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¢ Background and Aims Several studies show apparently contradictory findings about the functional convergence
within the Mediterranean woody flora. In this context, this study evaluates the variability of functional traits within
holm oak (Quercus ilex) to elucidate whether provenances corresponding to different morphotypes represent differ-
ent ecotypes locally adapted to the prevaling stress levels.

e Methods Several morphological and physiological traits were measured at leaf and shoot levels in 9-year-old seed-
lings of seven Q. ilex provenances including all recognized morphotypes. Plants were grown in acommon garden for
9 years under the same environmental conditions to avoid possible biases due to site-specific characteristics.

o Key Results Leaf morphometry clearly separates holm oak provenances into ‘ilex’ (more elongated leaves with low
vein density) and ‘rotundifolia’ (short and rounded leaves with high vein density) morphotypes. Moreover, these
morphotypes represent two consistent and very contrasting functional types in response to dry climates, mainly in
terms of leaf area, major vein density, leaf specific conductivity, resistance to drought-induced cavitation and
turgor loss point.

¢ Conclusions The ‘ilex’ and ‘rotundifolia’ morphotypes correspond to different ecotypes as inferred from their con-
trasting functional traits. To the best of our knowledge, this is the first time that the combined use of morphological
and physiological traits has provided support for the concept of these two holm oak morphotypes being regarded as
two different species.
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INTRODUCTION

The growth and distribution of plant species subjected to
Mediterranean climate conditions are mainly constrained by
summer drought (Corcuera et al, 2002, 2004, 2005;
Mediavilla and Escudero, 2003) in adddition to other limiting
factors (Nardini et al., 1998). The Mediterranean climate and
the existence of evergreen vegetation dominated by woody
plant species with small, thickened and narrow leaves, i.e. scler-
ophyllous species (Traiser et al., 2004), have been historically
bound together by botanists (Braun-Blanquet and Bolos, 1957;
Di Castri, 1981; Breckle, 2002). These leaf features define a
physiognomic group (Traiser et al., 2004), which has been also
considered a homogeneous functional group as the consequence
of an evolutionary convergence in response to acommon climate
(Kummerov, 1973; Cody and Mooney, 1978).

The morphological and physiological traits of Mediterranean
vegetation have been interpreted by some authors as a way to
withstand summer drought (Mediavilla and Escudero, 2003;

Corcuera et al., 2005). For instance, a reduced leaf area has
been proposed as one of the key traits that allow Mediterranean
oaks to withstand water deficit (Baldocchi and Xu, 2007).
Others report common functional traits among Mediterranean
woody plants, in terms of both cell wall elasticity (Corcuera
et al.,2002) and xylem resistance to drought-induced embolism
(Mabherali et al., 2004).

However, many researchers have not found functional conver-
gence within this vegetation type (Lo Gullo and Salleo, 1988;
Salleo and Lo Gullo, 1990; Martinez-Vilalta et al., 2003;
Peguero-Pina et al., 2009). Thus, no clear association was
observed between increased sclerophylly and drier conditions
(Salleo and Nardini, 2000; Ogaya and Pefiuelas, 2006). In fact,
sclerophylly originated in the tropical vegetation of the
Tertiary, prior to the origin of Mediterranean climate and vege-
tation in the late Pliocene (Palamarev, 1989; Herrera, 1992;
Verdu et al., 2003). Therefore, the geological age of traits is rele-
vant here since plant species which evolved under Quaternary
Mediterranean conditions show higher sclerophylly and drought
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resistance at the leaf level than Tertiary pre-Mediterranean taxa
(Paula and Pausas, 2006; Hernandez et al., 2011).

These apparently contradictory findings observed in the ever-
green sclerophyllous Mediterranean woody flora may be partial-
ly explained by considering the evolution of taxa and their
process of adaptation to the environment. Here, we use this
framework to evaluate the morphological and physiological
variability of holm oak (Quercus ilex) populations encompassing
the distribution of the species across the Western Mediterranean
Basin. Holm oak is a keystone Circum-Mediterranean tree
species which displays a huge morphological (Gratani, 1996;
Ogaya and Pefiuelas, 2007) and ecophysiological variability, at
least in terms of xylem resistance to drought-induced embolism
(Lo Gullo and Salleo, 1993; Tyree and Cochard, 1996; Corcuera
et al., 2004; Limousin et al., 2010).

