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In Mediterranean-type ecosystems, drought is considered the main ecological filter for seedling establishment. The evergreen
oaks Quercus ilex L. and Quercus suber L. are two of the most abundant tree species in the Mediterranean Basin. Despite their
shared evergreen leaf habit and ability to resist low soil water potentials, traditionally it has been suggested that Q. ilex is better
suited to resist dry conditions than Q. suber. In this study, we examined how seedlings of Q. ilex and Q. suber grown in sandy soils
responded to different levels of water availability using natural dry conditions and supplemental watering. Specifically, we esti-
mated survival and water status of seedlings and explored the role of acorn mass and belowground biomass in seedling perform-
ance. To our surprise, Q. suber was better able to survive the summer drought in our experiment than Q. ilex. Nearly 55% of the
Q. suber seedlings remained alive after a 2-month period without rain or supplemental water, which represents almost 20% high-
er survival than Q. ilex over the same period. At the end of the dry period, the surviving seedlings of Q. suber had strikingly higher
water potential, potential maximum quantum yield of photosystem Il (F,/F,,) and stomatal conductance (gs) than those of Q. ilex.
Acorn mass was associated with the probability of survival under dry conditions; however, it did not explain the differences in sur-
vival or water status between the species. In contrast, Q. suber had a higher root ratio and root:shoot ratio than Q. ilex and these
traits were positively associated with predawn leaf water potential, F,/F,,, gs and survival. Taken together, our results suggest
that the higher relative investment in roots by Q. suber when growing in a sandy acidic substrate allowed this species to maintain
better physiological status and overall condition than Q. ilex, increasing its probability of survival in dry conditions.
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Introduction
uett droughts inducing dieback events have been increasingly reported

Drought is one of the most important selective factors in nature,
affecting plant establishment, long-term survival, growth and repro-
duction (Malhi and Wright 2004, Sheffield and Wood 2008, Allen
et al. 2010, Ramirez-Valiente et al. 2010, 2015, McDowell et al.
2011, Asner et al. 2016). Recently, severe and prolonged seasonall

across many ecosystems globally (Malhi and Wright 2004, Sheffield
and Wood 2008, Allen et al. 2010, McDowell et al. 2011, Asner
et al. 2016). Seedlings are particularly vulnerable to water stress
(Cavender-Bares and Bazzaz 2000, Mediavilla and Escudero
2004), and their ability to cope with water shortage is critical to the
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long-term sustainability of drought-prone ecosystems (Lloret et al.
1999, Padilla and Pugnaire 2007). Under a scenario of increasing
drought, understanding trees’ and particularly seedlings’ responses
to water limitation is critical for forest conservation and management
(Choat et al. 2007, Engelbrecht et al. 2007, Bonan 2008, Feeley
etal. 2011, Anderegg et al. 2016).

In Mediterranean-type ecosystems, drought is considered the
main ecological filter for seedling establishment (Fotelli et al.
2000, Larcher 2000, Ackerly 2004, Arosa et al. 2015). The
evergreen oaks Quercus ilex L. and Quercus suber L. are two of
the most abundant tree species in the Mediterranean Basin
(EUFORGEN database www.euforgen.org/species, Caudullo
et al. 2017). They are adapted to withstand seasonal drought
through their small leaf lamina, thick leaves, low shoot water
potential at turgor loss point, low cuticular transpiration and high
resistance to drought-induced cavitation when compared with
more mesic oaks (Kerstiens 1996, Tyree and Cochard 1996,
Corcuera et al. 2002, Vilagrosa et al. 2003, Quero et al. 2006,
Montserrat-Marti et al. 2009, Peguero-Pina et al. 2014). These
species also have deep and well-developed root systems that
allow them to access groundwater (David et al. 2004,
Lubczynski and Gurwin 2005, Kurz-Besson et al. 2006), and
close their stomata at lower water potentials than other
congeneric species from more mesic areas (Corcuera et al.
2002, Mediavilla and Escudero 2003, Vilagrosa et al. 2003).
However, despite their shared evergreen leaf habit and ability to
withstand low water potentials, these two species have different
and contrasting distribution ranges (Figure 1). For example, in
the Iberian Peninsula, where both species are present, Q. ilex is
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the dominant tree in the drier and cooler areas inland, whereas
the calcifugous Q. suber is mainly restricted to the south-western
region, characterized by a wetter and warmer climate and acidic
soils (Diaz-Fernandez et al. 1995, Jiménez et al. 1996). The
high sensitivity of Q. suber to low temperatures (Aranda et al.
2005) contrasts with Q. ilex, which has developed an efficient
leaf photo-protection strategy to cope with low temperatures in
winter (Garcia-Plazaola et al. 1999). There are some areas
where both species occur and occasionally hybridize (Belahbib
etal. 2001, Soto et al. 2007, Burgarella et al. 2009) (Figure 1).
It is typically suggested that their geographical distributions
reflect differences in the species’ response to a combination of
abiotic factors including water availability, temperature and soil
type (Cavender-Bares et al. 2005, David et al. 2007).

Dry conditions are traditionally thought to suit Q. ilex, particu-
larly Q. ilex spp. rotundifolia, better than Q. suber (David et al.
2007); in part, this is because of its higher leaf mass per area
(LMA), leaf and mesophyll thickness (Mediavilla and Escudero
2004, Peguero-Pina et al. 2017). Likewise, Q. ilex is more
resistant to xylem embolism than Q. suber (Tyree and Cochard
1996). In contrast, it has been hypothesized that Q. suber
should displace Q. ilex in more mesic Mediterranean areas
because of its higher carbon assimilation and growth rates
(Quero et al. 2006, 2008). However, there are some inconsist-
encies in the results of studies comparing the two species in
terms of growth potential and drought resistance. For instance,
Peguero-Pina etal. (2017) reported that Q. ilex subsp. rotundifo-
lia and Q. suber had similar carbon assimilation rates when water
was not a limiting factor for seedlings. On the other hand,

Figure 1. Distribution ranges of Q. ilex (green) and Q. suber (purple). Overlapping areas between ranges of both species are shown in brown. Modified
from EUFORGEN database (www.euforgen.org/species) and Caudullo et al. (2017). The open circle indicates the area where the maternal families for
the common garden were sampled. The black triangle indicates where the field experiment was established.
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Corcuera et al. (2002) found that Q. suber and Q. ilex subsp.
rotundifolia had a similar water potential at the turgor loss point
and maximum bulk modulus of elasticity, which would confer on
both species similar tolerance to moderate water stress.
Surprisingly, none of the studies comparing Q. suber and Q. ilex
subsp. rotundifolia have examined how drought affects fitness-
related traits such as survival.

