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ABSTRACT

“White oaks” - one of the main groups of the genus Quercus L.- are represented in
western Eurasia by the “roburoid oaks”, a deciduous and closely genetic group that
should have an arctotertiary origin under temperate-nemoral climates. Nowadays,
“roburoid oak” species such as Quercus robur L. are still present in these temperate
climates in Europe, but others are also present in southern Europe under mediterranean-
type climates, such as Quercus faginea Lam. We hypothesize the existence of a
coordinated functional response at the whole shoot scale in Q. faginea under
mediterranean conditions to adapt to more xeric habitats. The results reveal a clear
morphological and physiological segregation between Q. robur and Q. faginea, which
constitute two very contrasting functional types in response to climate dryness. The
most outstanding divergence between both species is the reduction in transpiring area in
Q. faginea, which is the main trait imposed by the water deficit in Mediterranean-type
climates. The reduction in leaf area ratio (LAR) in Q. faginea should have a negative
effect of carbon gain that is partially counteracted by a higher inherent photosynthetic
ability of Q. faginea when compared with Q. robur, as a consequence of higher
mesophyll conductance (gn), higher maximum velocity of carboxylation (V¢ max) and
extremely higher stomatal conductance (g;). The extremely high g, of Q. faginea
counteracts the expected reduction in g imposed by the stomatal sensitivity to vapour
pressure deficit (VPD), allowing this species to diminish water losses maintaining high
net CO, assimilation values along the vegetative period under non-limiting soil water
potential values. In conclusion, the present study demonstrates that Q. faginea can be
regarded as an example of adaptation of a deciduous oak to the Mediterranean-type

climates.
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Introduction

The genus Quercus L. (Fagaceae) comprises ca. 400 tree and shrub species distributed
among contrasting phytoclimates in the Northern Hemisphere, from temperate and
subtropical deciduous forests to mediterranean evergreen woodlands (Manos et al.
1999, Kremer et al. 2012). Although the successive infrageneric classifications of
Quercus have undergone changes, all of them recognized the same major groups (see
Denk and Grimm 2010 and references therein). One of the main groups is the so-called
“Group Quercus” or “white oaks” (Denk and Grimm 2009), which is represented in
western Eurasia by the so-called “roburoid oaks” (Denk and Grimm 2010). The
“roburoid oaks” that should have their origin in arctotertiary lineages during the Early
Tertiary (Kovar-Eder et al. 1996), is a quite coherent group of species with a high
degree of genetic similarity (Olalde et al 2002, Denk and Grimm 2010). Nowadays, one
of the greatest representative “roburoid oak™ species widely distributed along a
temperate-nemoral climate is Quercus robur L., considered a meso-hygrophilous
species (Piedallu et al. 2013) distributed in Europe from Spain to southern Scandinavia
and from Ireland to Eastern Europe (Ducousso and Bordacs 2004).

Nevertheless, the “roburoid oaks” are not exclusive of the temperate climates, but
they are also present in southern Europe under mediterranean-type climates (Corcuera et
al. 2004, Himrane et al. 2004, Sanchez de Dios et al. 2009), which evidences the ability
for surviving in more xeric habitats (Kvacek and Walther 1989, Barréon et al. 2010).
This may be the case of Quercus faginea Lam., which first fossil records found at the
south of France, coincides with the development of the Mediterranean seasonality

during the Pliocene (Roiron 1983, Barron et al. 2010).
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0. faginea is the most abundant and widely distributed white oak in the Iberian
Peninsula (Olalde et al. 2002).Some previous studies that have dealt with the resistance
to drought of this species are mainly based on the comparison with other mediterranean
oak species, such as the evergreen Q. ilex (Corcuera et al. 2002, Mediavilla and
Escudero 2003). This comparison makes sense in terms of forest composition and
vegetation dynamic in most continental mediterranean areas of the Iberian Peninsula
(Mediavilla and Escudero 2004), where Q. faginea and Q. ilex co-occur. These
congeneric species constitute two examples of contrasting leaf habit, which itself
represents quite different functional strategies (Kikuzawa 1995). In this sense, it has
been proposed that the evergreen condition of Q.ilex would allow this species to
assimilate carbon throughout a longer time period (Acherar and Rambal 1992, Ogaya
and Pefiuelas 2007, van Ommen Kloeke et al. 2012), which was empirically confirmed
in cold mediterranean areas (Corcuera et al. 2005a). On the contrary, the leaf life span
of the deciduous Q. faginea limits the photosynthetic activity to a shorter period,
implying the need for higher rates of carbon gain under favourable conditions (van
Ommen Kloeke et al. 2012).

However, the importance in the mediterranean forest landscape of the Iberian
Peninsula and North of Africa of such deciduous mediterrancan oaks, such as Q.
faginea and other congeneric ones (Olalde et al. 2002, Benito-Garzon et al. 2007,
Sanchez de Dios et al. 2009) indicates that this leaf habit performs adequately under the
limiting climatic conditions of mediterranean areas. Therefore, some “roburoid oak”,
such as Q. faginea, would have developed functional strategies to adapt to the summer
drought conditions, withstanding both edaphic and atmospheric water stresses.

In order to evaluate the physiological traits that Q. faginea shows for coping with the

mediterranean aridity we established an interspecific comparison with Q. robur, other

http://mc.manuscriptcentral.com/tp



O©CoOoO~NOOTA,WNPE

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

roburoid deciduous oak from temperate-nemoral climates. We hypothesize the existence
of a coordinated functional response at the whole shoot scale in Q. faginea under
mediterranean conditions. In this sense, the specific objectives of this study are: (i) to
analyze the morphological, anatomical, hydraulic, photosynthetic and biochemical traits
of Q. faginea, and (ii) to compare them with those from Q. robur, a temperate white oak
genetically close but occurring under contrasting ecological and climatic conditions

(Olalde et al. 2002, Himrane et al. 2004).

