaining the dif-
ferences found batween Q. faginea and () iex subsp. roiundifolia
in the dynamics of net CO» assimilation when Wpp became more
negative (Figure 4). Thus, we have demonstrated for the first
time the important role of gy in determining the photosynthetic
response of Q. faginea to water stress, with increasing relative
importance under progressive drought (Figure 5). Specifically,
when water stress was moderate, the decrease in gn in @
faginea (~95%) were more pronounced than those estimated
for @ ilex subsp. rotundifolia (~51%) (Figure 4), which could
explain the additional decrease in Ay (~96%) with respect to
gs (~80%) experienced by Q. faginea (Figure 3). Similar obser-
vations were obtained in other winter-deciduous caks, such as
Quercus pubescens (Zhou et al. 2014), Quercus robur (Grassi
and Magnani 2005) and Quercus petraea (Cano et al. 2013).
The underlying mechanisms to the response of gy to drought
are yet to be elucidated, but they may be associated to changes
in agquaporin conductance and/or carbonic anhydrase expres-
sion (Cano et al. 2013). In parallel to gn, we also observed a
sharp decrease in Vopay for Q. faginea under progressive water
deficit, which strongly limited the fixation of CO; into sugars
{Figure 5). By contrast, Q fex subsp. rotundifolia, regardless
of the predominant role of mesophyll limitations throughout
the drought pericd (Figure 5), showed a higher degree of co-
regulation in the response of Ay, gs, gm and Vmax to progressive
drought, which allowed this species to maintain fairly con-
stant values of iIWUE throughout the drought period (Figures 3
and 4).

Besides photosynthetic traits, the ability of plants to sup-
ply water to transpiring leaves can be strongly limited under
drought conditions, as it happens to both species here studied
{Figure 7). In spite of this common trend, Q. faginea experi-
enced an early decrease of Kgpot in response to drought, with
a PLCzp value less negative than that estimated for (. ilex subsp.
rofundifolic (ca —4.9 and —6.8 MPa, respectively, Figure 7A).
This differential response in leaf hydraulic resembled the one
observed in photosynthetic traits. Recently, Xiong and Nadal
{2020) stated that only a few studies have examined the coor-
dination of photosynthetic and leaf hydraulic traits upon water
stress, especially considering gm. Thus, Wang et al. (2018)

proposed that the drought-induced decrease in leaf hydraulic
conductance could act as a potential trigger for declines in g
and g, in Oryza saifva. In contrast, Theroux-Rancourt et al.
(2014) reported a delayed response of g with respect to g
and leaf hydraulic conductance in poplar clones exposed to soil
drying. Therefore, the interdependence between photosynthetic
and hydraulic traits could be species-dependant (Xiong and
Nadal 2020). In our case, we observed an early response in
gs and g with respect to Ky oot for both species, but especially
pronounced in @ ilex subsp. rofundifolia. This situation agrees
with the hypothesis of stomata as a safety valve to prevent
hydraulic failure under moderate drought conditions (Flexas
et al. 2018, Hochberg et al. 2017).

In contrast to Kqoot. both species showed a similar evolution
of Kstem With increasing levels of drought stress (Figure 7). In
other words, PLCsq in shoots was lower than in stems of @
faginea (ca —4.9 and — 5.5 MPa, respectively), which is consis-
tent with the ‘vulnerability segmentation’ hypothesis (Hochberg
et al. 2017). Skelton et al. (2018} also found that leaves were
more vulnerable than stems in Q douglosii, a winter-deciduous
Mediterranean oak that experiences leaf shedding under severe
drought associated with leaf embolism and avoidance of exten-
sive xylem embolism (i.e., "vulnerability segmentation’). In our
study, a similar behaviour was described for Q foginea, as the
percentage of green leaves experienced a drastic reduction
when Wpp was ca. —4.5 MPa (Figure 1A), as reported by
Hinckley et al. (1283) for the winter-deciduous Mediterranean
oak Q. pubescens. This Wpp value corresponded to a \wp value
ca —5.7 MPa during the drought period (data not shown},
which would imply a reduction of Kipoot <20% of its initial
value (Figure 7A) while Kaem was reduced only to ~50% of
the initial value (Figure 7B). Peguero-Pina et al. (2015) sug-
gested that 'vulnerability segmentation’ in the winter-deciduous
Mediterranean Quercus subpyrenaica explained the premature
leaf withering during intense summer drought as a way to
reduce water losses by transpiration, ensuring bud survival and
subsequent new leaf development. This last phenomenon was
observed in @ faginea several weeks after the end of the
drought period, probably because the embolism threshold for
irreversible drought damage (88% loss of stem conductivity,
Urli et al. 2013) was not reached (Figure 7B}, as also indicated
the lack of Fy/Fu decrease in the stems of this species
(Figure 2B). The new bud bursting in previously stressed plants
of Q faginea was not associated to xylem refilling in the stems
that experienced water stress (i.e, first growth), but to the
formation of new xylem without embolism (i.e., second growth)
after drought peried (Figure 8B). In line with this, Creek et al.
(2018) also found that three arid zone Australian species with
‘vulnerability segmentation’ did not refill xylem embolisms, and
hydraulic recovery was dependent on new plant growth after
drought. However, the hydraulic capacity of the second growth
of Q faginea was much lower than that for control plants
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(Figure 2A) for an equivalent supported leaf area (Figure 2D),
which implied a strong reduction of LSC in the new xylem
of previously stressed plants (Figure 2C). Another negative
consequence of premature withering in @ faginea could be
a decrease in nutrient-use efficiency (Montserrat-Marti et al.
2009), as resorption of N, P and K was only partial in yellow
and brown leaves (Figure S2 available as Supplementary Data
at Tree Physiology Online).