We devised a field experiment to test how seedlings of Q. ilex
and Q. suber respond to different levels of water availability, using
natural conditions and supplemental watering to create differential
soil-moisture treatments during summer drought. In particular, this
allowed us to evaluate the potential role of investment in roots for
the water status, photosynthetic potential and ultimately survival of
the oak seedlings. Allocation to belowground organs is considered a
drought avoidance mechanism that allows plants to increase their
probability of survival during dry periods (Lloret et al. 1999,
Markesteijn and Poorter 2009). Several studies have found a higher
root biomass ratio (i.e., the biomass invested in roots compared
with the total biomass), or root-shoot ratio (i.e., the biomass
invested in roots compared with the aboveground biomass), to
increase survival in oaks (Villar-Salvador et al. 2004qa, 2004b,
2012). Analyses of soil and leaf water potentials have demonstrated
that deep soil layers can supply most of the water required by Q.
suber during summer drought (Otieno et al. 2006). Likewise, iso-
tope analyses have shown that mature trees of Q. ilex obtain most of
their water from deep soil layers during dry periods (Barbeta and
Pefiuelas 2017). These studies suggest that root investment might
be critical in allowing both Q. ilex and Q. suber to cope with water
stress during prolonged droughts. In addition, seed mass is also
considered a key trait determining the successful recruitment of
seedlings, particularly in dry environments (Leishman and Westoby
1994, Seiwa 2000, Baraloto et al. 2005, Rodriguez-Calcerrada
etal. 2011). The importance of seed mass lies in the influence that
it exerts on traits such as above- and belowground growth during
seedling establishment under both competitive and resource-
limiting conditions (Moles and Westoby 2004). Positive associa-
tions between seed mass and survival have previously been
reported in Q. ilex and Q. suber (Gomez 2004, Ramirez-Valiente
et al. 2009), likewise an acorn size—growth relationship (Quero
etal. 2008), but the mechanisms mediating such a pattern have not
yet been elucidated in these species.

In this study, our specific research questions were: Do seed-
lings of Q. ilex and Q. suber differ in their response to natural vs
supplemental precipitation regimes in terms of survival, growth,
root ratio, photosystem Il (PSIl) efficiency and stomatal conduct-
ance (gs)? Are acorn mass, root ratio, PSIl efficiency and gs
associated with survival under dry conditions?

Since Q. ifex is usually found in more xeric areas than Q. suber, we
expected that Q. ilex would have higher survival under dry conditions
than Q. suber, whereas the latter would have higher growth rates under
mesic conditions (Quero et al. 2006, David et al. 2007, Peguero-Pina
et al. 2017). Previous studies reveal that Q. ilex has a greater capacity

for osmotic adjustment and consequently tolerates low soil water
potential better than Q. suber (drought tolerance strategy) (e.g., Salleo
and Lo Gullo 1990, Tognetti et al. 1996, Villar-Salvador et al. 2004q,
2004b, Otieno et al. 2006, Castro-Diez and Navarro 2007). Less-
consistent differences between these species have been reported in
drought avoidance mechanisms such as allocation patterns and gs
(e.9., Gonzalez-Rodriguez et al. 2011).

Materials and methods

Seed collection and experimental design

In winter 2006, we collected acorns from Q. suber and Q. ilex
stands in an area located in Central Spain (40°20’N, 7°00'W),
where both species coexist (Figure 1). The climate in this area is
typically Mediterranean and soils are dystric and eutric cambisols
(Diaz-Fernandez et al. 1995, lJiménez et al. 1996). Twenty
open-pollinated trees (10 per species) were sampled. Sampled
trees were each separated by more than 150 m in order to avoid
kinship structures (Soto et al. 2007). Seeds were stored at 4 °C.
Most viable seeds germinated at this temperature before the syn-
chronous sowing in May 2007. A common-garden experiment
was established in a field site at the Centro Nacional de Recursos
Genéticos Forestales (CNRGF) growth facilities (40°25'N, 3°44'W).
The soils in the experimental plot and surrounding area where both
species naturally coexist are dystric and eutric cambisols with a pH
between 6.0 and 7.0 (Martin-Albertos et al. 1998). In the plot, the
analyses revealed that the soil has sandy loam texture, 2% of
organic matter in the top layer and very low content of carbonates
(Table S1 available as Supplementary Data at Tree Physiology
Online for more details). The experimental design consisted of
two randomized complete blocks. Each block was divided into
two subplots where watering treatments were later implemented.
Between 2 and 37 seeds per family per subplot (depending on
availability) were directly sown on a grid at 25 X 25 cm spacing
(n = 1120). Once emerged, seedlings were kept under well-
watered conditions (20-30% volumetric soil water content) and
ambient temperature (average T = 19.6 °C) for 60 days after sow-
ing. At the end of this period, two watering treatments were applied
for another 60 days. In the well-watered treatment, we watered
every 2 days. In the dry treatment, no water was added. Soil water
content was monitored every 3—7 days over the experiment at four
depths: 20, 30, 40 and 60 cm, using TDR probes (Time Domain
Reflectometry, Trime®IT IMKO, Germany) (see Figure S1 available
as Supplementary Data at Tree Physiology Online and results for
details). There was no rainfall during the watering treatments.

Trait measurements

Due to the logistical limitations, we randomly selected 211 seed-
lings from five families per species (3—17 plants/family/species/
treatment depending on availability) to monitor growth, survival,
allometry and physiology traits. Stem height, basal diameter and
the number of leaves were measured at the beginning and at the
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end of the watering treatments (i.e., O and 60 days after the start
of the watering treatments). We used these variables to estimate
initial (Minitiar @t t = O days; Tinitiar) @and final biomass (Mfina at t =
60 days; Trina) With allometric equations developed from a sub-
sample of plants harvested at the end of the experiment (n = 36
plants per species). Absolute growth rate (AGR, g day™') was
calculated as (Msinai — Minitial) / (Toinat — Tinitial) - Relative growth
rate (RGR, mg g~' day™') was calculated as [loge(Mfina) —
10ge (Minitial) ]/ (Ttinal — Tinitiar) -

Twenty days after the start of the watering treatments (t = 20),
dark- and light-acclimated chlorophyll fluorescence measurements
were performed on leaves of the 211 selected seedlings using FMS-
2 (Hansatech Instruments Ltd, Norfolk, UK). Measurements were
repeated on two further occasions at intervals of 15 days (t = 35
and t = 50). Dark measurements were made predawn or very early
in the morning using dark-adaptation clips. Light measurements were
made on leaves receiving full sun on clear sunny days at midday,
when the irradiance was highest. We measured F,, and Fo, F,," and
Fs. Fr is the maximal chlorophyll fluorescence measured during a
0.8 s pulse of saturating white light, and Fy is the minimal chlorophyll
fluorescence measured during exposure to a weak modulated meas-
uring beam. f,," and F are the maximal and the steady-state chloro-
phyll fluorescence measured during actinic illumination, respectively.
For further analysis, we calculated: F,/F, = (Fm — Fo)/Fm, Which is
the potential maximum quantum yield of PSIl in a dark-adapted leaf,
and ®pg = (FM’ — F5)/Fm’, the effective quantum yield of PSIl in an
iradiated leaf, which is related to its CO, fixation rate and growth
rates in oaks (Cavender-Bares and Bazzaz 2004).