Materials and methods

Plant material and experimental conditions

Seeds from Quercus robur L. (“Galicia” provenance, 42°34°N, 8°33’W, 300 m above
sea level, Spain) and Quercus faginea Lam. (“Alcarria-Serrania de Cuenca”
provenance, 40°19°N, 2°15’W, 950 m above sea level, Spain) were sown and cultivated
in 2009 under the same conditions (mixture of 80% substrate and 20% perlite in 500 mL
containers) inside a transparent greenhouse of alveolar polycarbonate (CITA de Aragén,
Zaragoza, Spain) that allowed passing 90% of PPFD (ca. 1500 mmol photons m” s at
midday, during the experiments) and equiped with an evaporative cooling system, set
for keeping the air temperature inside the greenhouse below 30 °C, while air vapour
pressure deficit kept around 1 kPa through the experiments. Such environmental
conditions are close to those recorded during the early growing season (may-june) for
both species (Figure 1). Periodical surveys (twice a week) yielded no differences in the
time of leaf unfolding between both species when cultivated in the same conditions

(data not shown). Jato et al. (2002) also reported the same date for leaf unfolding in co-
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occurring populations of both species in north-western Spain. After the first growth
cycle, the seedlings were transplanted to containers of 25 L. All plants were irrigated
every 2 days. Measurements were performed at the end of june 2012 in fully matured
leaves of 4-year-old seedlings for both species.

The distribution ranges of each species have contrasting climatic conditions. Q.
robur occurs in sites where annual and summer precipitation (P and Ps, respectively) are
higher than in the sites where Q. faginea occurs (Table 1). The mean annual and
summer temperatures (T and T, respectively) are higher for the sites where Q. faginea
occurs (Table 1). As a consequence, the Martonne aridity index [MAI = P/(T + 10)] and
the Gaussen index (the number of months in which P < 2T, where P is the monthly
precipitation in mm and T is the monthly mean temperature in °C) are also higher for
the sites where Q. faginea occurs (Table 1, Figure 1). Climatic information was
obtained with the WorldClim database (http://www.worldclim.org/) using 70
geographic points throughout the distribution range of Q. robur and Q. faginea,
respectively. Moreover, vapour pressure deficit (VPD, kPa) was calculated using the
data obtained from WeatherSpark database (http://weatherspark.com/) for six locations
of Q. robur and Q. faginea, respectively. The maximum daily vapour pressure deficit
(VPDpax, kPa) is much higher for the sites where Q. faginea occurs, especially during

summer (Figure 1).

Morphological variables

Leaf area and leaf mass area (LMA) were measured in 30 mature leaves sampled from

ten individuals per species (i.e. three leaves were randomly taken from each individual).

Leaf area was measured by digitalizing the leaves and using the ImageJ image analysis
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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 species following the method described in Scoffoni et al. (2011) with some
modifications. 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
Imagel 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 species by dividing the total leaf area per shoot (measured as described

above) by the dry weight of the shoot.

Stem hydraulic conductivity

The hydraulic conductivity (Ky, kg m s’ MPa™) was determined in current-year stem
segments of Q. robur and Q. faginea. Three stem segments (3-5 cm long and >1 mm in
diameter) per branch were cut under water from 10 south-exposed branches per species.
The measurement pressure was set to 4 kPa. The flow rate was determined with a PC-
connected balance (Sartorius BP221S, 0.1 mg precision, Sartorius AG, Gottingen,
Germany) by recording the change in weight every 10 s and fitting linear regressions
over 200 s intervals. The conductivity measurements were carried out with distilled,

filtered (0.22 pm) and degassed water containing 0.005% (volume/volume) Micropur
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(Katadyn Products, Wallisellen, Switzerland) to prevent microbial growth (Mayr et al.
2006). No native embolism was detected in the segments, as reflected by the
comparison of the flow rates before and after applying short perfusions at 0.15 MPa for
60-90 seconds. The same stem segments were measured in length, diameter without
bark, and total leaf surface area supplied, to compute the main hydraulic architecture
parameters, namely specific conductivity (K, kg m™ s’ MPa™) as the hydraulic
1

conductivity in a sapwood area basis, and leaf specific conductivity (LSC, kg m™ s

MPa™) as hydraulic conductivity in a leaf area basis.

Leaf hydraulic conductance (Kjeqp)

Leaf hydraulic conductance (Kjeer, mmol m? s MPa™) for Q. robur and Q. faginea was
calculated following the methodology described by Brodribb et al. (2005). Six sun-
exposed branches from six plants per species were collected at 07:00-08:00 h (solar
time), minimizing the possibility for midday K., depression (Brodribb and Holbrook
2004). The branches were enclosed in sealed plastic bags to prevent water loss, and
stored in the dark for a period of at least 1 h, until stomatal closure so that all leaves
from the same branch could reach the same water potential. It is assumed that this is the
water potential of the leaves prior to rehydration (V). Once this value was obtained,
one leaf per branch was cut under water to prevent air entry and allowed to take up
water for 30 to 60 seconds. The water potential after rehydration was subsequently
obtained (¥¢). The leaf hydraulic conductance was calculated according to the following
equation:

Kieat = Ci- ln(\Po/‘Pf)/t (D
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where Cj, (mol MPa™ m™) is the leaf capacitance for each species. C; was calculated as
the initial slope of the P-V relationships, normalized by the leaf area (Brodribb et al.
2005). P-V relationships for Q. robur and Q. faginea were determined in six leaves per
species, following the free-transpiration method described in previous studies

(Vilagrosa et al. 2003).