By contrast, PLCz in shoots of Q) ffex subsp. roiundifolia
was even higher than in stems (ca —6.8 and —5.9 MPa,
respectively). Indeed, Skelton et al (2018) did not find
evidences of 'vulnerability segmentation’ for the evergreen
Mediterranean oaks of California, and even Quercus sadlferiana
showed the opposite trend, in line with the results here
obtained for @ ilex subsp. rotundifolia. In this way, @ ffex
subsp. rotundifolia maintained all the leaves green throughout
almost all the drought period (Figure 1B}, which pointed out
the high resistance of their leaves to drought-induced cavitation.
Peguero-Pina et al. (2015) suggested that this strategy could
be related with the longer leaf life span of the evergreen species
and the ability of @ ilex subsp. roiundifolia for maintaining its
photosynthetic capacity for more than one vegetative period
{Corcuera et al. 2005a). Therefore, this species ensures
the keeping of foliage by avoiding irreversible damage even
under intense drought conditions (i.e., when Wpp was ca
—5 MPa).

To do this, besides leaf hydraulic resistance, Mediterranean
evergreen oaks have developed a great capacity for protecting
the photosynthetic apparatus through the thermal dissipation
of the excess of energy in response to water scarcity (Garcia—
Plazacla et al. 2017, Peguero-Pina et al. 2009, Sancho-Knapik
et al. 2018). Thus, we have shown that Q. ifex subsp. rofundifolia
showed an early strong decrease in $pg)| in response to drought
{Figure 6A), downregulating the photosynthetic electron trans-
port when CO; assimilation is severely limited. Furthermore, this
species also showed a sharp increase in the fraction of light
absorbed that is dissipated in the PSll antenna (1 — &) andin
the NPQ in response to drought (Figure 6B and C, respectively).
However, although these mechanisms were also present in @
foginea, our results indicated a limited capacity to cope with
water stress in terms of photoprotection when compared with
Q. fex subsp. rotundifolia (Figure &).

Ecophysiological implications

Both Q faginea and Q ilex subsp. rotundifolia are well-
known representatives of the two co-occurring types of
Mediterranean oaks, with different leaf type, palecogeographical
origin and contrasting strategies to cope with water limitations.
Winter-deciduous Mediterranean oaks have been considered
compeonents of the so-called 'sub-Mediterranean’ vegetation
(Sanchez de Dios et al. 2009), inhabiting transitional areas
where the Mediterranean summer aridity is partially mitigated
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by a higher annual precipitation and a lower mean temperature
{Martin-Gémez et al 2017, Rio and Penas 2008). Their co-
existence with the evergreen congeneric species in many
areas of the western Mediterranean basin is a complex matter
that has been examined in several ecophysiological studies
(e.g., Montserrat-Marti et al. 2009, Nardini et al. 1999,
Peguero-Pina et al. 2015), but further research is needed to
fully understand it.

On one hand, the leaf life span of the winter-deciduous
Mediterranean caks limits the photosynthetic activity to ashorter
period, which would explain the coordination between hydraulic
and photosynthetic traits in order to maximize the ability for
carbon assimilation in Q. faginea under favourable conditions.
On the other hand, the great water consumption required
under the high atmospheric evaporative demand experienced by
this species during summer (Peguero-Pina et al. 2016) could
induce an additional drop in soil water availability that could
negatively affect leaf hydraulics and gas exchange (Mediavilla
and Escuderc 2003, 2004), and, ultimately, can induce a
premature leaf withering. This fact may definitively shorten
the vegetative period and explain the large dependence of Q.
faginea on edaphic conditions that ensure the maintenance soil
water potential values above critical values for this species
(Esteso-Martinez et al. 2006). Thus, when soil water was
depleted, leaves of Q) ilex subsp. rotundifolia exhibited a more
conservative water-use strategy and a higher resistance to
drought-induced cavitation than @ faginea (Figures 3C and 6B,
respectively). This conservative leaf strategy of the evergreen
Mediterranean oaks allows them to assimilate carbon through-
out a longer time period during summer and other periods of
the year such as the early spring or late autumn, as reported by
Corcuera et al. (2005a) for Q. Hex subsp. roftindifolia. Therefore,
the co-occurrence of both types of Mediterranean oaks in these
transitional areas of the western Mediterranean basin could be
associated with local edaphic conditions that result in a lower
water storage capacity as a consequence of the soil degradation
associated to the human management Corcuera et al. (20054,
2005h). This situation would be exacerbated in the context
of climate change, which predicts an increase in temperature
and aridity in several regions, especially in the Mediterranean
basin (Klausmeyer and Shaw 2009, Ruiz-Labourdette et al
2012). For this reason, there are some prediction models that
indicate a notable reduction in the potential distribution range
of winter-deciduous Mediterranean oaks (e.g., @ fuginea) and
their substitution by evergreen Mediterranean oaks such as Q.
flex (Sanchez de Dios et al. 2009).

Conclusions

We have evidenced in the present study that Q fuginea and
Q. ffex subsp. rotundifolic show a differential response in terms
of photosynthetic, photochemical and hydraulic traits, both in
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the absence of water stress and under intense drought. The
contrasting leaf life span may condition the different functional
strategies shown by different organs (i.e., leaves, shoots and
stems) of these species, with important consequences for the
co-occurrence of both types of Mediterranean oaks, which
could be dependent on local conditions related to soil water
availability.