On the same three dates (t = 20, t = 35 and t = 50), we mea-
sured area-based stomatal conductance (gs) in each plant of the
five selected families per species. We made two measurements
per leaf (which were averaged prior to statistical analyses), and
measured at two time intervals during the day, early in the morn-
ing and at midday. Stomatal conductance was measured with a
leaf porometer (SC-1; Decagon Devices, Pullman, WA, USA).

We also monitored survival on the same dates as above. At
t = 50, we measured predawn leaf water potential (Wpp) in the
surviving plants. At the end of the experiment (t = 60), we har-
vested a randomly selected subsample of plants within each
treatment to estimate total biomass and investment in roots,
leaves and stems (n = 49 plants per species). All plant parts
were dried in an oven at 65 °C. Root ratio (also known as root
mass fraction), leaf and stem ratios (i.e., each as a fraction of
total dry biomass) were calculated. The root:shoot ratio [root
biomass/(stem + leaf biomass)] was also estimated.

Statistical analyses

A linear mixed model was used for statistical analyses of growth
traits, allometric traits and leaf water potential. Species and
Treatment were fixed-effect factors, Block and Family nested
within Species were treated as random-effect factors and acorn

Survival of Q. suber vs. Q. ilex under drought 67

mass was included as a covariate. The model equation for these
traits was

Yikp = #+ S+ T+ FSk + B + STy + TF (S + My + Ejgp
M

where Yy, is the observed value for the variable considered in
the pth individual of the kth open-pollinated family from the ith
species in the jth treatment into the /h block; u is the overall
mean; S; is the fixed effect of the ith species; T; is the fixed effect
of the jth treatment; F(S) x is the random effect of the kth family
nested within the ith species; B, is the random effect of the /th
block; STj is the fixed effect of the interaction between the ith
species and the jth treatment, TF(S) j is the random effect of the
interaction between the jth treatment and the kth family nested
within the ith species; M, is the value of acorn mass for the pth
individual; and Ejy, is the residual error term.

This linear mixed model was amended for F,/F,, and ®pg to
include Date as an additional fixed-effect factor because
measurements were made on three different dates, making the
model a split-plot-in-time. The mixed model for gs also included
time-of-day as a fixed-effect factor because this trait was measured
in the morning and at midday. The model equations for F,/F,, ®ps
and gs are included in Appendix S1 available as Supplementary
Data at Tree Physiology Online. When necessary, data were
transformed (logarithm, square root) to meet normality and
homoscedasticity assumptions.

A generalized linear mixed model was implemented for final
survival (i.e., survival at the end of the experiment) using a bino-
mial distribution and logit link function. The model was only
applied to seedlings from the dry treatment because there was
no mortality in the well-watered treatment. This model included
Species as a fixed-effect factor, and Block and Family nested
within Species as random-effect factors. The model equation for
survival was

Yo = H+ S+ F( S + B + M, + Eyyp

where the description of the terms is consistent with that of
Eqg. (1). Analyses were performed with the package Ime4 (Bates
et al. 2015) and ImerTest (Kuznetsova et al. 2017) in R 3.4.2
(R Development Core Team 2015). Degrees of Freedom (df),
chi-square values (y°) and significance P-values were obtained
from likelihood-ratio tests comparing reduced models to the full
model using function ‘anova’.

We also tested differences between species in acorn dry mass
using a mixed model including Species as a fixed factor and Family
nested within species as a random factor. To test for associations
between traits within treatments, we performed linear regressions
at the level of the individual and maternal family. Three linear
regressions were performed for each pair of traits, one for Q. ilex,
one for Q. suber and one for both species together. The trait gs was
log-transformed for some tests. Relationships between survival and
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traits were examined by performing linear regressions using family
means. To test for associations across treatments, g, ¥pp and
Dps) were log-transformed (see Savage et al. 2009 for a similar
approach). Regression analyses were performed in STATISTICA
10.0 (StatSoft, Inc., Tulsa, OK, USA). Sigmaplot 12.5 (Systat
Software Inc., San Jose, CA, USA) was used to plot figures.

Results

In the well-watered treatment, volumetric soil water content
(VWC) ranged between 20% and 30% at 20, 30 and 40 cm
depth, and between 25% and 40% at 60 cm (see Figure S1
available as Supplementary Data at Tree Physiology Online). In
the dry treatment, VWC decreased from 20-30% to 5-10%
after 2 months in the top 20 cm of soil (see Figure S1 available
as Supplementary Data at Tree Physiology Online). Reductions in
VWC were also evident at 30, 40 and 60 cm soil depth but to a
lesser extent than those at 20 cm depth (see Figure S1 available
as Supplementary Data at Tree Physiology Online). The experi-
ment finished with first rains of autumn (60 days after the start
of the differential watering treatments). The average temperature
during this period was T = 22.9 °C (maximum T = 39.2 °C and
minimum T = 7.8 °C). Acorns of Q. ilex had a higher dry mass
(0.900 + 0.085 g) than those of Q. suber (0.762 + 0.085 g)
but differences were not significant (y* = 1.32, P=0.251). The
effect of acorn mass was significant for basal diameter, g5 and
final survival (Tables 1-4).

There were differences between treatments in absolute and
relative growth rates (AGR and RGR), during the period after the
start of watering treatments, and in aboveground growth (height
and number of leaves) at the end of the experiment (Table 1).
However, treatment effects on aboveground growth traits were
only evident for Q. suber not for Q. ilex, with the exception of

RGR (Figure 2) (see also species X treatment interactions
below). As expected, plants growing in the dry treatment had
lower AGR, RGR, accumulated height growth and number of
leaves (Figure 2). Predawn leaf water potential (Wpp) differed
between treatments in both species and plants growing in the
dry environment exhibited lower values (Table 1, Figure 2).
Differences between treatments in root ratio and root:shoot ratio
were only evident for Q. suber, such that seedlings growing in
the dry environment had higher root and root:shoot ratios
(Table 1, Figure 3). Leaf ratio did not differ between treatments
and stem ratio only differed between treatments for Q. suber
(Table 1, Figure 3). The watering treatment affected leaf physio-
logical traits (Tables 2 and 3): seedlings had lower F,/F.,, ®ps
and gs in the dry treatment compared with the well-watered
treatment for both species (Figure 4). The differences between
treatments in F,/F,, and gs increased at the end of the experi-
ment (significant interaction watering treatment X date of meas-
urement), as expected since the summer drought increased the
difference between the treatments in VWC over time (Tables 2 and
3, Figure 4).