Morphological variability within holm oak provenances has
been reflected by some botanists who consider the existence of
two subspecies (Amaral-Franco, 1990) or even two different
species (Govaerts and Frodin, 1998). Michaud et al. (1995)
and Lumaret et al. (2002) defined three different morphotypes
for holm oak: (1) the ‘ilex’ morphotype, corresponding to
those populations located from Greece to the French Riviera
and also found along the Atlantic coast of France, showing elon-
gated and large leaves and being restricted to humid or sub-
humid sites mainly in mild coastal areas; (2) the ‘rotundifolia’
morphotype, characterized by individuals showing small and
rounded thick leaves and dominating inland areas under more
continental and dry variations of the Mediterranean climate (in
northern Africa and the Iberian Peninsula); and (3) an ‘inter-
mediate’ morphotype for individuals with intermediate charac-
teristics and dominating coastal areas of eastern Spain and
south-eastern France. The current ecological conditions in the
main distribution areas for the first two morphotypes could
explain the existence of different functional types in response
to drought stress: the less tolerant ‘ilex’ morphotype and the
more tolerant ‘rotundifolia’ morphotype (Corcuera et al., 2004).
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Genetic variability among Q. ilex populations could explain
this morphological variability at a large biogeographic scale
where diverse climatic conditions occur (Michaud et al., 1995;
Lumaret et al., 2002). However, the question remains open of
whether Mediterranean holm oak provenances corresponding
to different morphotypes represent true functionally different
ecotypes. We aim to answer this question by quantifying
several morphological and physiological traits in seedlings of
seven Q. ilex provenances including different morphotypes. To
avoid possible biases due to site-specific environmental charac-
teristics, plants were grown in acommon garden under the same
environmental conditions.

MATERIALS AND METHODS
Plant material and provenances

Holm oak (Quercus ilex L.) seeds from seven provenances
located in Spain and Italy (Fig. 1, Table 1) were sown and culti-
vated in 2003 under the same conditions (mixture of 80 %
sub-stratum and 20 % perlite in 500 mL containers) inside a
greenhouse. After the first growth cycle, the seedlings were trans-
planted to 25 L containers and after 2 years they were again trans-
planted to a field plot located at CITA de Aragdn (41°39'N,
0°52'W, Zaragoza, Spain; mean annual temperature 15-4 °C,
total annual precipitation 298 mm). All plants were grown
under the same environmental conditions and drip irrigated
every 2 d. Morphological and physiological measurements
were performed during 2012 in 9-year-old seedlings. A previous
classification of the provenances was made according to the mor-
photypes defined by Lumaret et al. (2002): ‘ilex’ morphotype for
the Italian Veneto, Lazio and Sardinia provenances; ‘rotundi-
folia> morphotype for the Spanish Cazorla, Ciudad Real and
Soria provenances; and ‘intermediate’ morphotype for the Spanish
Gerona provenance.
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Fic. 1. Geographical location in the Western Mediterranean Basin and climate diagrams (grey areas indicate dry periods; left and right y-axes correspond to mean
temperature and total precipitation, respectively) of the seven studied Q. ilex provenances ( provenance codes are as in Table 1). A photograph of a representative leaf of
each studied provenance has also been included.
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TaBLE 1. Geographical and climatic characteristics of each Q. ilex provenance

Provenance (code) Country Morphotype Latitude Longitude Elevation (m a.s.l.) P (mm) P, (mm) T (°C) T (°C) MAI
Cazorla (1) Spain rotundifolia 38°06'N 02°33'W 1236 532 61 122 211 24
Ciudad Real (2) Spain rotundifolia 39°27N 04°24'W 724 443 42 14-0 233 18
Soria (3) Spain rotundifolia 41°46'N 0229'W 1074 570 63 104 18-5 28
Gerona (4) Spain intermediate 42°03'N 02°46'E 177 936 168 149 224 38
Veneto (5) Italy ilex 45°44'N 10°48'E 617 833 250 10-1 19-1 41
Lazio (6) Italy ilex 41°13'N 13°03'E 29 904 97 155 222 36
Sardinia (7) Italy ilex 39°21'N 08°34'E 627 784 65 13:5 20-7 33

P, annual precipitation; Py, summer precipitation; T, mean annual temperature; Ty, mean summer temperature; MAI, Martonne aridity index.

Each provenance region has contrasting climatic conditions.
The Italian regions and Gerona have annual and summer precipi-
tation values (P and Py, respectively) higher than the other regions
(Table 1). In contrast, the mean annual and summer temperatures
(T and T, respectively) are very similar among all provenances
(Table 1). As a consequence, the Martonne aridity index
[MAI = P/(T + 10)] is also higher in the Italian and Gerona pro-
venances (Table 1). Inaddition, all regions except Veneto are char-
acterized by a summer drought period and a humid winter, which
is typical of the Mediterranean climate (see climate diagrams in
Fig. 1). Climatic information was obtained using the WorldClim
database (http:/www.worldclim.org/).