Leaf gas exchange and chlorophyll fluorescence measurements

Leaf gas exchange parameters were measured simultaneously with measurements of
chlorophyll fluorescence using an open gas exchange system (CIRAS-2, PP-Systems,
Amesbury, MA, USA) fitted with an automatic universal leaf cuvette (PLC6-U, PP-
Systems, Amesbury, MA, USA) with an FMS 1I portable pulse amplitude modulated
fluorometer (Hansatech Instruments Ltd., Norfolk, UK). Six CO, response curves were
obtained from Q. robur and Q. faginea. In light-adapted mature leaves, photosynthesis
measurements started at a CO, concentration surrounding the shoot (C,) of 400 pumol
mol ™', and a saturating photosynthetic photon flux density (PPFD) of 1500 umol m > s~
! Leaf temperature and VPD were maintained at 25°C and 1.25 kPa, respectively,
during measurements. Once steady state gas-exchange rate was reached under these
conditions (usually 30 min after clamping the leaf), net assimilation rate (A),
transpiration (£), stomatal conductance (g;) and the effective quantum yield of PSII
were estimated. Thereafter, C, was decreased stepwise down to 50 pmol mol™'. Upon
completion of measurements at low C,, C, was increased again to 400 pmol mol™ to
restore the original value of Ax. Then, C, was increased stepwise to 1800 pmol mol .
Leakage of CO, in and out of the cuvette was determined for the same range of CO,

concentrations with a photosynthetically inactive leaf enclosed (obtained by heating the
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leaf until no variable chlorophyll fluorescence was observed), and used to correct
measured leaf fluxes (Flexas et al. 2007a).

The effective photochemical efficiency of photosystem II (Dpg;) was measured
simultaneously with Ay and g;. For ®pgy, the steady-state fluorescence (Fs) and the
maximum fluorescence during a light-saturating pulse of ca. 8000 pmol m? s™ (F’y)
were estimated, and @pg;; was calculated as (F'm-£5s)/F 'y, following the procedures of
Genty et al. (1989). The photosynthetic electron transport rate (Jp,) was then calculated
according to Krall and Edwards (1992), multiplying ®@ps;; by PPFD and by a (a term
which includes the product of leaf absorptance and the partitioning of absorbed quanta
between photosystems I and II). a was previously determined for each species as the
slope of the relationship between ®pg;; and Dcop (i.e. the quantum efficiency of CO,
fixation) obtained by varying light intensity under non-photorespiratory conditions in an
atmosphere containing <1% O, (Valentini et al. 1995). Five light curves from Q. robur

and Q. faginea were measured to determine a.

Estimation of mesophyll conductance, g,, by gas exchange and chlorophyll

fluorescence

Mesophyll conductance (gn,) was estimated according to the method of Harley et al.
(1992), as follows:

B AN
o T8Nt Ry))
" J—4(An+R)

2

where Ay and the substomatal CO; concentration (C;j) were taken from gas exchange
measurements at saturating light, whereas I'* (the chloroplastic CO, photocompensation

point in the absence of mitochondrial respiration) and R, (the respiration rate in the
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light) were estimated for each species according to the Laisk (1977) method, following
the methodology described in Flexas et al. (2007b). The values of g, obtained were
used to convert An—C; into An—C. curves (where C, is the chloroplastic CO,
concentration) using the equation C; = C; - ANgm. The maximum carboxylation and Jyy
capacities (Ve max and Jpmax, respectively) were calculated from the AN—C. curves, using
the Rubisco kinetic constants and their temperature dependence described by Bernacchi
et al. (2002). The Farquhar model was fitted to the data by applying iterative curve-

fitting (minimum least-square difference) using the Solver tool of Microsoft Excel.

Anatomical measurements

After the gas-exchange measurements, transverse slices of 1 mm x 1 mm were cut
between the main veins from the same leaves for anatomical measurements. Leaf
material was quickly fixed under vacuum with 2% p-formaldehyde (2%) and
glutaraldehyde (4%) in 0.1 M phosphate buffer solution (pH = 7.2) and post-fixed 1 h in
1% osmium tetroxide. Samples were dehydrated in (i) a graded ethanol series and (ii)
propylene oxide and subsequently embedded in Embed-812 embedding medium (EMS,
Hatfield, PA, USA). Semi-thin (0.8 pm) and ultrathin (90 nm) cross-sections were cut
with an ultramicrotome (Reichert & Jung model Ultracut E). Semi-thin cross-sections
were stained with 1% toluidine blue and viewed under a light microscopy (Optika B-
600TiFL, Optika Microscopes, Italy). Ultrathin cross-sections were contrasted with
uranyl acetate and lead citrate and viewed under a transmission electron microscopy
(TEM H600, Hitachi, Japan). Anatomical characteristics were derived from the
micrographs with Image-J software (http://rsb.info.nih.gov/nih-image/). Light

microscopy images were used to determine the mesophyll thickness between the two
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epidermal layers (fyes, wm), the fraction of the mesophyll tissue occupied by the
intercellular air spaces (fi,s) (Patakas et al. 2003), and the mesophyll (S./S) and
chloroplast (S./S) surface area facing intercellular air spaces per leaf area (Evans et al.
1994, Syvertsen et al. 1995, Tomas et al. 2013). All parameters were analyzed at least in
four different fields of view and at three different sections. Electron microscopy images
were used to determine the cell wall thickness (7.y), cytoplasm thickness (7cy),
chloroplast length (Lqy) and chloroplast thickness (7n) (Tomaés et al. 2013). Three
different sections and four to six different fields of view were used for measurements of

each anatomical characteristic.
gn modeled on the basis of anatomical characteristics

Leaf anatomical characteristics were used to estimate the mesophyll conductance (gn,)
as a composite conductance for within-leaf gas and liquid components, according to the
one-dimensional gas diffusion model of Niinemets and Reichstein (2003) as applied by
Tosens et al. (2012a):

1

T RI
+

Gias H'g'liq

3)

where gi, is the gas phase conductance inside the leaf from substomatal cavities to outer
surface of cell walls, giiq is the conductance in liquid and lipid phases from outer surface
of cell walls to chloroplasts, R is the gas constant (Pa m® K™' mol™), 7 is the absolute
temperature (K), and H is the Henry’s law constant for CO, (Pa m’ mol ™). Zm 1s defined
as a gas-phase conductance, and thus H/(RTy), the dimensionless form of the Henry’s
law constant, is needed to convert gjq to corresponding gas-phase equivalent
conductance (Niinemets and Reichstein, 2003).
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The intercellular gas-phase conductance (and the reciprocal term, ri,s) was obtained
according to Niinemets and Reichstein (2003) as:

1 _ DA ‘ﬁas
Vias ALis-T

Gias = 4

where AL, (m) is the average gas-phase thickness, T is the diffusion path tortuosity
(1.57 m m™, Syvertsen et al. 1995), Dy is the diffusivity of the CO; in the air (1.51'10”
m? s at 25 °C) and fi,s is the fraction of intercellular air spaces. ALj,; was taken as the
half of the mesophyll thickness. Total liquid phase conductance (giq) from the outer
surface of cell walls to the carboxylation sites in the chloroplasts is the sum of serial
conductances in the cell wall, plasmalemma, and inside the cell (Tomas et al. 2013):

Sim
Few +7"pl+7"cel,tot)'S

liq = (5)
A\

The conductance of the cell wall was calculated as previously described in Peguero-Pina
et al. (2012). For the conductance of plasma membrane we used an estimate of 0.0035
m s ' as previously suggested (Tosens et al. 2012a). The conductance inside the cell was
calculated following the methodology described in Tomas et al. (2013), considering two
different pathways of CO, inside the cell: one for cell wall parts lined with chloroplasts

and the other for interchloroplastial areas (Tholen et al. 2012).

Analysis of partitioning changes in photosynthetic rate

The contributions analysis proposed by Buckley and Diaz-Espejo (2015) was used to
partition changes in photosynthesis into contributions from the underlying variables.
This new approach uses numerical integration having the advantage to avoid the bias
caused by the discrete approximations like the widely used limitation analysis proposed

by Grassi and Magnani (2005), and avoiding the need to compute partial derivatives for
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each variable. The method by Buckley and Diaz-Espejo (2015) relies instead on
variable substitution in the photosynthesis model. This approach is easily extended to
encompass effects of changes in any photosynthetic variable, under any conditions.
Therefore, not only the contributions to photosynthesis in the Rubisco limiting region
are represented now, but also those in the RuBP regeneration region.

Two analyses were performed. First, we compared Q. robur with Q. faginea to
determine the main responsible for the lower Ay in the former species. Values in Table
4 were used to apply the contribution analysis. Second, we analyzed the effect of
reduction in g (i.e. simulating a response to VPD or soil water deficit) in the % of
contribution to Ax limitation. We assumed that, as g, was reduced, gm and V; max were

maintained constant.

Determination of total soluble protein, Rubisco and leaf N contents

Leaves from Q. robur and Q. faginea were ground in 500 pL of ice-cold extraction
buffer containing 50 mM Bicine-NaOH (pH = 8.0), 1 mM ethylene diamine tetracetic
acid (EDTA), 5% polyvinyl pyrrolidone (PVP), 6% polyethylene glycol (PEGa), 50
mM B-mercaptoethanol, 10 mM dithiothreitol (DTT) and 1% protease-inhibitor cocktail
(Sigma-Aldrich Co. LLC., USA). The extracts were centrifuged at 14000 xg for 1 min at
4°C and the total soluble protein (TSP) concentration in supernatant was quantified by
the method of Bradford (1976). The concentration of Rubisco was determined with the
gel electrophoresis method (Suarez et al. 2011, Bermtdez et al. 2012) using known

concentrations of purified Rubisco from wheat as a standard for calibration.
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Total leaf N concentration was determined in dried leaves of Q. robur and Q. faginea
using an Organic Elemental Analyzer (Flash EA 112, Thermo Fisher Scientific Inc.,

MA, USA).

rbeL sequencing

Total genomic DNA from Q. robur and Q. faginea was isolated and purified using the
DNeasyTM Plant Minikit (Qiagen, Hilden, Germany) following the manufacturer’s
instructions. The primers used for amplification and sequencing of the rbcL, the gene
encoding for the Rubisco large subunit, were esp2F (5'-
ATGAGTTGTAGGGAGGGAC -37) and 1494R (5'-
GATTGGGCCGAGTTTAATTTAC-3") (Chen et al. 1998). Primers 414R (5'-
CAAATCCTCCAGACGTAGAGC -37) and 991R (5'-
CGGTACCAGCGTGAATATGAT-3") (Chen et al. 1998) were also used only for
sequencing.

PCR reactions were performed in 50 pL using BioMix Red reagent mix (Bioline
Ltd., London, UK). PCR program for amplifications comprised initial cycle at 94°C for
2 min, 55°C for 30 s, 72°C for 4 min, followed by 30 cycles of 94°C for 30 s, 56°C for
45 s, and 72°C for 1 min, and a final elongation at 72°C for 5 min. The PCR products
were separated on 2% agarose gels and purified using Roche High Pure PCR Product
Purification Kit (Roche Diagnostics, Barcelona, Spain). The amplified PCR products
were sequenced with an ABI 3100 Genetic analyzer using the ABI BigDyeTM
Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Foster City,

California).
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Sequence chromatograms were checked and manually corrected and the contigs were

assembled and aligned using MEGA 5.0 (Tamura et al. 2011).

Statistical analysis

Data are expressed as means + standard error. Student t-tests were used to compare the
trait values between Q. robur and Q. faginea. All statistical analyses were carried out

using SAS version 8.0 (SAS, Cary, NC, USA).

Results

The study of the morphological variables revealed an outstanding lower transpiring area
in Q. faginea when compared with Q. robur, in terms of single leaf area, number of
leaves, total leaf area per shoot and LAR (Table 2). In contrast, MVD and LMA were
higher in Q. faginea (Table 2).

The hydraulic parameters of current-year twigs showed a 7-fold higher Kj, in Q.
robur as compared to Q. faginea. However, this difference in K} between both species
was buffered when expressed in a sapwood area basis (Ks) (Table 3), indicative of the
production of conductive tissues with a similar efficiency in both species, or in a leaf
area basis (LSC) (Table 3), explained by the higher investment in leaf area of Q. robur.