There were also differences between species, or species X
treatment interaction, for most traits. In the well-watered treat-
ment, Q. suber had higher AGR, total height, number of leaves,
stem ratio and stem biomass but a lower leaf ratio than Q. ilex,
which typically has larger thicker leaves (Table 1, Figures 2 and 3;
see Figure S2 and Table S2 available as Supplementary Data at
Tree Physiology Online), implying that the two species use differ-
ent strategies in allocating resources to leaf traits. In the dry treat-
ment, Q. suber had higher Wpp, root ratio and root:shoot ratio than
Q. ilex (Table 1, Figures 2 and 3). In the dry treatment, both spe-
cies had similar growth rates (AGR, RGR), aboveground growth
(height, number of leaves and diameter) and aboveground leaf,
root and stem biomass (Figure 2; see Figure S2 available as

Table 1. Results of mixed models for absolute growth rate (AGR), relative growth rate (RGR), height, number of leaves (N leaves), diameter, predawn
leaf water potential (¥pp), root ratio, root:shoot ratio, leaf ratio and stem ratio. Chi-squares (y°) and P-values are shown. Fixed factors: Species,
Treatment. Random factors: Family (Species), Block. Covariate: Seed mass.

AGR RGR Height N leaves Diameter Wpp Rootratio Root:shoot Leafratio Stem ratio

Species ;(2 5.61 3.22 9.99 8.65 012 38.64 11.02 12.53 32.93 0.71

P 0.004 0.073 0.002 0.003 0.7241 <0.001 0.001 <0.001 <0.001 0.400
Treatment ¥ 38.46 60.67 9.10 31.01 1.52 172.75 18.51 10.97 1.83 9.92

P <0.001 <0.001 0.003 <0.001 0.217 <0.001 <0.001 0.001 0.176 0.002
Species X Treatment Ve 8.82 433 5.99 5.71 0.47 49.24 7.76 5.92 0.32 6.22

P 0.003 0.038 0.014 0.017 0.492 <0.001 0.005 0.015 0.571 0.013
Block )(2 0 0.00 0.01 0 0.14 0 0] 0] 0] 0]

P - 0.975 0.908 - 0.710 - - - - -
Family (Species) Va 0 0 0.01 0.01 3.04 0 4.01 2.31 0.11 0

P - - 0.944 0910 0.081 - 0.045 0.059 0.740 -
Treatment x Family (Species) 4* 0 0 3.17 0.02 0.00 0 0 0 0 0

P - - 0.075 0.898 0.966 - - - - -
Seed mass F 3.44 1.37 0.18 1.32 6.47 1.07 1.98 1.80 1.85 0.50

P 0.063 0.241 0.674 0.250 0.011 0.302 0.159 0.180 0.173 0478

Note: Significant values are in bold face (P < 0.05).
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Table 2. Results of mixed models for F,/F,, and effective quantum yield
of PSIl (®ps)). Degrees of freedom (df), Chi-squares (y°) and P-values
are shown. Fixed factors: Species, Treatment, Date. Random factors:
Family (Species), Block. Covariate: Seed mass.
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Table 3. Results of the mixed model for area-based stomatal conduct-
ance (gs). Degrees of freedom (df), Chi-squares (x%) and P-values are
shown. Fixed factors: Species, Treatment, Date, Daytime. Random fac-
tors: Family (Species), Block. Covariate: Seed mass.

df 7 Pvalue df Ve P-value
Fo/Fr Species 1 22.51 <0.001
Species 1 33.56 <0.001 Treatment 1 501.3 <0.001
Treatment 1 167.1 <0.001 Date 2 42.27 <0.001
Date 2 150.5 <0.001 Daytime 1 78.57 <0.001
Species X Treatment 1 26.99 <0.001 Species X Treatment 1 28.61 <0.001
Species X Date 2 31.10 0.001 Species X Date 2 4118 <0.001
Treatment x Date 2 71.91 <0.001 Species x Daytime 1 3.68 0.055
Species X Treatment X Date 2 19.44 <0.001 Treatment X Date 2 4410 <0.001
Block 1 2.76 0.097 Treatment X Daytime 1 66.26 <0.001
Family (Species) 1 0.39 0.532 Species X Treatment x Date 2 33.86 <0.001
Treatment x Family (Species) 1 0 - Species X Treatment X Daytime 1 1.57 0.211
Date x Family (Species) 1 ¢} - Block 1 15.60 <0.001
Seed mass 1 3.70 0.054 Family (Species) 1 4.49 0.034
Dps) Treatment x Family (Species) 1 0.21 0.650
Species 1 20.87 <0.001 Date x Family(Species) 2 0 -
Treatment 1 466.6 <0.001 Daytime x Family (Species) 1 0 -
Date 2 30.80 <0.001 Seed mass 1 9.93 0.002
Species X Treatment 1 0.33 0.564 o -
Species x Date > 259 0.274 Note: Significant values are in bold face (P < 0.05).
Treatment X Date 2 3.45 0.178
Species x Treatment x Date 2 0.90 0.639 Table 4. Results of the generalized linear mixed model for final survival
Block 1 10.85 <0.001 (t = 50 days). Degrees of freedom (df), Chi-squares (;(2) and P-values
Family (Species) 1 0 _ are shown. Fixed factor: Species. Random factors: Family(Species),
Treatment x Family (Species) 1 0 _ Block. Covariate: Seed mass.
Date x Family (Species) 1 0 - df 7 Povalue
Seed mass 1 0.23 0.631
Species 1 5.78 0.016
Note: Significant values are in bold face (P < 0.05). Block 1 8.32 0.004
. . Family (Species) 1 0.00 -
Supplementary Data at Tree Physiology Online). Quercus suber Seed mass ’ 6.68 0.010

had higher F,/F,, and gs in the dry treatment in the latter half
(from day 35) of the experiment (Tables 2 and 3, Figure 4).
Differences between species in the well-watered treatment for
these traits were small or absent (Figure 4). Quercus suber seed-
lings had greater survival than Q. ilex at the end of the experiment
(Table 4, Figure 5).