Morphological variables

Quantitative and qualitative morphological traits were ana-
lysed in 30 leaves sampled from ten individuals per provenance,
i.e. three leaves were randomly taken from each individual.
Specifically, the lamina length and width and the length of
petioles were measured. Length—width ratios were obtained to
characterize the leaf shape (elliptic, ovate or orbiculate) (Hickey,
1973). In addition, the patterns of leaf apexes, margin, teeth, ven-
ation and course of secondary veins were described following the
categories of leaf architecture of dicotyledonous angiosperms
proposed by Ash et al. (1999) and adapted to our plant material.
Leaf apexes were classified into sharply pointed, pointed—acute
and rounded—truncate. Leaf margin was classified into entire
(smooth, without teeth), serrate (teeth pointed with their axes
inclined to the trend of the leaf margin) and partially serrate
(teeth not present in the whole margin). Teeth were classified
into sharply pointed, not sharply pointed and no teeth, according
to the shape of the tooth apex as previously described for the leaf
apex. Leaf venation was classified as weak brochidodromous,
craspedodromous and mixed craspedodromous. The course of
secondary veins was classified into straight, curved and mixed,
according to their trajectory from the origin in the midrib to
the end.

Leaf thickness (LT), individual leaf area (LA) and leaf mass
area (LMA) were measured in 30 mature leaves (again three
leaves were taken per individual) per provenance. The LT was
determined using a GTH10L digital contact sensor coupled to
a GT-75AP amplifier (GT Series, Keyence Co., Japan) that
applies a clamp pressure of 7 kPa to the leaf surface
(Sancho-Knapik et al., 2011). The LA was measured by digital-
izing the leaves and using the ImageJ image analysis software
(http:/rsb.info.nih.gov/nih-image/). Leaves were then oven

dried at 70 °C for 3 d, to determine their dry weight. The LMA
was calculated as the ratio of the foliage dry weight to foliage
area, and was used as an estimator of sclerophylly (Corcuera
et al., 2002). Major vein density (MVD) was determined in
another set of ten mature leaves per provenance following the
method described in Scoffoni et al. (2011) with some modifica-
tions. Leaves were chemically cleared with 5% NaOH in
aqueous solution, washed with bleach solution, dehydrated in
an ethanol dilution series (70, 90, 95 and 100 %) and stained
with safranin. Then, leaves were scanned at 1200 dpi resolution
and the leaf area and lengths of first-, second- and third-order
veins were measured using the ImagelJ software. Vein densities
for each order were calculated as the vein length/leaf area ratio.
The MVD was then obtained as the sum of the first-, second-
and third-order vein densities. Finally, the leaf area ratio
(LAR) was calculated in ten current-year shoots per provenance
by dividing the total leaf area (measured as described above) by
the dry weight of the shoot.

Pressure—volume analysis

Pressure—volume relationships were determined in six leaves
per provenance following the free transpiration method
described in previous studies (Corcuera et al., 2002; Brodribb
and Holbrook, 2003). The water relations parameters analysed
were the leaf water potential at the turgor loss point (Wi p),
the relative water content at the turgor loss point (RWCryp),
the osmotic potential at full turgor (I1,) and the maximum bulk
modulus of elasticity (&max)-

Xylem embolism and hydraulic conductivity

Vulnerability to embolism was measured in current-year twigs
by constructing vulnerability curves using the dehydration method
(Tyree and Sperry, 1989). First, we collected 10—12 large branches
(>1 mlong) from 10—12 different individuals of each provenance
and they were allowed to dehydrate in the lab. Secondly, to measure
xylem conductivity and vulnerability to cavitation, five current-year
twigs in each branch were collected in which water potential had pre-
viously been measured. Previously, each branch was enclosed in a
black bag for water potential stabilization. The twigs were cut under-
water into segments of 30—50 mm in length, and both ends were
shaved with a razor blade. The segments were placed in a tubing
manifold and immediately connected to a Xyl’em apparatus
(Bronkhorst, Montigny-les-Cormeilles, France). This device mea-
sures the percentage loss of hydraulic conductance due to the
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presence of air-filled conduits in stem segments (Cochard et al.,
2002). The manifold with the twigs was immersed in distilled
water to prevent desiccation and to maintain a near constant tempera-
ture. The segments were perfused with degassed water with 10 mm
KClI and 1 mm CaCl, filtered to 0-2 mm (see Cochard et al., 2010).
Sample percentage loss of conductivity (PLC) was computed as:

PLC = 100 x (1 — K/Kumax) (1

where K is the initial hydraulic conductivity of the twig measured at
low pressure and K.« is the maximum hydraulic conductivity deter-
mined after removing the air embolisms. The K, was achieved
after short perfusions at 0-15 MPa for 60—90s. The PLC was
plotted as a function of water potential for each species to obtain a
vulnerability curve. Pairs of data were adjusted by using a sigmoidal
function according to Pammenter and Van der Willigen (1998):

PLC = 100/{1 + exp[a(y) — b)]} )

where ¥ is the water potential and the a and b coefficients are the
slope of the regression and the 50 % loss of hydraulic conductivity
(PLCsy), respectively.