Thus, the shorter leaf life span of the winter deciduous
& foginea was compensated through an increased ability for
carbon assimilation by means of enhanced gm, Vemax and Kgpoct,
although at the expense of a higher water consumption under
favourable conditions. However, this advantage in terms of
carbon gain was rapidly supressed, even when soil water deficit
was moderate, due to the sharp decline in g, the most limiting
factor for photosynthetic activity in @ foginea. This fact was
coupled with an early increase in leaf embolism and the lack of
effective photoprotective mechanisms, which could trigger the
drastic reduction of green leaves in response to drought. As a
counterpart, stems of Q. fuginea were protected from extensive
xylem embolism, which allowed new leaf development after
drought peried. This fact could be crucial for the survival and
growth of this species, as well as partially offsetting the loss
of competitiveness with co-occurring evergreen Mediterranean
oaks with longer leaf life span. This was the case of Q. ifex
subsp. rotundifolia, which showed a conservative leaf strategy,
characterized by a high resistance to drought-induced cavitation
and effective photoprotective mechanisms, which kept their
leaves functional even under intense drought conditions for
more than one vegetative period. This conservative strategy
would confer a competitive advantage with respect to winter-
deciduous Mediterranean oaks when soil water availability is
restricted.
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Supplementary Data
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Fig. S1. Box-plot representation of the normalized difference vegetation index (NDVI)
for green, yellow and brown leaves of (A) Q. faginea and (B) Q. ilex subsp. rotundifolia.
Different letters indicate significant differences among leaf types (P < 0.05).
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Fig. 52. N, P and K concentration (%) for green leaves at the beginning of the experiment,
green, yellow and brown leaves at the end of the drought period (Gr_i, Gr_{, Ye, Br,
respectively) of Q. faginea and Q. ilex subsp. rotundifolia. Data are mean + SE. Different

letters indicate significant differences among leaf types (P < 0.05).
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Capitulo VII

Discusion general y conclusiones
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7.1. Discusion general

Como se vio en el primer capitulo de esta tesis, la diversidad dentro del
denominado genéricamente clima mediterraneo, asi como la gran variabilidad
fisionomica y funcional de los robles de estos ecosistemas, no permite definir un
unico y genuino prototipo de roble mediterraneo. En la actualidad se distinguen
dos tipos de robles bien diferenciados que coexisten en las regiones
mediterraneas: el roble perennifolio esclerdfilo con un origen en la Flora
Paleotropical y el caducifolio malacdfilo con un origen arctoterciario (Barbero et
al., 1992; Damesin et al., 1998; Mediavilla y Escudero, 2004). La coexistencia de
Quercus perennifolios y caducifolios permite estudiar el papel de los dos patrones
fenologicos desde un punto de vista funcional (Kikuzawa, 1991), especialmente
bajo las restricciones ambientales impuestas por el clima mediterraneo
(Montserrat-Marti et al., 2009).

Las condiciones poco favorables a las que estan sometidos los robles
mediterrdneos acortan su periodo vegetativo y disminuyen su actividad
fotosintética durante el invierno y el verano (Garcia-Plazaola et al., 1999; Corcuera
et al., 2005). Estas restricciones producen una fragmentacion del periodo
vegetativo (Mitrakos, 1980) y una limitacién del funcionamiento en estas
especies. Por lo general, los robles caducifolios mediterraneos, como es el caso de
Q. faginea, compensan la corta duracion del periodo vegetativo con altas tasas de
asimilaciéon de carbono cuando las condiciones son favorables (van Ommen
Kloeke et al., 2012; Peguero-Pina et al., 2015). Por su parte, los perennifolios
mediterraneos, como Q. ilex, contrarrestan esas restricciones con una mayor
longevidad foliar que les permite asimilar carbono tan pronto como las

condiciones son propicias (Corcuera et al., 2005).

Para abordar el estudio de las adaptaciones a las restricciones impuestas
por el clima mediterraneo, en esta tesis se han usado Q. faginea y Q. ilex subsp.
rotundifolia como paradigmas de los dos tipos de robles coexistentes. El primero
es un claro ejemplo de roble caducifolio mediterraneo con origen arctoterciario
(seccion Quercus), mientras que el segundo representa el modelo de perennifolio
esclerdfilo de origen paleotropical (seccion Ilex). Ambos provienen de ambientes
no mediterraneos, por lo que han pasado por procesos de adaptacién a este clima
(Suc, 1984; Minnich, 1985; Blumler, 1991; Peguero-Pina et al., 2016).
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Estos procesos convergen en algunas caracteristicas comunes, como es la
reduccion del area foliar, que puede alcanzar valores 10 veces mas bajos en los
robles mediterrdneos o dridos respecto de aquellos que viven en climas
templados (Gil-Pelegrin et al., 2017; Peguero-Pina et al., 2020). Esta caracteristica
permite soportar la escasez de agua en los robles mediterraneos (Baldocchi y Xu,
2007) al reducir la superficie transpirante, a la vez que modera el
sobrecalentamiento foliar (Voguel, 1970, 2009; Schuepp, 1993) y mejora la
relacion entre la conductividad hidraulica del tallo en relacion con la superficie
foliar sustentada, o conductividad foliar especifica (Peguero-Pina et al., 2015).
Otra caracteristica comun de los robles mencionados es la mayor resistencia
hidraulica del tallo respecto de otros robles que viven en ambientes templados
(Peguero-Pina et al., 2015). Asi, Q. faginea registra valores de conductividad
hidrdulica en el tallo siete veces menores que los presentados por Q. robur
(seccidn Quercus), un congénere muy proximo filogenéticamente que habita

climas templados (Peguero-Pina et al., 2015).