At ambient CO, concentration, 1.25 kPa of VPD and light-saturating intensity, A, £
and g, were higher in Q. faginea (19.6 pmol CO, m™ s, 6.5 mol H,O m™ s™'and 0.652
mol H,O m s'l, respectively) than in Q. robur (12.9 pmol CO, m? s'l, 2.5 mol H,O m>
s'and 0.252 mol H,O m™s™, respectively) (Table 4). Both the intrinsic iIWUE = An/gs)

and the instantaneous (WUE = A\/E) water use efficiency were, lower in Q. faginea
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(Table 4). The values of Kier for both species showed trends consistent with those
described above for leaf gas exchange parameters: the value for Q. faginea (27.7 + 1.5
mmol m? s MPa'l) was higher than that for Q. robur (17.9 = 1.3 mmol m?s! MPa'l)
(Table 3). The differences in Ay were partly associated with the greater LMA in Q.
faginea when compared with Q. robur (Table 2). In fact, when the net photosynthetic
rate was expressed per unit dry mass, no statistically significant differences (P < 0.05)
were found between Q. robur and Q. faginea (data not shown).

The mesophyll conductance to CO, (gy) and the chloroplastic CO, concentration
(C.) were higher in Q. faginea (Table 4). Parameterization of the Farquhar et al. (1980)
model of photosynthesis yielded higher values for Vemax and Jmax in Q. faginea,
although the ratio Jmax: Ve max did not show differences between the two species (Table
4).

The analysis of the partitioning changes in photosynthesis revealed that Ay in Q.
robur and Q. faginea was mainly limited by diffusional processes. Stomatal and,
especially, mesophyll conductance limitations were the responsible for the lower An
measured in Q. robur in comparison to Q. faginea (Figure 2). Q. faginea exhibited a
large range of g;, achieving values of g up to three times higher than Q. robur. As a
consequence a 50% of reduction of g represents only a Ay limitation of 15% in Q.
faginea, meanwhile it means 35% for Q. robur (Figure 3). However, when comparing
identical absolute values of g in both species, the Ay limitation due to stomata is always
higher in Q. faginea than in Q. robur (Figure 3), greatly due to the higher V; max in Q.
faginea (Table 4).

Q. robur and Q. faginea displayed contrasting anatomical features at the leaf and cell
levels. The mesophyll thickness, fis, Sw/S, S¢/S and S¢/Sm, were higher Q. faginea, while

Teyt and Toy were higher in Q. robur, and no differences were found in 7y and Lew
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(Table 5). The anatomical parameters were further used to estimate different
components of the CO, transfer resistances relative to total mesophyll resistance for
both species (see Material and Methods for details). On one hand, regarding the gas
phase, no differences were found in 7j,s between both species (Table 6). On the other
hand, regarding the liquid phase, the results demonstrated that Q. faginea presented
lower values of riiq than Q. robur (Table 6), which can be attributed to the lower values
of Tey, and Tepy found in Q. faginea (Table 5). Consequently, the estimated value of g,
was higher in Q. faginea than in Q. robur (Table 6), in agreement with the differences
found in g, obtained by gas exchange and chlorophyll fluorescence measurements
(Table 4).

In Q. faginea, the concentration of N, total soluble protein (TSP) and Rubisco
catalytic sites per leaf area were higher than in Q. robur (Table 7). The decreases in the
concentration of TSP and Rubisco per leaf area in Q. robur with respect to Q. faginea
were of similar magnitude, so that the ratio Rubisco/TSP was similar in both species
(Table 7). Again, as stated above for Ay, when the concentration of N, TSP and Rubisco
were expressed per unit dry mass, no differences (P < 0.05) were found between Q.

robur and Q. faginea (Table 7).

Discussion

In this study we have found a clear morphological and physiological segregation
between Q. robur and Q. faginea, two “roburoid oaks” occurring under contrasting
climatic conditions (Table 1, Figure 1). The existence of a common ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco) large subunit (rbcL) (see Supplementary

Figure 1) confirms the genetic proximity between these species, as stated in previous
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studies (Olalde et al. 2002, Himrane et al. 2004). Further, the identical rbcL. sequence
discards the existence of evolution trends in the ‘quality’ of Rubisco (i.e., related to
different catalytic constants), in contrast with recent infrageneric comparative studies
(Galmés et al. 2014a, b). In spite of their genetic proximity, both species constitute two
very contrasting functional types, showing a coordinated response at whole plant level
that would establish a differential physiological performance in response to climate
dryness. Our results agree with recent studies that demonstrate strong interspecific
correlations between hydraulic and photosynthetic traits (Brodribb et al. 2005, Sack and
Holbrook 2006, Brodribb et al. 2007, Flexas et al. 2013).

Among all the studied traits, the differences found in leaf size constitute one of the
most outstanding divergences between both species (Table 2). Thus, Q. faginea
diminished the transpiring area, both in terms of single leaf area and number of leaves
per shoot. Both traits implies a total leaf area per shoot ca. 6 times lower in Q. faginea
than in Q. robur, with a direct consequence on the whole shoot transpiration in the
former. A reduction in leaf size, as that found in Q. faginea, has been proposed as one
of the key traits that allow other Mediterranean oaks to withstand water deficit
(Baldocchi and Xu, 2007, Peguero-Pina et al. 2014). A direct benefit provided by small
leaves is the improvement of the ability for supplying water to transpiring leaves at
shoot level in Q. faginea, offsetting the sharp difference found in Kj between both
species (ca. 7 times) for a similar K (Table 3). In this way, Q. faginea reached LSC
values very similar than those measured for Q. robur (Table 3). An adjustment of LSC
by reducing the whole shoot leaf area has been previously reported by Peguero-Pina et
al. (2014) in a comparison among Quercus ilex provenances from contrasting climatic
conditions. Another positive aspect of reducing leaf size in Q. faginea is the reduction

of the aerodynamic resistance of leaves, which drives to a better coupling between leaf
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temperature and air temperature. This reduction in the aerodynamic resistance of leaves
further enhances the control of transpiration by stomata (Jarvis and McNaughton 1986).