The same twig segments were measured in length, diameter
without bark, and leaf surface area supplied, to compute the
main hydraulic architecture parameters, namely specific con-
ductivity (K;) as the hydraulic conductivity on a sapwood area
basis, and leaf specific conductivity (LSC) as the hydraulic con-
ductivity on a leaf area basis.
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Statistical analyses

To compare leaf functional traits among provenances, one-way
analyses of variance (ANOVAs) were performed after log-
transforming the variables to reach normality. Multiple compari-
sons were carried out among provenances for the morphological
and physiological variables using the post-hoc Tukey’s honestly
significant difference test. To compare vulnerability to cavitation
among provenances, an analysis of covariance of vulnerability
curves was performed (Underwood, 1997).

To summarize the multivariate relationships among morpho-
metric variables and physiological traits of Q. ilex provenances,
we performed a two principal components analysis (PCA).
Based on previous analyses, we selected those leaf shape vari-
ables which: (1) accounted for more variance in the first two prin-
cipal components of the PCA and (2) were not redundant
(multicolinear) between them. Then, we calculated the PCA
based on a correlation matrix using the Spearman rank correl-
ation coefficient and the selected variables. Categorical variables
related to leaf shape (form, teeth types, etc.) were transformed
into dummy variables. The statistical analyses were performed
with the R statistical suite version 3.0 (R Development Core
Team, 2013).

RESULTS

The study of leaf morphometry revealed the existence of signifi-
cant differences among the studied holm oak provenances, in
both quantitative and qualitative terms (Table 2). A PCA biplot

TABLE 2. Leaf morphological traits for the seven studied Q. ilex provenances (the numbers in parentheses correspond to the site codes
used in Table 1 and Fig. 1)

Variable Categories* Cazorla (1) Ciudad Real (2) Soria (3) Gerona (4) Veneto (5) Lazio (6) Sardinia (7)
Leaf length (cm) - 2.540-1° 1.9 + 0-0° 17401°  404+01° 51403 61+01° 43401°
Leaf length/width ratio - 16 + 0-1* 16 + 0-1* 12 +01° 17+01*  21+01° 23 +00¢ 2.1+ 01°
No. of pairs of secondary veins ~ — 82+02°  52+401° 50+02°  66+01° 96+02¢ 101+02¢ 80+02°
Petiole length (mm) - 374+02%  26401° 314+02*° 38+02° 66+03% 100+03° 56402
Shape (%) Fe 79 67 31 56 69 96 76

Fov 18 7 3 40 31 4 13

For 4 27 66 4 0 0 12
Margin (%) Men 14 40 37 44 79 43 76

M pse 0 20 7 0 7 36 24

M se 86 40 57 56 14 21 0
Teeth (%) Tsp 86 53 87 100 14 0 44

T nsp 14 27 7 0 79 64 32

Tnt 0 20 7 0 7 36 24
Apex (%) Asp 82 47 20 100 0 0 36

Apa 0 33 53 0 100 100 60

Art 18 20 27 0 0 0 4
Course of secondary veins (%) CVs 18 33 17 40 38 43 40

CVe 82 50 77 60 59 21 56

CVsc 0 17 7 0 3 36 4
Secondary venation (%) SV wb 0 20 7 0 7 36 24

SV mc 43 40 37 44 76 64 76

SV er 57 40 57 56 17 0 0

Values of quantitative traits are shown as means + s.e. Different letters indicate significant differences among provenances (Tukey test, P < 0-05).

Qualitative traits are expressed as percentage of leaves included in each category. Variables corresponding to leaf shape: elliptic (F e), ovate (F ov) and
orbiculate (F or) leaf; entire (M en), partially serrate (M pse) and serrate (M se) margin types; sharply pointed (T sp) or not sharply pointed (T nsp) teeth and no
teeth (T nt); sharply pointed (A sp), pointed—acute (A pa) and rounded—truncate (A rt) apex shape; straight (CV s), curved (CV c¢) and straight—curved (CV sc)
secondary veins; weak brochidodromous (SV wb), mixed craspedodromous (SV mc) and craspedodromous (SV cr) secondary venation.