En este sentido, se explicaria el beneficio directo de la reduccion de la
superficie foliar en cuanto a la mejora de la capacidad de suministrar agua a las
hojas transpirantes en Q. faginea, compensando la notable diferencia encontrada
en la conductividad hidrdulica entre ambas especies. Otra diferencia entre Q.
faginea y Q. robur es su resistencia a la embolia. De este modo, la especie
mediterrdnea soporta niveles muy superiores de tension en el xilema sin sufrir
pérdida en su conductividad por cavitacion. Esta cualidad de los robles propios
de clima mediterraneo se presenta en un buen namero de especies (Gil-Pelegrin
et al., 2017), aunque no es una condicién general dentro de este conjunto de

especies (Martin-Sanchez et al., 2022).

Sin embargo, estos dos tipos de robles presentan un gran nuimero de
rasgos funcionales que los diferencian. Estos rasgos funcionales agrupan las
caracteristicas morfo-fisio-fenoldgicas que influyen en su adecuacion al ambiente
(Violle et al., 2007).

Atributos morfologicos
Entre las caracteristicas diferenciadoras de los dos tipos de robles

mediterraneos destaca la textura foliar. Asi, se diferencian el tipo no escleroéfilo o

malacdfilo (e.g., Q. faginea) y el tipo esclerofilo (e.g., Q. ilex subsp. rotundifolia).
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Aunque no se pudo definir un solo factor que explicara la esclerofilia, se
evidencid un efecto sinérgico de todos ellos en cuanto al desarrollo de hojas
esclerofilas en el género Quercus (capitulo II). Por consiguiente, en aquellos
habitats en los que convergen varios de esos factores la esclerofilia es mas
frecuente. Este es el caso de Q. ilex subsp. rotundifolia que habita suelos
degradados con escasez de agua, falta de nutrientes, altas temperaturas y

presenta hojas con alta longevidad.

En el capitulo II, se concluyd que, desde un punto de vista funcional en
las especies del género Quercus, el habito foliar modula en gran medida las
implicaciones fisiologicas de la esclerofilia. Se destaco que, entre las especies de
hoja perenne, la esclerofilia tiene un coste no solo en términos de inversion de
carbono, sino que también limita la capacidad fotosintética, principalmente a
través de limitaciones de difusion (Wright et al., 2004; Flexas et al., 2008; Hassitou
et al., 2009; Niinemets et al., 2009; Onoda et al., 2017; Peguero-Pina et al., 2017a, b).
Por el contrario, el aumento de LMA entre los robles de hoja caduca se asocia con
una mayor capacidad fotosintética (Takashima et al., 2004; Peguero-Pina et al.,
2015, 2016; Gil-Pelegrin et al., 2017). Esto se refleja en la estrategia de los robles
de hoja caduca mediterraneos para maximizar la ganancia de carbono durante
los periodos Optimos, como una adaptacion a la fragmentacion del periodo

vegetativo.

Cuando se analizaron los rasgos morfologicos, anatdémicos y
composicionales de las hojas de 85 especies de Quercus, las especies caducifolias
y perennifolias presentaron diferencias en varios de sus atributos. Entre estos
atributos destacaron la masa seca foliar por area (LMA), el espesor de la hoja (LT)
y el area foliar, confirmando lo observado previamente en otros estudios
(Corcuera et al., 2002; Escudero et al., 2017). Sin embargo, los dos tipos de robles
no difirieron en la densidad foliar (LD) a pesar de sus diferencias en rasgos
foliares relacionados con la densidad como la concentracién de celulosa, la

distancia entre extensiones de las vainas del haz y su anchura (capitulo III).

El escenario 1 del capitulo III contemplaba que un aumento en LMA se
lograria con hojas mds gruesas y aumentaria la tasa instantdnea de asimilacion
de carbono por unidad de area (Aarea) lo que compensaria temporadas favorables
mas cortas en ambientes climaticos estresantes. Sin embargo, las especies

caducifolias con alto LMA debido a un mayor LT habitaron climas con periodos
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cortos de frio, aunque con periodos largos de aridez intensa. Este periodo mas
largo de aridez podria contrarrestar el efecto de un periodo corto de frio
acortando asi la temporada favorable (Peguero-Pina et al., 2016), lo que senalaria
la aridez como el factor climatico que promueve el aumento de LT en los robles
caducifolios. En el caso de las perennifolias, aquellas que viven en ambientes con
periodos de crecimiento cortos (i.e., periodos largos de frio) y/o con periodos de

aridez intensa, incrementaron su LMA al aumentar LT (capitulo III).

En el escenario 2 se consider6 que un aumento en LMA estaria asociado
con hojas mas densas para incrementar su resistencia en condiciones climaticas
estresantes. La aridez intensa en las especies caducifolias estuvo directamente
relacionada con un incremento de LMA a través del aumento de LT, pero con
una disminucion de LD. Esto sugirié que una mayor aridez promovié hojas mas
gruesas y menos densas, lo que pudo mejorar Aare al incrementar la conductancia
del mesdfilo (gm) (Niinemets et al., 2009). Por otra parte, las perennifolias
incrementaron LMA al aumentar su LD en aquellos ambientes que presentaron
aridez intensa como es el caso de las especies mediterraneas Q. calliprinos y Q.
coccifera (capitulo III). Ademads, las perennifolias que habitan climds frios
presentaron LT mayores debido a un mesoéfilo lagunar mas espeso que protege a

las hojas del dafo por congelacion (Wyka y Oleksyn, 2014).