On the contrary, the reduction in the total leaf area per shoot had a negative impact in
the carbon gain of Q. faginea and, through the effect on LAR, in its growth ability
(Poorter and Remkes 1990). In this regard, Q. faginea presented several physiological
traits that partially counteract the negative effects of leaf area reduction in terms of
carbon assimilation. For instance, when compared with Q. robur, Q. faginea showed
higher values for the main photosynthetic parameters (Table 4). Among them, it must be
highlighted the extremely high values of g; in Q. faginea. Such high values for g5, which
have been previously reported for this species (Acherar and Rambal 1992, Mediavilla
and Escudero 2003, 2004), implies a high water consumption under the atmospheric
evaporative demand experienced by this species during summer. The differences found
in g5 between both species agreed with the difference found in Kje,r and MVD (Sack and
Holbrook 2006, Sack and Scoffoni 2013), confirming the existence of a coordinated
response between leaf hydraulics and gas exchange (Brodribb et al. 2007).

The maximum g5 values found in Q. faginea can be analyzed in the context of the
stomatal sensitivity (i.e. the magnitude of the reduction in g; with increasing VPD)
reported by Mediavilla and Escudero (2003) for this species. According to the empirical
model given by Oren et al. (1999), an exponential decrease in g5 would be expected as
VPD increases, ranging from the values obtained at VPD close to 1 kPa to an expected
value close to 0.220 mol H,O m™? s™ at 3 kPa (Table 4, Figure 4A), which can be
considered the maximum VPD expected value in the natural habitat of this species
during the hottest period of the summer (Figure 1). The higher stomatal sensitivity of Q.
faginea when compared with Q. robur is coherent with the higher gs max measured in the

former species (Oren et al. 1999), and implies the ability for coping with the higher
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VPD values experienced by Q. faginea through the vegetative period (Figure 1). By
contrast, Q. robur showed a relatively low g max (as previously reported by Epron and
Dreyer 1993, Rust and Roloff 2002, Arend et al. 2013) and, consequently, showed a
lower stomatal sensitivity, which seems to be in accordance with the lower values of
VPD registered through the vegetative period - below or close to 1 kPa - in its natural
habitats (Figure 1). The transpiration values (E) calculated from the values of g for any
VPD (Figure 4B) suggest that the differential stomatal sensitivity showed by Q. robur
and Q. faginea keeps quite constant the £ values for both species within the range of
VPD values registered in their natural habitats (Figure 1).

The high g max value for Q. faginea found here and in previous studies (Acherar and
Rambal 1992, Mediavilla and Escudero 2003, 2004) seems to be contradictory with the
capacity of this species to live in mediterranean areas. However, the high g max and the
subsequent high stomatal sensitivity (Figure 4A) in Q. faginea in comparison with Q.
robur must be interpreted taking into account the analysis of the stomatal limitations to
the CO, photosynthetic assimilation (Figure 3). Effectively, the stomatal limitations to
photosynthesis (4x) in Q. faginea start at a g, value of ca. 0.4 mol m™? s, which is
expected to occur at a VPD value of ca. 2 kPa (Figure 4A). From this value, the
contribution of g to the decrease in Ax (%) is progressively higher. However, at the
maximum expected VPD value at midsummer (3 kPa, Figure 1), the expected
contribution of g; only diminished less than 20% of the maximum value of Ay at 1 kPa
(Figure 3). By contrast, the curve predicting the contribution of g to changes in Ax (%)
in Q. robur (Figure 3) shows a quite different shape, with a very sharp increase in the
contribution of g, to the decrease in Ax (%) once the stomatal regulation starts. In this
sense, and under the climatic conditions experienced by Q. faginea (g5 < 0.100 mol H,O

m~ s at 3 kPa), the stomatal limitations to photosynthesis in Q. robur will be higher
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than 30% (Figure 3). However, the absence of atmospheric dryness in the distribution
range of Q. robur (Figure 1) allows this species to maintain stable photosynthetic rates
along the vegetative period (Morecroft and Roberts 1999).

Contrary to Q. robur, the vegetative period in the distribution range of Q. faginea is
affected by an important seasonality, expressed in terms of temperature, precipitation
and VPD (Figure 1). Therefore, Q. faginea has to cope with a drop in the soil water
content during summer that negatively affects the soil water potential and,
consequently, limiting the maximum values of gs in this species (Acherar and Rambal
1992, Mediavilla and Escudero 2003, 2004). This double limitation to g5, imposed by
the stomatal sensitivity to VPD and to soil drought, may definitively limit the length of
the vegetative period if the soil water reserves are depleted during the hottest and driest
days of the summer. This may explain the extreme dependence of Q. faginea on edaphic
conditions that ensure the maintenance of non-limiting soil water potential values
(Esteso-Martinez et al. 2006). In fact, different studies have evidenced the massive
substitution of Q. faginea by the evergreen congeneric (. ilex in most areas of the
Iberian Peninsula as a consequence of the soil degradation associated to the human
management of these areas (Corcuera et al. 2005a, 2005b).

On the other hand, the existence of a potential stress period during summer may be
compensated by the prolongation of vegetative period along the early and mid autumn,
when temperature, water availability and VPD do not constraint the photosynthetic
activity, as have been reported in several mediterranean white oak species (Abadia et al.
1996, Mediavilla and Escudero 2003). Zhou et al. (2012) showed the strong dependence
of vegetation phenology on latitude between 35°N and 70°N for North-America, where
a reduction in the length of the growing season of ca. 5 days per degree of latitude can

be expected. The clearly southern distribution area of Q. faginea (from 35°N to 43°N) as
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compared to Q. robur (40°N to ca. 60°N) (Jalas and Suominen 1976) should imply itself
a longer vegetative period for the Mediterranean species, which may partially
compensate for the severity of the environmental conditions in the middle of the
growing season. According to this, Withington et al. (2008) found a leaf life span of 172
days (0.47 years) for Q. robur in central Poland at 51°N, while Mediavilla et al. (2001)
reported a leaf life span of 208 days for Q. faginea (0.58 years) in central-western Spain
at 41°N.