Linear regressions did not show an association between
acorn mass and survival using family means, indicating that dif-
ferences in survival between species could not be explained by
acorn mass (see Figure S3 available as Supplementary Data at
Tree Physiology Online). Root biomass was positively associated
with survival (see Figure S3 available as Supplementary Data at
Tree Physiology Online). Acorn mass was not associated with
root ratio but it was associated with root biomass (see Figure
S3 available as Supplementary Data at Tree Physiology Online),
which could explain the positive effect of acorn mass on survival
at the individual level (Table 4).

In the dry treatment, traits related to the water status of the
plants such as Wep, F,/F., and gs were associated with root ratio
and leaf ratio across species (Figure 6). Seedlings with a higher
root ratio and lower leaf ratio had higher Wgp, F,/Fn, and gs
(Figure 6; see Figure S4 available as Supplementary Data at

Note: Significant values are in bold face (P < 0.05).

Tree Physiology Online). R-squared values were moderate, par-
ticularly for associations of leaf traits/survival with leaf ratio/root
ratio (Figure 6; see Figure S4 available as Supplementary Data
at Tree Physiology Online). Similar associations were present
between Wep, F./Frm and gs with root:shoot ratio or root biomass
(data not shown). Plants that had higher root ratio and Wpp main-
tained higher gs in the dry treatment (Figure 6; see Figure S5 avail-
able as Supplementary Data at Tree Physiology Online). However,
when species were analysed separately, linear regressions
between root ratio and Wpp, F./Fn and gs were not significant,
indicating that associations were caused by species differences in
these traits (Figure 6; see Figure S4 available as Supplementary
Data at Tree Physiology Online). Higher investment in roots was
also associated with greater survival after 2 months of drought
(Figure 6). In the well-watered treatment, RGR was positively asso-
ciated with g5 using individual values and ®ps; using family means
(see Figure S6 available as Supplementary Data at Tree Physiology
Online). Both g5 and ®pg) were associated across treatments with
predawn water potential (Wpp) in negative log-linear relationships

Tree Physiology Online at http://www.treephys.oxfordjournals.org
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Figure 2. Least squares means (+SE) of (a) absolute growth rate
(AGR), (b) relative growth rate (RGR), (c) height, (d) number of leaves,
(e) basal diameter and (f) predawn water potential (Wpp) for Q. suber
(triangles) and Q. ilex (circles) under well-watered (W) and dry (D) treat-
ments. Asterisks (*) indicate differences between treatments for each
species. Letters indicate differences between species within treatments.

(see Figure S7 available as Supplementary Data at Tree Physiology
Online).

Discussion

Contrary to our hypothesis, Q. suber was better able to survive
the summer drought than Q. ilex in our experiment (Figure 5).
Nearly 55% of the Q. suber seedlings remained alive after a
2-month period without water: this represents almost 20% high-
er survival than Q. ilex over the same period. At the end of the
dry period, the surviving seedlings of Q. suber had strikingly
higher water potential, F,/F, and gs than those of Q. ilex
(Figures 2 and 4). The most striking difference between the spe-
cies was that Q. suber had a higher root ratio than Q. ilex
(Figure 3), and this trait was positively associated with Wpp, F./Fin,
gs and survival across species (Figure 6). Taken together, our results
suggest that higher relative investment in roots by Q. suber allowed
this species maintain better physiological status and overall condition
than Q. ilex, increasing its probability of survival under dry conditions
in a sandy acidic substrate.
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Figure 3. Least squares means (+SE) of (a) root ratio, (b) root:shoot
ratio, (c) leaf ratio and (d) stem ratio for Q. suber (triangles) and Q. ilex
(circles) under well-watered (W) and dry (D) treatments. Asterisks (*)
indicate differences between treatments for each species. Letters indi-
cate differences between species within treatments.

Numerous studies have reported that bigger acorns lead to
increased seedling growth, which can improve seedling perform-
ance by providing the resources to grow deep and extensive
root systems, giving access to water from deep within the soil
profile (Stock et al. 1990, Tripathi and Khan 1990, Osunkoya
et al. 1994, Gomez 2004, Ramirez-Valiente et al. 2009,
Rodriguez-Calcerrada et al. 2011). In fact, strong associations
have been reported between acorn mass and survival in Q. ilex
and Q. suber (Gomez 2004, Ramirez-Valiente et al. 2009). In
our experiment, high acorn mass was positively associated with
the probability of survival under dry conditions at the individual
level probably because of an increased capacity for root growth
(Table 4; see Figure S3 available as Supplementary Data at Tree
Physiology Online), but this did not explain the species differ-
ences in survival (see Figure S3 available as Supplementary
Data at Tree Physiology Online).

On the other hand, although the total and aboveground bio-
mass, height and number of leaves in the dry treatment were
similar in the two species, Q. ilex had higher relative investment
in leaves, i.e., leaf ratio. Higher leaf ratio might be caused by a
larger leaf lamina area, thicker leaves or both. The interpretation
of our results would differ depending on the main mechanism
underlying the difference in leaf ratio. If leaf area is the main fac-
tor mediating differences in leaf ratio between the two species,
then the lower survival and poor water status of Q. ilex seedlings
could, at least in part, be the result of depletion of soil moisture
due to their higher whole-plant transpiration (Poorter and
Remkes 1990, Villar et al. 2017). We did not measure specific
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Figure 4. Least squares means (+SE) of (a) potential quantum yield of
PSIl in dark-adapted leaves (F,/F.), (b) effective quantum yield of PSIl in
leaves receiving full solar irradiance (®ps) and (c) stomatal conductance
(gs) for Q. suber (triangles) and Q. ilex (circles) under dry (red) and well-
watered (blue) treatments on three occasions during the summer
drought vs watering treatments (t = 50, 35 and 50 days). Asterisks (*)
indicate differences between treatments for each species. Letters indi-
cate differences between species within treatments.

leaf area (ratio between leaf area and leaf mass) in our study,
but the facts that Q. ilex usually has thicker leaves than Q. suber
(e.g., Cavender-Bares et al. 2005, Peguero-Pina et al. 2017)
and that root ratio was better correlated with survival and water
status of seedlings than leaf ratio (see Figure S4 available as
Supplementary Data at Tree Physiology Online) suggest that
whole-plant transpiration area have had a low impact on the dif-
ferences in the performance between Q. ilex and Q. suber.