Aunque la mayoria de los estudios ecofisioldgicos usan LMA como valor
proxy para cuantificar la esclerofilia (e.g., Niinemets, 2001; Wright et al., 2004), se
requieren medidas directas de las propiedades mecanicas para cuantificar la
esclerofilia (Aranwela et al., 1999; Read y Sandon, 2003; Onoda et al., 2011). Es por
eso por lo que en el capitulo IV se profundizé atin mas en el estudio de la
esclerofilia usando métodos directos para su estimacién como el “punch and die”,
que mide la resistencia mecénica foliar. Esto permitié conocer la importancia
relativa de cada rasgo anatomico y composicional de las hojas sobre las
propiedades mecdnicas. En este sentido, el espesor de capa mas externa de la
epidermis y el contenido de celulosa destacaron por su fuerte contribucion a la
dureza foliar. El primero permitié obtener hojas mas duras sin grandes cambios
en la masa acumulada por superficie de hoja ni grandes costes afiadidos en la
formacion de la hoja (Villar y Merino, 2001). El segundo, se relacion6 con el

mayor espesor de las vainas del haz y de la pared celular externa de la epidermis.
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Las caracteristicas foliares permitieron separar los robles caducifolios de
los perennifolios surgiendo algunas observaciones interesantes (capitulo I'V). Por
una parte, las especies de la seccion Ilex mostraron rasgos foliares similares
independientemente del clima en el que viven. Esto podria explicarse por su
origen filogenético comun en la Flora Paleotropical en el este de Asia (Jing et al.,
2019) que ya presentaba rasgos xeromorficos (Zhou et al., 2007; He et al., 2014).
Por otra parte, las especies perennifolias mediterraneas, independientemente de
su origen filogenético, presentaron rasgos foliares comunes. Por eso, parece
probable la existencia de una convergencia evolutiva en esos rasgos foliares de

las especies esclerdfilas en el clima mediterraneo.

Otro atributo anatomico diferenciador es la disposicion de los vasos del
xilema y su distribucion entre las células del parénquima. Este rasgo permite una
distincion de los dos tipos de roble en especies de poro en anillo difuso y de poro
difuso. En las especies de poro en anillo, como es el caso de Q. faginea, los vasos
se localizan agrupados en dos tipos de madera a lo largo del ano: la madera de
primavera y la de verano. La madera de primavera presenta vasos grandes
mientras que la de verano tiene vasos de menor tamano. En el caso de las especies
de poro difuso, como Q. ilex subsp. rotundifolia, solo se encuentran vasos
pequenos. Este atributo favorece ciertas diferencias fisiologicas que se discutirdn

mas abajo.
Atributos fenolégicos

Las limitaciones impuestas por el clima mediterraneo y la fragmentacion
del periodo vegetativo dificultan la existencia de un ajuste fenoldgico preciso con
la estacionalidad del clima a diferencia de lo que ocurre en los climas templados
(Lieth, 1974). Ademas, la variabilidad interanual de este clima limita la
regularidad y duracion de los periodos favorables, aumentando todavia mas la
dificultad del mencionado ajuste fenologico (Mooney y Dunn, 1970). Estas
limitaciones posiblemente facilitan la coexistencia de los dos tipos fenoldgicos en
muchas comunidades de plantas lefiosas mediterraneas (Montserrat-Marti et al.,
2004). En este sentido, varios autores han reportado su coexistencia (Tognetti et
al., 1998; Nardini et al., 1999; Montserrat-Marti ef al., 2009) que esta considerada
como una peculiaridad del bioma mediterraneo (Baldocchi et al., 2010). Un buen
ejemplo de esta situacidn serian los bosques mixtos de Q. faginea y Q. ilex subsp.

rotundifolia en las zonas interiores de la peninsula ibérica (Montserrat-Marti et al.,
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2009; Forner et al., 2018). Mientras que Q. faginea es un caducifolio de invierno
con cierto grado de marcescencia, Q. ilex subsp. rotundifolia es un perennifolio
que mantiene varias cohortes de hojas que pueden durar algunos afios. Retener
las hojas viejas durante varios afos permitiria una mayor asimilacion neta de CO:
en todo el arbol (Escudero y Mediavilla, 2003) ya que las hojas viejas, aunque con
tasas bajas de asimilacidn, pueden contribuir significativamente a la fotosintesis

de la copa (Niinemets et al., 2005; Peguero-Pina et al., 2017).

Pese a los beneficios de mantener las hojas durante varios anos, se ha
observado una disminucion importante en la actividad fotosintética de las
diferentes cohortes de Q. ilex subsp. rotundifolia (Escudero y Mediavilla, 2003;
Niinemets et al., 2005, 2006). Los resultados obtenidos en el capitulo V sostienen
que la fotosintesis neta (An) estuvo limitada principalmente por la conductancia
del mesdfilo (gm) y que la importancia relativa de la limitacion del mesofilo (Im)
incremento con la edad de la hoja. La reduccién de gm y An en las hojas viejas
estuvo claramente inducida por una reduccién de la superficie de los cloroplastos
expuesta a espacios intercelulares por unidad de ares (5/S) y, en menor medida,
por el aumento del espesor de la pared celular (Tew). Ademds, se observd una
reduccién de la concentracion de nitrégeno, principalmente en el nitrogeno del
citoplasma de las hojas mas viejas (capitulo V). Por lo tanto, cabria esperar que
la cantidad de Rubisco también se viera afectada por el desmantelamiento del
aparato fotosintético. En este sentido, la reducciéon de S¢/S y de la concentracion
de nitrogeno citoplasmatico en las hojas mds viejas podrian estar relacionadas
con el desmantelamiento progresivo del aparato fotosintético asociado al

envejecimiento foliar (Niinemets et al., 2009, 2012).