Categories are shown only in the case of categorical variables (qualitative traits).
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based on leaf morphometry indicated that the first and second
axes accounted for 52 and 16 % of the total variation, respective-
ly (Fig. 2). We detected segregation between the ‘rotundifolia’
and the ‘ilex” morphotypes in terms of leaf morphometric para-
meters. Provenances of the ‘rofundifolia’ morphotype (e.g.
Soria, Ciudad Real and Cazorla) showed significantly shorter
leaves than ‘ilex’ morphotypes (e.g. Veneto and Lazio prove-
nances). The large differences in leaf length that can occur
between the extremes studied here must be highlighted; the
leaves of Lazio plants, for instance, are more than three times
longer than those of Soria plants. Leaves of the ‘ilex” morpho-
types are not only longer but also clearly more lengthened
(higher length/width ratio) and with a higher number of pairs
of secondary veins than the leaves of the ‘rotundifolia’ morpho-
type. Finally, the petiole was also longer in the ‘ilex’ than in the
‘rotundifolia’ morphotype. The Gerona provenance, represent-
ing the ‘intermediate’ morphotype, showed quantitative vari-
ables closer to the ‘rotundifolia’ morphotype, except for the
leaf length, with values more similar to those measured in the
provenances included within the ‘ilex’ morphotype. It should
be noted that the petiole length of the Gerona provenance was
particularly short with respect to its relatively long leaf.

On the other hand, regarding qualitative parameters, the most
discriminating variables were the types of margin, teeth and sec-
ondary venation (Table 2). A serrate margin, sharply pointed
teeth and craspedodromous secondary venation were predominant
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in ‘rotundifolia’ and ‘intermediate’ morphotypes. In contrast,
‘ilex’ morphotypes showed a higher proportion of leaves with
an entire margin, with teeth that were not sharply pointed, and
weak brochidodromous or mixed craspedodromous secondary
venations. An elliptic shape was more common, but not exclu-
sive, among leaves of the ‘ilex’ morphotype, while orbiculate
leaves were mostly present in Ciudad Real and Soria provenances
of the ‘rotundifolia’ morphotype.

The LA, total leaf area per shoot and LAR of Q. ilex prove-
nances included in the ‘rotundifolia’ morphotype were lower
than those found for the ‘intermediate’ and ‘ilex’ morphotypes
(Figs 3A, 4B and C, respectively). In contrast, MVD was signifi-
cantly higher for the ‘rotundifolia’ morphotype (Fig. 3B). The
number of leaves per shoot was slightly higher for the ‘rotundi-
folia’ morphotype than for the others (Fig. 4A). All provenances
showed similar values of LT and LMA (data not shown).

In relation to parameters derived from the pressure—volume
curves, provenances included on the ‘rotundifolia’ morphotype
had higher values of Wi p (Fig. 5B), Il (Fig. 5C) and &,
(Fig. 5D), whereas RWCrpp did not differ among morphotypes
(Fig. 5A).

The hydraulic parameters of current-year twigs for the studied
Q. ilex provenances show that the higher K values were found in
Sardinia and Lazio provenances, whereas Gerona and Ciudad
Real provenances showed the lower K values (Fig. 6A). In
spite of this, a clear segregation among morphotypes was not
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observed for K;. However, LSC clearly presented different
values among the holm oak morphotypes (Fig. 6B). Thus, ‘rotun-
difolia> morphotypes showed significantly higher LSC values
that those found for the ‘ilex’ morphotype, which can be
explained by the higher values of total leaf area supported by
plants of the latter morphotype.

The Veneto and Lazio ‘ilex’-type provenances were the most
vulnerable to xylem cavitation, with PLCsy mean values in the
range —5-6 to —5-8 MPa (Fig. 7). Both provenances showed stat-
istically (P < 0-05) different PLCsq values from the most resist-
ant provenance to cavitation, namely the Ciudad Real
‘rotundifolia’-type provenance (—7-1 MPa).

The PCA based on the morphological and physiological vari-
ables indicated that the first and second principal components
accounted for 62 and 18 % of the total variation, respectively
(Fig. 8). The scores of the studied Q. ilex provenances in the
PCA biplot reflected that the functional traits analysed here
established the existence of a clear differentiation between the
‘rotundifolia’ and the ‘ilex’ morphotypes. Regarding the ‘inter-
mediate’ morphotype plants (Gerona provenance), and contrary
to what leaf morphological data suggested, they were functional-
ly close to the ‘ilex’ morphotype.