Root ratio, which represents the investment in roots relative to
the total biomass, seemed to underpin the different probability of
survival under dry conditions between these two evergreen oak
species. Mediterranean oak species have tended to favour
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Figure 5. Least squares means (+SE) of survival measured in Q. suber
(triangles) and Q. ilex (circles) on three occasions during the summer
drought vs watering treatments. Only the dry (red) treatment results are
shown since all seedlings survived in the well-watered treatment. Letters
indicate differences between species within treatments at the end of the
experiment.

belowground growth over aboveground growth in studies where
water is limiting (Villar-Salvador et al. 2004a, 2004b, Cubera
etal. 2009, Corcobado et al. 2014). In our study, Q. suber exhib-
ited higher root ratio than Q. ilex after 2 months of drought, similar
to the findings reported by Quero et al. (2008) and Gonzalez-
Rodriguez et al. (2011). A higher root ratio in oaks is produced
by increases in both lateral and tap roots allowing a larger volume
and depth of soil to be explored (Chiatante et al. 2005, Chirino
et al. 2008). The size and length of the root system have also
been found to predict predawn water potential and survival under
seasonal drought (Bellot et al. 2002, Grossnickle 2005, Padilla
and Pugnaire 2007, Chirino et al. 2008, Villar-Salvador et al.
2012). Although high relative investment in roots is a characteris-
tic of most species from the genus Quercus, there can be species-
specific differences such as those reported by Espelta et al.
(2005) when comparing Q. ilex and Quercus cerrioides Willk.. We
did not measure root length, but the fact that root ratio was posi-
tively correlated with leaf water potential, F,/F, and gs across spe-
cies suggests that high root biomass allocation allowed seedlings of
Q. suber to increase water uptake, probably because their deeper
roots reached soil with higher water content (Otieno et al. 2006).
Consistent with these findings, 3-year-old seedlings of Q. suber
exhibited higher survival than Q. ilex seedlings of the same age grow-
ing in a fluvisol (Gonzalez-Rodriguez et al. 2011). In another study,
adult trees of Q. suber had higher predawn leaf water potentials than
those of Q. ilex under summer drought in an open woodland where
both species coexist (Mediavilla and Escudero 2003). However, the
opposite result has been also recorded on several occasions in both
adult trees and seedlings, i.e., Q. ilex exhibited higher predawn leaf
water potentials than Q. suber when growing under low water avail-
ably (Acherar and Rambal 1992, David et al. 2007, Vaz et al.
2010). In addition, seedlings of Q. ilex typically have a lower water
potential at the turgor loss point (my,) than those of Q. suber,
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Figure 6. Relationships between root ratio and (a) predawn leaf water potential (Wep), (b) F./Fm and (c) stomatal conductance (log-transformed, gs) in
the dry treatment measured 50 days after the start of watering treatments. Results of regression analyses conducted for each species separately are
shown with subscripts (i — Quercus ilex, s — Quercus suber) in linear fits (R%) and significant levels. (d) The relationship between root ratio and survival in
the dry treatment at the end of the experiment using family means (+SE). Quercus ilex: circles, Quercus suber: triangles. Linear fit (R?) and significant
level are shown when excluding one of the Q. suber families, which was an extreme outlier for some traits including survival and ®pg) (see also Figure

S6 available as Supplementary Data at Tree Physiology Online).

indicating higher drought tolerance including when grown in com-
mon environmental conditions (Salleo and Lo Gullo 1990, Sala and
Tenhunen 1994, Tognetti et al. 1996, Nardini et al. 1999, Villar-
Salvador et al. 2004qa, 2004b, Pardos et al. 2005, Otieno et al.
2006, Castro-Diez and Navarro 2007). Only Corcuera et al. (2002)
reported similar values of my, for both species.

Taken together, these previous findings suggest that Q. ilex
seedlings better tolerate low soil water potentials than Q. suber
seedlings probably because of their better ability to accumulate
solutes and lower their osmotic potential under dry conditions
(a drought-tolerance strategy). In contrast, our results suggest
that Q. suber seedlings increased root biomass in response to
low soil water potentials whereas Q. ifex did not (a drought avoid-
ance strategy), which is consistent with a previous study
(Gonzélez-Rodriguez et al. 201 1). Evolutionary trade-offs between
drought tolerance and avoidance strategies have been reported for
other oaks from seasonally dry ecosystems (Cavender-Bares and
Ramirez-Valiente 2017, Ramirez-Valiente and Cavender-Bares
2017). The key question is; what are the conditions that favour
one strategy over the other in terms of fithess? The fact that Q. sub-
er, which is usually found in more mesic areas than Q. ilex, survived
better under dry conditions opens a debate on whether rainfall and
the severity and length of the dry season are the main selective
forces shaping the distribution ranges of Q. ilex and Q. suber.

Several studies have shown that Q. suber is more sensitive to cold
temperatures than Q. ilex. For example, Cavender-Bares et al. 2005
found that Q. suber was less resistant to xylem embolisms than
Q. ilex under freezing conditions. Aranda et al. (2005) found that
PSII efficiency of Q. suber seedlings was sensitive to cold tempera-
tures, but PSll is not usually sensitive to cold in Q. ilex (Nardini et al.
2000, Corcuera et al. 2005, Camarero et al. 2012). Quercus suber
is also considered a strictly calcifugous species and is absent from
basic soils, whereas Q. ilex tolerates a wider range of soil types
(Valdecantos et al. 2006). For example, Serrasolses et al. (2009)
showed that Q. suber seedlings, established in siliceous sandstone
soils under high annual precipitation, had higher growth rates than
seedlings growing in carlcareous soils and low annual precipitation
regimes. In contrast, Sardans et al. (2006) did not find any effect of
soil type (siliceous or calcareous) on seedling growth and biomass
allocation patterns in Q. ilex. These differences in physiological toler-
ance and habitat preference highlight the need to explore the effect
on the performance of Q. ilex and Q. suber of interactions among
multiple abiotic factors including drought, soil chemical properties,
soil granulometry and temperature to ascertain their relative roles in
shaping the distributions of these evergreen oaks.

In conclusion, our results revealed that Q. suber seedlings sur-
vived better than Q. ilex during a 2-month summer drought peri-
od without any precipitation. Surviving seedlings of Q. suber also
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had strikingly higher water potential, F,/F, and g5 than those of
Q. ilex. The relative investment in roots was strongly linked to
survival, water potential, F,/F,, and gs across species, suggest-
ing that the higher probability of survival and the better water
status of seedlings of Q. suber was probably explained by a
drought avoidance strategy that allowed them to maintain higher
water content throughout the dry season in a sandy soil.
Comparative studies of these two species regarding comple-
mentary drought tolerant traits, such as osmotic adjustment and
xylem vulnerability to cavitation and their relationship with fitness
at different ontogenetic stages, are needed to provide a defini-
tive perspective on the drought resistance mechanisms of these
two oaks and explain the main factors driving their distribution
and coexistence patterns.