Atributos fisiologicos

Uno de los atributos morfolégicos mencionados anteriormente es la
distincion entre especies de poro en anillo y de poro difuso. Quercus faginea
presenta madera de primavera con vasos grandes que contribuyen a la mayor
parte del flujo de savia y madera de verano con vasos de menor tamafio que
representan una parte muy pequefia de la conductividad hidraulica (Corcuera et
al., 2005). Por el contrario, Q. ilex subsp. rotundifolia es un ejemplo de especie de
poro difuso, ya que solo presenta vasos pequefios, pero menos vulnerables a la
cavitacion por congelacion o estrés hidrico (Tyree et al., 1994; Corcuera et al.,

2005). Estas diferencias en la disposicion, distribucion y tamafio de los vasos del
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xilema se traducen en un desempenio fisiologico distinto frente a las condiciones

impuestas por el clima mediterraneo.

Q. faginea mostr6 un mejor desempefio en cuanto a los atributos
tisioldgicos respecto de Q. ilex subsp. rotundifolia en condiciones de riego normal
(capitulo VI). En este sentido, la especie caducifolia tuvo valores mas altos (entre
34% y 45%) en AN, en su conductancia estomatica (gs), gm y en la conductancia del
brote (Kshoot) sugiriendo una coordinacion entre el intercambio de gases y la
hidrdulica de la hoja (Brodribb et al., 2007; Boyer, 2015; Scoffoni et al., 2016; Xiong
y Nadal, 2020 y referencias incluidas). Esta coordinacion explicaria la mayor
capacidad para asimilar carbono de Q. faginea en absencia de estrés hidrico, a
costa de un mayor consumo de agua cuando hay demanda evaporativa
atmosférica (Peguero-Pina et al., 2016). Bajo condiciones de sequia, Q. faginea
mostrd una alta sensibilidad estomatica a la a falta de agua en el suelo respecto
de Q. ilex subsp. rotundifolia, 1o que minimizd las pérdidas de agua a costa de una
reduccion de An (capitulo VI). Sin embargo, es realmente destacable que, en este
estudio, la fotosintesis se vio limitada bajo condiciones de estrés hidrico por
factores no estomaticos. Este es el caso de la gm, el principal factor que explicaria
las diferencias entre las dos especies en cuanto a la respuesta fotosintética cuando

condiciones fueron desfavorables (capitulo VI).

En cuanto a los rasgos hidraulicos, Q. faginea mostr6 una disminucion mas
temprana y rdpida de Ksnoot en respuesta a la sequia que Q. ilex subsp. rotundifolia.
Sin embargo, ambas especies mostraron valores similares de conductividad
hidraulica (Ksem) durante la progresion del ciclo de sequia (capitulo VI). Lo cual
pone de manifiesto la capacidad de Q. faginea para proteger el tallo y usar la hoja
como “fusible hidrdulico” para reducir las pérdidas de agua por transpiracion,
asegurando la supervivencia de las yemas para el desarrollo futuro de nuevas
hojas (Hinckley et al., 1983; Peguero-Pina et al., 2015; Skelton et al., 2018). Esta
capacidad se conoce como “segmentacion de la vulnerabilidad” y se relaciona
con el embolismo foliar como estrategia para evitar el subsiguiente embolismo
xilematico del tallo (Hochberg et al., 2017). Por su parte, Q. ilex subsp. rotundifolia
no mostro evidencias de una “segmentacion de la vulnerabilidad” y mantuvo las
hojas verdes durante casi todo el ciclo de sequia. En este sentido, se ha sugerido
que esta estrategia se relaciona con su mayor longevidad foliar y su habilidad
para mantener la capacidad fotosintética durante mas de un periodo vegetativo
(Corcuera et al., 2005; Peguero-Pina et al., 2015).
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Por lo tanto, la coexistencia de ambas especies en estas areas de transicion
de la cuenca mediterranea occidental podria estar asociada a condiciones
edaficas locales que se traducen en una menor capacidad de almacenamiento de
agua como consecuencia de la degradacién del suelo (Corcuera et al., 2005). Esta
situacion se agudizaria en el contexto del cambio climatico, que prevé un
aumento de la temperatura y la aridez en la cuenca mediterranea (Klausmeyer y
Shaw, 2009; Ruiz-Labourdette et al., 2012). Por ello, existen algunos modelos de
prediccion que indican una notable reduccion del rango de distribucion potencial
de las especies de Quercus caducifolios mediterrdneos (e.g., Q. faginea) y su
sustitucion por especies perennifolias mediterraneas como Q. ilex (Sanchez de
Dios et al., 2009).
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7.2. Conclusions

The conclusions related to each specific objective of the thesis are presented

below.

i) Sclerophylly in the genus Quercus from the information available in the
literature and public databases: factors that promote it, its functional role
and consequences for the leaf in the context of the “Leaf Economics

Spectrum”.

1. The wide variability found in terms of sclerophylly in the genus Quercus could
not be satisfactorily explained by each of the ecological factors (water, nutrients,
herbivory, temperature or leaf longevity) when they are considered
independently. However, there is evidence of an effect of every one of them in
terms of the development of sclerophyllous leaves in the genus. In addition,
habitats that combine several ecological constraints are those in which

sclerophylly is more frequent, as would be the case of Mediterranean evergreens.