The higher inherent photosynthetic ability of Q. faginea when compared with Q.
robur was not only a consequence of its higher Vm. but also relies on a higher gp,
which resulted in a higher chloroplastic CO, concentration (C.) (Table 4). The
differences in g, between both species can be partially attributed to the variation in leaf
anatomical traits, i.e. 7o and Ty (Table 5), that decreased ryq in Q. faginea in
comparison with Q. robur (Table 6). It should be noted that the role of anatomical traits
in determining the specific variability in g,, has been previously reported in several
studies (Tosens et al. 2012b, Tomas et al. 2013). In the present study, the g,, modeled
based on leaf anatomical properties was higher than that estimated using conventional
methods in Q. robur and Q. faginea (Tables 4 and 6). The reasons for such biases are
not fully understood, but are often observed in other studies (Peguero-Pina et al. 2012,
Tomas et al. 2013, Carriqui et al. 2015). Nevertheless, the relative difference in gy,
between the two species obtained with the two methods - gas exchange/fluorescence vs.
anatomical - largely supports a predominant role of internal CO, diffusion in
establishing photosynthetic differences between them.

The enhancement of all these functional traits in Q. faginea when compared with Q.
robur - i.e. through the improvement of the instantaneous photosynthetic parameters -

only partially counteract the negative effects of leaf area reduction in terms of carbon
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assimilation. Thus, taking into account the whole leaf area per shoot, Q. robur even
shows an enhanced ability for carbon assimilation at whole shoot level (data not
shown), which results in a higher growth ability. On the other hand, the strong reduction
in leaf area showed by Q. faginea would diminish the water losses at whole shoot level
in comparison with Q. robur (data not shown), in spite of showing much higher g
values (Table 4), which may be considered a key factor for withstanding the climate
dryness imposed by the Mediterranean-type climates. However, in spite of the ability of
0. faginea for occupying most areas under mediterranean climate (Olalde et al. 2002,
Benito-Garzon et al. 2008), the predictions indicate a notable reduction in its potential
distribution range (Sanchez de Dios et al 2009) as a consequence of the increment in
aridity. Effectively, an increase in the length or in the intensity of summer drought will
have a negative influence on the functional response of Q. faginea and other
mediterranean deciduous species (Gea-Izquierdo et al. 2013), as long as it would imply
a shorter time period for carbon assimilation and a lower productivity (Gea-Izquierdo
and Canellas 2014). Under these conditions, evergreen oaks - such as Q. ilex - can
obtain a benefit of their more “conservative” leaf strategy (Wright et al. 2004) that
allows the use of other periods through the year, such as the early spring or late autumn

(Corcuera et al. 2005a).

Conclusions

Q. faginea can be regarded as an example of adaptation of a deciduous oak to the
Mediterranean-type climates, as fossil records indicate (Roiron 1983, Barrén et al.
2010). In our opinion, the reduction in transpiring area both at leaf and shoot level in Q.

faginea, when compared with the mesic-temperate Q. robur, is the main trait imposed
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by the water deficit in Mediterranean-type climates. The reduction in LAR in Q. faginea
should have a negative effect of carbon gain that is partially compensated with a higher
An at the expense of a much higher maximum g;, which has been considered one key
trait for classifying this species as a “water spender” (Mediavilla and Escudero 2004).
We propose that the extremely high g; values in Q. faginea counteract the reduction in
gs imposed by the stomatal sensitivity to VPD, allowing this species to maintain high Ay
values through the changing conditions along the vegetative period in its natural habitat.
The depletion of soil water reserves at midsummer should impose a further limitation in
the vegetative activity of this species, which explain its substitution by other species
(e.g. Q. ilex) in degraded soils and can also explain the extreme vulnerability of this
species to an increment in aridity associated to a global climatic change (Sanchez de

Dios et al. 2009).
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Figure legends

Figure 1. Ombrothermic diagrams (upper panels) and maximum daily vapour pressure

deficit (VPDpax) (lower panel) for the distribution ranges of Q. robur and Q. faginea.

Figure 2. Contributions of individual variables (g;, stomatal conductance; g,
mesophyll conductance to COs; Ve max, maximum velocity of carboxylation) to the
reduction in net CO; assimilation rate (4y) showed by Q. robur using the values of Q.

faginea as reference.

Figure 3. Contribution of stomatal conductance (gs) to changes in net CO, assimilation

rate (Ay) for Q. robur and Q. faginea.

Figure 4. (A) Relationship between vapour pressure deficit (VPD) and the expected
stomatal conductance (g;) and (B) relationship between VPD and the expected
transpiration (£) for Q. robur and Q. faginea according to the empirical model given by

Oren et al. (1999).
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Table 1. Mean climatic characteristics for the distribution ranges of Q. robur and Q.
faginea: mean annual and summer temperature (T and Tj), total annual and summer
precipitation (P and P;), Martonne aridity index (MAI) and Gaussen index. Data are

mean + SE. Different letters indicate statistically significant differences (P < 0.05).

Gaussen

Species T (°C) Ts (°C) P (mm) P, (mm) MAI index

Quercus robur 99+03a 170+£02a 850%x27a 206+9a 43+2a 0x0a

Quercus faginea 13.0+£03b 20.8+0.3b 628+15b 86+6b 28+x1b 2.6+0.2b
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Table 2. Leaf area, leaf mass area (LMA), major vein density (MVD), number of leaves
per shoot, total leaf area per shoot and leaf area ratio (LAR) for Q. robur and Q.
faginea. Data are mean + SE. Different letters indicate statistically significant

differences (P < 0.05) between Q. robur and Q. faginea.

0. robur 0. faginea
Leaf area (cm?) 152+ 1.4a 3.8+0.2b
LMA (mg cm™) 894+1.30a 13.65+0.65b
MVD (mm mm?) 0.53+£0.02a 1.32+0.03 b
Number of leaves per shoot 11.2+09a 7.5+£0.7b
Total leaf area per shoot (cm?) 180£26a 31+4Db
LAR (m* kg™) 78+02a 54+0.1b
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Table 3. Hydraulic conductivity (Ky), specific hydraulic conductivity (Ks), leaf-specific
conductivity (LSC) and leaf hydraulic conductance (Kie,r) for Q. robur and Q. faginea.
Data are mean + SE. Different letters indicate statistically significant differences (P <

0.05) between Q. robur and Q. faginea.