Supplementary Data

Supplementary Data for this article are available at Tree
Physiology Online.

Acknowledgments

We thank Zaida Lorenzo for assistance with seed collection. We
gratefully acknowledge José Antonio Mancha, Santiago de Blas
and Rosa Angulo for technical assistance and help with growth
and physiological measurements.

Conflict of interest

None declared.

Funding

This experiment was funded by a Juan de la Cierva Fellowship to
T.M.R., and project grants PLASTOFOR (AGL-O0536/FOR) and
SEDIFOR (AGL2014-57762) to LA, from the Ministerio de
Economia y Competitividad (MINECO). T.M.R. is supported by
the Academy of Finland decision #304519.

References

Acherar M, Rambal S (1992) Comparative water relations of four
Mediterranean oak species. In: Romane F, Terradas J (eds) Quercus
ilex L. ecosystems: function, dynamics and management. Springer,
Dordrecht, Netherlands, pp 177-184.

Ackerly DD (2004) Adaptation, niche conservatism, and convergence:
comparative studies of leaf evolution in the California chaparral. Am
Nat 163:654-671.

Allen CD, Macalady AK, Chenchouni H et al. (2010) A global overview of
drought and heat-induced tree mortality reveals emerging climate
change risks for forests. For Ecol Manage 259:660-684.

Anderegg WRL, Klein T, Bartlett M, Sack L, Pellegrini AFA, Choat B,
Jansen S (2016) Meta-analysis reveals that hydraulic traits explain
cross-species patterns of drought-induced tree mortality across the
globe. Proc Nat Acad Sci USA 113:5024-5029.

Aranda |, Castro L, Alia R, Pardos JA, Gil L (2005) Low temperature dur-
ing winter elicits differential responses among populations of the

Survival of Q. suber vs. Q. ilex under drought 73

Mediterranean evergreen cork oak (Quercus suber). Tree Physiol 25:
1085-1090.

Arosa ML, Ceia RS, Costa SR, Freitas H (2015) Factors affecting cork
oak (Quercus suber) regeneration: acorn sowing success and seedling
survival under field conditions. Plant Ecol Div 8:519-528.

Asner GP, Brodrick PG, Anderson CB, Vaughn N, Knapp DE, Martin RE
(2016) Progressive forest canopy water loss during the 2012-2015
California drought. Proc Nat Acad Sci USA 113:E249-E255.

Baraloto C, Forget PM, Goldberg DE (2005) Seed mass, seedling size
and neotropical tree seedling establishment. J Ecol 93:1156-1166.
Barbeta A, Pefiuelas J (2017) Increasing carbon discrimination rates and
depth of water uptake favor the growth of Mediterranean evergreen
trees in the ecotone with temperate deciduous forests. Glob Chang

Biol 23:5054-5068.

Bates D, Méchler M, Bolker B, Walker S (2015) Fitting linear mixed-
effects models using Ime4. J Stat Soft 67:1-48.

Belahbib N, Pemonge MH, Ouassou A, Sbay H, Kremer A, Petit Rl
(2001) Frequent cytoplasmic exchanges between oak species that
are not closely related: Quercus suber and Q. ilex in Morocco. Mol Ecol
10:2003-2012.

Bellot J, De Urbina JO, Bonet A, Sanchez JR (2002) The effects of tree-
shelters on the growth of Quercus coccifera L. seedlings in a semiarid
environment. Forestry 75:89-106.

Bonan GB (2008) Forests and climate change: forcings, feedbacks, and
the climate benefits of forests. Science 320:1444—1449.

Burgarella C, Lorenzo Z, Jabbour-Zahab R, Lumaret R, Guichoux E, Petit
RJ, Soto A, Gil L (2009) Detection of hybrids in nature: application to
oaks (Quercus suber and Q. ilex). Heredity 102:442—-452.

Camarero JJ, Olano JM, Alfaro SJA, Fernandez-Marin B, Becerril M,
Garcia-Plazaola JI (2012) Photoprotection mechanisms in Quercus ilex
under contrasting climatic conditions. Flora 207:557-564.

Castro-Diez P, Navarro J (2007) Water relations of seedlings of three
Quercus species: variations across and within species grown in con-
trasting light and water regimes. Tree Physiol 27:1011-1018.

Caudullo G, Welk E, San-Miguel-Ayanz J (2017) Chorological maps for
the main European woody species. Data Brief 12:662-666.

Cavender-Bares J, Bazzaz FA (2000) Changes in drought response
strategies with ontogeny in Quercus rubra: implications for scaling
from seedlings to mature trees. Oecologia 124:8-18.

Cavender-Bares J, Bazzaz FA (2004) From leaves to ecosystems: using
chlorophyll fluorescence to assess photosynthesis and plant function in
ecological studies. In: Papageorgiou GC, Govindjee (eds) Chlorophyll a
fluorescence. Springer, Dordrecht, pp 737-755.

Cavender-Bares J, Ramirez-Valiente JA (2017) Physiological evidence from
common garden experiments for local adaptation and adaptive plasticity to
climate in American Live Oaks (Quercus Section Virentes): implications for
conservation under global change. In: Gil-Pelegrin E, Peguero-Pina ),
Sancho-Knapik D (eds) Oaks physiological ecology. Exploring the functional
diversity of genus Quercus L. Springer, Cham, pp 107—135.

Cavender-Bares J, Cortes P, Rambal S, Joffre R, Miles B, Rocheteau A
(2005) Summer and winter sensitivity of leaves and xylem to min-
imum freezing tempve strategies for water availability ineratures: a
comparison of co-occurring Mediterranean oaks that differ in leaf life-
span. New Phytol 168:597-612.

Chiatante D, Di lorio A, Scippa GS et al. (2005) Root responses of
Quercus ilex L. seedlings to drought and fire. Plant Biosyst 139:
198-208.

Chirino E, Vilagrosa A, Hernandez El, Matos A, Vallejo VR (2008) Effects
of a deep container on morpho-functional characteristics and root col-
onization in Quercus suber L. seedlings for reforestation in
Mediterranean climate. For Ecol Manage 256:779-785.

Choat B, Sack L, Holbrook NM (2007) Diversity of hydraulic traits in nine
Cordia species growing in tropical forests with contrasting precipita-
tion. New Phytol 175:686-698.