2. From a functional point of view, leaf habit greatly modulated the physiological
implications of sclerophylly in the genus. Among evergreen species, sclerophylly
has a cost not only in terms of carbon investment, but also limits photosynthetic
capacity, mainly through limitations in CO: diffusion. In contrast, the increase in
LMA in deciduous species was associated with increased photosynthetic
capacity, reflecting the Mediterranean deciduous oak strategy to maximize

carbon gain during optimal periods, as an adaptation to growing fragmentation.

ii) Quantification and study of the diversification in the morphology,
anatomy and chemical composition of the leaves of deciduous and
everqgreen oaks, analyzing the role of climate in the differential
diversification of LMA within both types of oaks.

3. Deciduous and evergreen species showed morphological differences that
revealed a contrasting adaptive response. Regardless of phylogeny or natural
habitat, species differed in leaf anatomical attributes, such as LMA, LT, or leaf
area. In contrast, they did not differ in LD despite their significant differences in
density-related leaf characteristics such as cellulose concentration, IVD, and

width of bundle sheath extensions.
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4. Deciduous species with shorter growth periods showed a tendency to develop
leaves with lower AML and thickness than those with longer growth periods,
while evergreens showed the opposite pattern. Taking into account both habits,
LMA and LT increased in arid environments. The increase in LMA and LT was
associated with a higher LD in evergreens and, counterintuitively, with a lower

LD in deciduous ones.

5. LMA in deciduous species appears to have diversified in coordination with LT,
mainly modulated by aridity. On the contrary, the diversification of this
parameter in evergreens was partly influenced by phylogeny. Regarding the
environmental factors that promote sclerophylly in evergreens, interspecific
variability in LT was modulated by both aridity and cold, while LD

diversification was only related to aridity.

iii)  Study of foliar mechanical resistance in deciduous and evergreen species
of the genus Quercus: determination of the anatomical and compositional

features that explain the variability within the genus.

6. The leaves of sclerophyllous species had higher hardness values, as revealed
by mechanical tests (punch and die) due to differences in structural attributes of
the epidermis, with the development of external cell walls and thicker cuticles.
This fact does not imply large changes in the accumulated mass per unit of leaf
surface or higher construction costs. At the compositional level, the cellulose
concentration in cell walls played a critical role in the increase in leaf mechanical
resistance, closely associated with the greater thickness of the bundle sheaths and

the external cell wall of the epidermis, both structures very rich in cellulose.

7. Regardless of their phylogenetic origin, Mediterranean evergreens showed
similar leaf traits, suggesting an evolutionary convergence of sclerophylly in the

Mediterranean type climates.

8. The species of the Ilex section, despite occupying habitats with contrasting
climatic conditions (from tropical to continental Mediterranean or arid) share the
same structural and compositional features. The paleotropical origin of this

section would justify these results.
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iv)  Evaluation of changes in morphological, anatomical, chemical and
photosynthetic traits related to leaf age in an evergreen Mediterranean oak

with high leaf longevity.

9. A decrease in photosynthetic capacity associated with leaf aging was observed.
This decrease was driven by anatomical changes that decreased mesophyll
conductance, by a sharp decrease in S¢/S, and by biochemical changes through a
decrease in the amount of nitrogen available to the photosynthetic machinery.
These changes reflected a gradual physiological deterioration related to the

dismantling of the photosynthetic apparatus.

v) Analysis of the different responses to drought in photosynthetic,
photochemical and hydraulic traits in different organs of two
Mediterranean species with different leaf habits (Q. faginea and Q. ilex

subsp. rotundifolia).

10. On the one hand, Q. faginea, compensated for the shorter leaf life span with a
higher carbon assimilation capacity through a higher gm, Vemax and Kshoot, although
at the expense of higher water consumption under favorable conditions. As the
water deficit in the soil increased, there was a decrease in gm and an increase in
leaf embolism, with an absence of effective photoprotective mechanisms. On the
contrary, Q. faginea stems were highly resistant to xylem embolism, allowing the

plant to develop new leaves after the effects of drought.

11. On the other hand, Q. ilex subsp. rotundifolia showed a conservative strategy,
characterized by a high resistance to cavitation induced by drought both in the
leaf and in the stems, as well as effective photoprotective mechanisms at the leaf
scale. The survival of the leaves, even overcoming conditions of intense drought,
would be associated with their capacity for the functional maintenance of the

leaves throughout more than one period of stress.
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7.3. Conclusiones

A continuacidn, se exponen las conclusiones relacionadas con cada objetivo

especifico de la tesis.

i) La esclerofilia en el género Quercus a partir de la informacion disponible
en la literatura y bases de datos publicas: factores que la promueven, su papel
funcional y las consecuencias para la hoja en el contexto del “Leaf Economics

Spectrum”.

1. La amplia variabilidad encontrada en términos de esclerofilia en el género
Quercus no pudo ser explicada satisfactoriamente teniendo en cuenta cada uno
de los factores ecoldgicos (escasez de agua, nutrientes, herbivoria, temperatura o
longevidad foliar) cuando son considerados independientemente. No obstante,
se evidencia un efecto de todos y cada uno de ellos en cuanto al desarrollo de
hojas esclerdfilas en el género. Ademads, los habitats que combinan varias
limitaciones ecologicas son aquellos en los que la esclerofilia es mas frecuente,

como seria el caso de los perennifolios Mediterraneos.