0. robur 0. faginea
Ky (kg ms' MPa™) 24.2x107 +7.2x107 a 3.4x107 £ 0.9x107 b
K (kgm™ s’ MPa™) 1.32+0.28a 0.75+0.14a
LSC (kgm™ s MPa™) 2.0x10*+£3.2x10° a 1.5x10™* £ 4.0x107 a
Kjear (mmol m?s! MPa'l) 17.9+13a 277+15D
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Table 4. Mean values for the photosynthetic parameters analyzed at PPFD = 1500 umol
photons m> sfl, Tear = 25°C and VPD = 1.25 kPa. Data are mean + SE. Different letters
indicate statistically significant differences (P < 0.05) between Q. robur and Q. faginea.

An, net photosynthesis; gs, stomatal conductance; E, transpiration; iWUE = An/gs,

intrinsic water use efficiency; WUE = AN/E, instantaneous water use efficiency; g,
mesophyll conductance to CO;; C;, sub-stomatal CO, concentration; C,, chloroplastic
CO; concentration; V max, and Jmax, maximum velocity of carboxylation and maximum

capacity for electron transport; Jg,, electron transport rate estimated by chlorophyll

fluorescence.

Q. robur Q. faginea
Ay (pmol CO; m? s7™) 129+0.5a 196+ 1.1b
gs (mol H,O m™s™) 0.252+0.013 a 0.652+0.078 b
E (mol H,0 m™?s™) 25+0.02a 6.5+0.8b
iWUE (umol mol™) 512+ 1.8a 31.7+3.1b
WUE (umol mol™) 51+03a 3.0+£02b
Zm (mol HO m™ s™) 0.060 + 0.005 a 0.098 +0.07 b
C; (ummol CO, mol™ air) 288+ 7a 293+4a
C. (ummol CO, mol™ air) 80+2a 95+4b
Vemax (umol m? s™) 206+ 6a 250+ 4b
Jimax (pmol m? s™) 248+ 10a 292+ 14b
Jiu (umol m? s™) 266+ 8a 306+ 13 b
Jmax - Ve max 1.21+£0.03a 1.19+0.04 a
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Table 5. Leaf type, mesophyll thickness, fraction of the mesophyll tissue occupied by
the intercellular air spaces (fi,s), mesophyll surface area exposed to intercellular airspace
(Sw/S), chloroplast surface area exposed to intercellular airspace (S./S), the ratio S./S,
cell wall thickness (Zcw), cytoplasm thickness (7¢y), chloroplast length (Lcn) and
chloroplast thickness (7cn) in Q. robur and Q. faginea leaves. Data are mean + SE.

Different letters indicate statistically significant differences (P < 0.05) between Q. robur

and Q. faginea.

Q. robur 0. faginea
Leaf type Hypostomatous Hypostomatous
Mesophyll thickness (um) 140+ 2a 186 +3Db
fias 0.16+0.01 a 0.21+0.01b
S/ (m* m™) 219+ 14a 28.4+2.0b
S/S (m* m™) 92+1.0a 13.4+1.7b
Se/Sm 042+0.02a 0.48+0.02b
Tow (Um) 0.262+0.019a 0.270 +0.008 a
Teyt (Mm) 0.109 £ 0.036 a 0.026 £0.012b
Lep (um) 448+0.29 a 432+0.16a
Ten (Lm) 1.87+0.07 a 1.21£0.03b
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Table 6. CO, transfer resistances across the intercellular air space (75, S m'l), the liquid
phase (71q, s m'l), and the mesophyll conductance for CO; (g, mol m> s'l) calculated
from anatomical measurements in Q. robur and Q. faginea. Data are mean + SE.

Different letters indicate statistically significant differences (P < 0.05) between Q. robur

and Q. faginea.

Fias (s M) Fiiq (s m™) Zm (mol m™ s7™)
Q. robur 46+5a 391+21a 0.091 +0.009 a
0. faginea 45+ 6a 279+ 18 b 0.122+0.008 b
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Table 7. Leaf N, total soluble protein (TSP) and Rubisco concentration per leaf dry
mass and per leaf area for Q. robur and Q. faginea. Data are mean + SE. Different

letters indicate statistically significant differences (P < 0.05) between Q. robur and Q.

O©CoOoO~NOOTA,WNPE

faginea.

QO robur 0 faginea
gN/100¢g 1.90+0.15a 2.19+0.18a
mol N m” 0.12+0.02a 0.21+0.03b
mg TSP g 327+14a 324+04a
mg TSP m™ 2922+ 130 a 4423+ 55D
mg Rubisco / mg TSP 0.33+0.01a 0.34+£0.01a
mg Rubisco g’ 11.0+05a 109+03a
umol Rubisco sites m™ 17.6 £ 0.8 a 26.7+09Db

http://mc.manuscriptcentral.com/tp



O©CoOoO~NOOTA,WNPE

VPDmax (kPa)

T

40 -

30 4

20 +

3.0

2.5 1

2.0 A

1.5

1.0

0.5

(°C)

P (mm)

Q. robur

r 80

r 60

r 40

r 20

T(C)

40 -

30 A

20 A

10 A

P (mm)

Q. faginea

r 80

r 60

r 40

r 20

— Q. robur
—— Q. faginea

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

http://mc.manuscriptcentral.com/tp

180x161mm (300 x 300 DPI)



O©CoOoO~NOOTA,WNPE

A\ reduction (%)

35

30 -

25 ~

20 ~

15 A

10 +

g S 9 m Vc,max

180x137mm (300 x 300 DPI)

http://mc.manuscriptcentral.com/tp




O©CoOoO~NOOTA,WNPE

contribution of g4 to changes in A (%)

60 -

—e— Q. robur
—0— Q. faginea

0.1 0.2 0.3 0.4

g, (mol m?s™)

180x138mm (300 x 300 DPI)

http://mc.manuscriptcentral.com/tp




O©CoOoO~NOOTA,WNPE

0.8

A — Q. robur
Q. faginea

0.6

0.4

0.2

g, expected (mol m™> s'1)

2/\

O T T T

E expected (mol m?s™)
N

1.0 1.5 2.0 25 3.0 3.5 4.0
VPD (kPa)

180x230mm (300 x 300 DPI)

http://mc.manuscriptcentral.com/tp