DISCUSSION

The high phenological, morphological and ecological variability
exhibited by Q. ilex across its Circum-Mediterranean distribu-
tion area (Gratani, 1996; Crescente et al., 2002; Gratani et al.,
2003) suggests that it hardly constitutes a homogeneous
species. Michaud et al. (1995) and Lumaret et al. (2002) found
clear genetic differences that support the existence of two main
morphotypes for holm oak (‘ilex’ vs. ‘rotundifolia’ morpho-
types). These morphotypes have been considered by botanists
either as different species (Saenz de Rivas, 1967; Rafii et al.,
1991; Govaerts and Frodin, 1998) or as subspecies
(Amaral-Franco, 1990; Schwarz, 1993). Here, we provide evi-
dence that these morphotypes showing different leaf morpho-
logical features do correspond to different ecotypes as inferred
from their contrasting functional traits.

The ‘ilex’ morphotype exhibits long leaves whereas the
‘rotundifolia’ morphotype presents shorter and more rounded
leaves (orbicular, sub-orbicular or broadly ovate shapes), with
fewer lateral veins than the former type. Such morphological
characterization allows the separation of Italian ‘ilex’-type
(Veneto, Lazio and Sardinia) from Spanish ‘rotundifolia’-type
(Cazorla, Ciudad Real and Soria) provenances (Table 2).
Beyond leaf shape, both morphotypes show distinctive qualita-
tive leaf features. For instance, the ‘rotundifolia’ morphotype
mainly corresponds to leaves with a serrate margin, sharply
pointed teeth and craspedodromous secondary venation, while
leaves with an entire and serrate margin with teeth that are not
sharply pointed and weak brochidodromous or mixed craspedo-
dromous secondary venation are more common among the ‘ilex’
morphotype (Table 2). The ‘intermediate’ morphotype, as previ-
ously suggested by Lumaret ez al. (2002) and here represented by

(RWCryp), (B) water potential at the turgor loss point ( Wy p), (C) osmotic poten-

tial at full turgor (I11) and (D) the maximum bulk modulus of elasticity (&max)-

Data are means + s.e. Morphotypes are as indicated in the key. Different letters
indicate significant differences among provenances (Tukey test, P < 0-05).
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Fi1G. 6. Specific hydraulic conductivity (Ks) (A) and leaf specific conductivity

(LSC) (B) for the seven studied Q. ilex provenances. Data are means + s.e.

Morphotypes are as indicated in the key. Different letters indicate significant dif-

ferences among provenances (Tukey test, P << 0-05). The inset in (B) shows the

linear relationship between the annual Martonne aridity index (MAI) and the
LSC for the studied provenances (R? = 0-66, P = 0-0255).

the Gerona provenance, can be considered morphologically
closer to the ‘rotundifolia’ morphotype in most of the studied
parameters (Fig. 2), except that leaves were longer than in
other Iberian ‘rotundifolia’-type provenances.

Michaud et al. (1995) proposed that the ‘ilex’ and ‘rotundifo-
lia> morphotypes are associated with mild (coastal sites) and
continental (inland sites) variants of the Mediterranean
climate, respectively. Our findings confirm such an assumption
because the Iberian inland provenances (Cazorla, Ciudad Real
and Soria) come from drier sites than those of the coastal
Iberian (Gerona) or Italian (Sardinia, Lazio and Veneto) prove-
nances (Table 1, Fig. 1). In fact, the Mediterranean climate,
which is characterized by mild wet winters and warm dry
summers, shows many sub-regional variations (Lionello ef al.,
2006). Consequently, the large Q. ilex distribution area, extend-
ing 6000 km longitudinally and 1500 km latitudinally mainly
across the Western Mediterranean Basin (Gratani et al., 2003),
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encompasses very different degrees of aridity and continentality
(Martin-StPaul et al., 2012, 2013).

Previous works have reported meaningful variations in several
functional traits among Q. ilex populations, indicating a differen-
tial response to drought (Tyree and Cochard, 1996; Pesoli et al.,
2003; Corcuera et al., 2004; Sanchez-Vilas and Retuerto, 2007).
In our study, the different holm oak provenances can be clearly
grouped according to several functional traits (Fig. 8). Hence,
the ‘rotundifolia’ and ‘ilex’ morphotypes seem to represent con-
trasting ‘functional types’ according to their hydraulic traits.