2. Desde un punto de vista funcional, el habito foliar modul6 en gran medida las
implicaciones fisioldgicas de la esclerofilia en el género. Entre las especies
perennifolias, la esclerofilia tiene un coste no solo en términos de inversion de
carbono, sino que también limita la capacidad fotosintética, principalmente a
través de limitaciones en la difusion del COs. Por el contrario, el aumento de LMA
en las especies caducifolias se asocié con una mayor capacidad fotosintética, lo
que refleja la estrategia de los robles caducifolios mediterraneos para maximizar
la ganancia de carbono durante los periodos éptimos, como una adaptacion a la

fragmentacion del periodo vegetativo.

ii) Cuantificacion y estudio de la diversificacion en la morfologia, anatomia y
composicion quimica de las hojas de robles caducifolios y perennifolios, analizando el
papel del clima en la diversificacion diferencial de LMA dentro de ambos tipos de

robles.
3. Las especies caducifolias y perennifolias mostraron diferencias morfoldgicas

foliares que revelaron una respuesta adaptativa  contrastada.

Independientemente de la filogenia o del habitat natural, las especies difirieron
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en atributos anatdmicos de las hojas, como LMA, LT o drea foliar. Por el contrario,
no difirieron en LD a pesar de sus diferencias significativas en las caracteristicas
de la hoja relacionadas con la densidad, como la concentracion de celulosa, IVD

y el ancho de las extensiones de las vainas del haz.

4. Las especies caducifolias con periodos de crecimiento mas corto mostraron una
tendencia a desarrollar hojas con menor LMA y espesor que aquellos con
periodos de crecimiento mas largo, mientras que las perennifolias presentaron el
patron opuesto. Teniendo en cuenta ambos habitos, LMA y LT aumentaron en
ambientes aridos. El aumento en LMA y LT se asocié con una mayor LD en

perennifolias y, contraintuitivamente, con una menor LD en las caducifolias.

5.LMA en especies caducifolias parece haberse diversificado en coordinacion con
LT, modulado principalmente por la aridez. Por el contrario, la diversificacién de
este pardmetro en perennifolias se vio en parte influenciada por la filogenia.
Respecto a los factores ambientales que promueven la esclerofilia en
perennifolias, la variabilidad interespecifica en LT estuvo modulada tanto por la
aridez como por el frio, mientras que la diversificacion en LD presentd relacion

tan solo con la aridez.

iii) Estudio de la resistencia mecdnica foliar en especies caducifolias y
perennifolias del género Quercus: determinacion de los rasgos anatdmicos y

composicionales que explican la variabilidad dentro del género.

6. Las hojas de las especies esclerdfilas presentaron valores mas altos de dureza,
seguin revelaron ensayos mecanicos (“punch and die”) debido a diferencias en
atributos estructurales de la epidermis, con el desarrollo de paredes celulares
externas y cuticulas mas gruesas. Este hecho no supone grandes cambios en la
masa acumulada por unidad de superficie foliar ni mayores costes de
construccidon. A nivel composicional, la concentracién de celulosa en las paredes
celulares tuvo un papel critico en el aumento de la resistencia mecénica foliar,
estrechamente asociada al mayor espesor de las vainas del haz y de la pared

celular externa de la epidermis, ambas estructuras muy ricas en celulosa.
7. Independientemente de su origen filogenético, las especies perennifolias

mediterraneos mostraron rasgos foliares similares, lo que pone de manifiesto una

convergencia evolutiva de la esclerofilia en el clima mediterraneo.
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8. Las especies de la seccion Ilex, pese a ocupar habitats de condiciones climaticas
contrastadas (desde tropicales a mediterrdneos continentales o daridos)
comparten unos mismos rasgos estructurales y composicionales. El origen

paleotropical de esta seccion justificaria estos resultados.

iv) Evaluacion de los cambios en los rasgos morfologicos, anatémicos,
quimicos y fotosintéticos relacionados con la edad de las hojas en un roble

mediterraneo perennifolio con una alta longevidad foliar.

9. Se observo una disminucion en la capacidad fotosintética asociada con el
envejecimiento de la hoja. Esta disminucion fue impulsada por cambios
anatomicos que disminuyeron la conductancia del mesodfilo, por una fuerte
disminucién en S¢/S, y por cambios bioquimicos, a través de un descenso en la
cantidad de nitrégeno disponible para la maquinaria fotosintética. Estos cambios
reflejaron un deterioro fisiologico paulatino relacionado con el

desmantelamiento del aparato fotosintético.

v) Andlisis de la diferente respuesta a la sequia en los rasgos fotosintéticos,
fotoquimicos e hidraulicos en diferentes organos de dos especies mediterrineas con

diferente habito foliar (Q. faginea y Q. ilex subsp. rotundifolia).

10. Por una parte, Q. faginea, compenso la menor vida ttil de las hojas con una
mayor capacidad de asimilacidon de carbono por medio de una mayor gm, Vemaxy
Kshoot, aunque a expensas de un mayor consumo de agua en condiciones
favorables. A medida que se incrementd el déficit de agua en el suelo, se registro
una disminucion en la gm y un aumento de la embolia foliar, con ausencia de
mecanismos fotoprotectores efectivos. Por el contrario, los tallos de Q. faginea se
mostraron altamente resistentes a la embolia del xilema, permitiendo al vegetal

el desarrollo de nuevas hojas tras los efectos de la sequia.

11. Por otra parte, Q. ilex subsp. rotundifolin mostré6 una estrategia foliar
conservadora, caracterizada por una alta resistencia a la cavitacién inducida por
la sequia tanto en la hoja como en los tallos, asi como mecanismos fotoprotectores
efectivos a escala foliar. La supervivencia de las hojas, superando incluso
condiciones de sequia intensa, se asociaria a su capacidad para el mantenimiento

funcional de las hojas a lo largo de mas de un periodo de estrés.
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