Among all the studied traits, the differences found in leaf size
can be proposed as the most outstanding divergence between the
morphotypes (Fig. 3A). The extreme reduction in leaf size found
in the ‘rotundifolia’ morphotype is a common trait of many
Mediterranean woody plants (Ackerly, 2004). Three main
physiological advantages have been attributed to a reduced leaf
size under Mediterranean dry-summer conditions. First, the de-
velopment of small leaves has been associated with high levels
of radiation and high temperatures (Fonseca et al., 2000;
Ackerly et al., 2002). Yates et al. (2010) proposed that a
thinner boundary layer associated with a smaller leaf facilitates
a sensible heat loss in summer through ‘free convection’
(Roth-Nebelsick, 2001). Secondly, smaller leaf sizes are asso-
ciated with a higher major vein density that, according to
Scoffoni et al. (2011), would increase the resistance of the leaf
to hydraulic conductivity losses, quantified as the water potential
at 80 % loss of conductivity (PLCgg). Our results confirm that the
relationship between leaf size and major vein density for the
studied holm oak provenances (Fig. 3C) also fits an exponential
decay model, indicating that major vein density has a great
dependence on leaf size, even when the range of small-leaved
species is considered. Moreover, if we apply the linear model
that relates the major vein density and the PLCgq provided by
Scoffoni et al. (2011), our provenances would show clear differ-
ences in terms of leaf hydraulic vulnerability. Thus, provenances
included on the ‘ilex’ morphotype would have PLCg, values
ranging from —2 to —3 MPa, whereas mean PLCg values for
the ‘rotundifolia’ morphotype would be —6 MPa. Thus, leaves
of the ‘ilex’ morphotype could not withstand very low water
potentials due to a high risk of cavitation. Hydraulic dysfunction
in leaves drives key aspects of whole-plant responses (Blackman
et al., 2010), determining the climatic limits in a wide range of
species (Blackman et al., 2012). Further studies are needed to
confirm the differences in the resistance of the leaf to hydraulic
conductivity losses among holm oak populations, which may
be hypothetically considered as one of the main functional
traits supporting different responses to drought of ‘ilex’ and
‘rotundifolia’ morphotypes.

Finally, the third benefit provided by small leaves is the im-
provement in the LSC in the ‘rotundifolia® morphotypes
(Fig. 6B), which previously has been related to climate dryness
as away of increasing the capacity to supply water to the transpir-
ing leaves (Martinez-Vilalta et al., 2009), in particular when the
atmospheric evaporative demand is very high (Peguero-Pina
et al., 2011). According to our results, the lower whole leaf
area per shoot (Fig. 4B), more than an increase in sapwood
area or the existence of a more efficient xylem (e.g. through an
increase in K, Fig. 6A), is responsible for the higher LSC
values found in the ‘rotundifolia’ morphotypes. It should be
noted that the reduction in the whole leaf area per shoot was
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due to the reductionin leaf size (Fig. 3A) more than to the number
of leaves per shoot, which was even higher in the ‘rotundifolia’
morphotype (Fig. 4A). In spite of the benefits of a reduced leaf
size, it has negative impacts by reducing the LAR (Fig. 4C),
which is considered a major driver of the relative growth rate
(Poorter and Remkes, 1990). Therefore, it can be suggested
that ‘rotundifolia’ morphotypes sacrifice their growth ability in
order to achieve a better hydraulic performance under drier
conditions.

The results derived from the study of vulnerability curves in-
dicate that all provenances showed shoots with a high resistance
to cavitation, which has been previously recognized as acommon
feature of woody plants growing in habitats with water limita-
tions (Hacke et al., 2000; Vilagrosa et al., 2010), including
species living in Mediterranean-type ecosystems (Maherali
etal.,2004). Some studies have addressed the resistance to cavi-
tation in Q. ilex, with contrasting results. Although the most
recent PLCs value proposed for this species (—5-5 MPa, see
Urli et al., 2013) is quite close to the values found in our study,
different values have been reported previously (ranging from
-2-0 to —3-6 MPa, see Pinto er al., 2012, and references
therein). Among the factors which may be responsible for
these differences, the methods used for establishing the vulner-
ability curves may be of great importance (Choat et al., 2010;
Cochard et al., 2010; Sperry et al., 2012). In general, there is a
reasonable agreement among techniques but, in some angios-
perms with large xylem vessels, some methods reported anomal-
ous vulnerability curves. This may be the case for Q. ilex for
which several techniques have been used to establish vulnerabil-
ity curves. Here we used the method of benchtop natural dehydra-
tion which is considered as the most reliable technique because
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the embolism is induced naturally by transpiration (Sperry
etal.,2012).Inthis sense, the reported curves of xylem cavitation
and PLCs, values for the different provenances in this study
would reflect variations in xylem resistance among populations
ranging from —5-6 to —7-1 MPa for PLCs,. Although xylem vul-
nerability to cavitation was initially considered a species-
specific trait which was relatively stable across sites, it must be
highlighted that several studies recently reported relevant intra-
specific variations among sites of different aridity (Corcuera
et al., 2012). Thus, the relationship observed between PLCs
and MAI found in our study (R2 = 0-50, P = 0-08; data not
shown) confirms this idea.

Another group of functional traits that are related to the toler-
ance of a plant to water stress are those derived from the pres-
sure—volume curves (Corcuera et al., 2002). Recently, Bartlett
et al. (2012b) reviewed studies of 317 plant species living in
biomes with very different degrees of aridity and concluded
that the water potential at the turgor loss point ( Wy p) is areliable
indicator of drought tolerance within and across biomes, reflect-
ing the ability of the bulk leaf tissue to maintain function during
drought. In our study, Wy p values in the provenances included
on the ‘ilex’ morphotype were significantly different from those
of the ‘rotundifolia’ populations (Fig. 5B), and similar to those
reported by Bartlett et al. (2012b) for tropical species. On the
other hand, the higher values for Wy p in the ‘rotundifolia’ prove-
nances coincided with those reported for woody Mediterranean
species (Bartlett et al., 2012b). The osmotic potential at full
turgor (Ily), as the major driver of Wrp (Bartlett er al.,
2012a), points in the same direction, although statistical differ-
ences among populations are not as clear as they are in the case
of Wi p (Fig. 5C). The lower Wiy pin ‘ilex’ morphotypes may in-
dicate an early stomatal regulation of the water losses (Brodribb
and Hoolbrook, 2003), which is in accordance with the lower
PLCg( values inferred from their major vein density values. In
contrast, the maintenance of cell turgor at more negative water
potentials would imply a greater ability to keep the net carbon as-
similation in ‘rotundifolia’ morphotypes even when low soil and
tissue water potentials occur (Baltzer et al., 2008). A clear segre-
gation of ‘ilex’ and ‘rotundifolia’ morphotypes is also observed
when considering the maximum bulk modulus of elasticity
(€max) (Fig. 5d). Although a higher &,,,,, cannot be considered ex-
clusive for species from dry climates (Bartlett et al., 2012b),
Niinemets (2001) suggested that the elastic adjustment may be
a common mechanism for plants to adapt to environments
where water is scarce. In this sense, Corcuera et al. (2002)
found that ,,,,, values in Mediterranean oak species were signifi-
cantly higher than those observed in temperate oak species, even
when grown under common environmental conditions.

The differential morphology and contrasting physiological
performance at leaf level found in this study could be related to
the paleontological history of holm oak. According to different
studies (see Ackerly, 2009, and references therein), those ever-
green and sclerophyllous Quercus species that have been asso-
ciated with genuine Mediterranean-type climates have a
pre-Mediterranean origin. In this sense, several Neogene fossil
species with leaf morphological characteristics very similar to
those found in the ‘ilex’ morphotype have been described in
Europe. Thus, the late Miocene species Quercus praeilex
Saporta is considered a xeromesophytic to xerophytic taxon
(Palamarev, 1989; Palamarev and Ivanov, 2003; Palamarev
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and Tzenov, 2004). Other species such as Quercus praecursor
Saporta and Marion and Quercus drymeja Unger seem to be asso-
ciated with sub-tropical broad-leaved evergreen vegetation,
being an element of sub-humid warm climates with not much
of a pronounced drier period during the summer (Kvacek
et al., 2002). However, until now, no Neogene fossils with mor-
phological characteristics that resemble the ‘rotundifolia’ mor-
photype have been found. At the end of the Neogene (approx.
3-1-3-2 million years ago), a progressive reduction in summer
rainfall coinciding with a temperature increase probably trig-
gered the replacement of the sub-tropical vegetation by
Mediterranean species that exist today (Barron et al., 2010).
How did this change affect holm oak or its predecessors? The
two current main morphotypes with contrasting functional per-
formance suggest different evolutionary pathways. On the one
hand, the ‘ilex’ morphotype shows nothophylous leaves, which
indicate an affinity for Neogene sub-tropical environments,
and it is dominant in coastal habitats subjected to mild climatic
conditions. On the other hand, the ‘rofundifolia’ morphotype,
which is only found in inland sites of the Iberian Peninsula and
Northern African mountains, may be a Quaternary taxon that
manifests more recent adaptations to stressful dry and cold con-
ditions, showing small leaves with a low number of secondary
veins.

In conclusion, this study has confirmed that leaf morphomet-
ric parameters allow holm oak provenances to be separated into
two main morphotypes, as proposed by Lumaret et al. (2002)
using genetic markers. Moreover, we have found that these
‘morphotypes’ are reflected in two consistent and very contrast-
ing functional types that would establish a differential phy-
siological performance, especially in response to climate dryness.
Therefore, we conclude that these morphotypes correspond to
different ecotypes locally adapted to the stress level as inferred
from their contrasting functional traits. To the best of our
knowledge, this is the first time that the combination of morpho-
logical and physiological traits provides evidence supporting the
consideration of the two main holm oak morphotypes as two dif-
ferent species of the genuine Mediterranean evergreen woody
vegetation.
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