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

1202 4990120 GO U0 1s0nB Aq ££G/90/¥9/L/6€/2I01e/sAYdeal)/Wwoo"dno-o1wapeoe//:sdjy Woy papeojumod



74 Ramirez-Valiente et al.

Corcobado T, Cubera E, Juarez E, Moreno G, Solla A (2014) Drought events
determine performance of Quercus ilex seedlings and increase their sus-
ceptibility to Phytophthora cinnamomi. Agric For Meteorol 192:1-8.

Corcuera L, Camarero JJ, Gil-Pelegrin E (2002) Functional groups in
Quercus species derived from the analysis of pressure-volume curves.
Trees 16:465-472.

Corcuera L, Morales F, Abadia A, Gil-Pelegrin E (2005) Seasonal
changes in photosynthesis and photoprotection in a Quercus ilex
subsp. ballota woodland located in its upper altitudinal extreme in the
Iberian Peninsula. Tree Physiol 25:599-608.

Cubera E, Moreno G, Solla A (2009) Quercus ilex root growth in
response to heterogeneous conditions of soil bulk density and soil
NH4-N content. Soil Till Res 103:16-22.

David TS, Ferreira Ml, Cohen S, Pereira JS, David JS (2004) Constraints
on transpiration from an evergreen oak tree in southern Portugal. Agric
For Meteorol 122:193-205.

David TS, Henriques MO, Kurz-Besson C et al. (2007) Water-use strat-
egies in two co-occurring Mediterranean evergreen oaks: surviving the
summer drought. Tree Physiol 27:793-803.

Diaz-Fernandez PM, liménez Sancho P, Martin Alberos S, de Tuero y
Reyna M, Gil L (1995) Regiones de procedencia de Quercus suber L.
Publ. del Inst. Nacional para la Conservacién de la Naturaleza, Madrid,
Spain.

Engelbrecht BM, Comita LS, Condit R, Kursar TA, Tyree MT, Turner BL,
Hubbell SP (2007) Drought sensitivity shapes species distribution
patterns in tropical forests. Nature 447:80-82.

Espelta JM, Cortés P, Mangiron M, Retana J (2005) Differences in biomass
partitioning, leaf nitrogen content, and water use efficiency (8'°C) result
in similar performance of seedlings of two Mediterranean oaks with con-
trasting leaf habit. Ecoscience 12:447-454.

Feeley KJ, Davies SJ, Perez R, Hubbell SP, Foster RB (201 1) Directional
changes in the species composition of a tropical forest. Ecology 92:
871-882.

Fotelli MN, Radoglou KM, Constantinidou HI (2000) Water stress
responses of seedlings of four Mediterranean oak species. Tree
Physiol 20:1065-1075.

Garcia-Plazaola JI, Artetxe U, Becerril IM (1999) Diurnal changes in anti-
oxidant and carotenoid composition in the Mediterranean schlerophyll
tree Quercus ilex (L.) during winter. Plant Sci 143:125-133.

Gomez JM (2004) Bigger is not always better: conflicting selective pres-
sures on seed size in Quercus ilex. Evolution 58:71-80.

Gonzélez-Rodriguez V, Navarro-Cerrillo RM, Villar R (2011) Artificial
regeneration with Quercus ilex L. and Quercus suber L. by direct seed-
ing and planting in southern Spain. Ann For Sci 68:637—-646.

Grossnickle SC (2005) Importance of root growth in overcoming plant-
ing stress. New Forests 30:273-294.

Jiménez P, Diaz-Femandez P, Iglesias S, De Tuero M, Gil L (1996).
Regiones de procedencia de Quercus ilex L. en Espafia. ICONA, Madrid.

Kerstiens G (1996) Cuticular water permeability and its physiological
significance. J Exp Bot 47:1813-1832.

Kurz-Besson C, Otieno D, Do Vale RL et al. (2006) Hydraulic lift in cork
oak trees in a savannah-type Mediterranean ecosystem and its contri-
bution to the local water balance. Plant Soil 282:361-378.

Kuznetsova A, Brockhoff PB, Christensen RH (2017) ImerTest package:
tests in linear mixed effects models. J Stat Soft 82:1-26.

Larcher W (2000) Temperature stress and survival ability of
Mediterranean sclerophyllous plants. Plant Biosyst 134:279-295.

Leishman MR, Westoby M (1994) The role of seed size in seedling
establishment in dry soil conditions-experimental evidence from semi-
arid species. J Ecol 82:249-258.

Lloret F, Casanovas C, Pefiuelas J (1999) Seedling survival of
Mediterranean shrubland species in relation to root: shoot ratio, seed
size and water and nitrogen use. Funct Ecol 13:210-216.

Lubczynski MW, Gurwin J (2005) Integration of various data sources for
transient groundwater modeling with spatio-temporally variable fluxes-
Sardon study case, Spain.J Hydrol 306:71-96.

Malhi 'Y, WrightJ (2004) Spatial patterns and recent trends in the climate
of tropical rainforest regions. Phil Trans Royal Soc Lond B Biol Sci
359:311-329.

Markesteijn L, Poorter L (2009) Seedling root morphology and biomass
allocation of 62 tropical tree species in relation to drought and shade-
tolerance. J Ecol 97:311-325.

Martin Albertos S, Diaz-Fernandez PM, De Miguel J, Del AngeIJ (1998).
Regiones de Procedencia de las Especies Forestales Espafiolas.
Géneros Abies, Fagus, Pinus y Quercus. Organismo Auténomo
Parques Naturales, Madrid.

McDowell NG, Beerling DJ, Breshears DD, Fisher RA, Raffa KF, Stitt M
(2011) The interdependence of mechanisms underlying climate-
driven vegetation mortality. Trends Ecol Evol 26:523-532.

Mediavilla S, Escudero A (2004) Stomatal responses to drought of
mature trees and seedlings of two co-occurring Mediterranean oaks.
For Ecol Manage 187:281-294.

Mediavilla S, Escudero A (2003) Stomatal responses to drought at a
Mediterranean site: a comparative study of co-occurring woody spe-
cies differing in leaf longevity. Tree Physiol 23:987-996.

Moles AT, Westoby M (2004) Seedling survival and seed size: a synthe-
sis of the literature. J Ecol 92:372-383.

Montserrat-Marti G, Camarero JJ, Palacio S, Pérez-Rontomé C, Milla R,
Albuixech J, Maestro M (2009) Summer-drought constrains the phen-
ology and growth of two coexisting Mediterranean oaks with contrast-
ing leaf habit: implications for their persistence and reproduction.
Trees 23:787-799.

Nardini A, Lo Gullo MA, Salleo S (1999) Competitive strategies for water
availability in two Mediterranean Quercus species. Plant Cell Environ
22:109-116.

Nardini A, Salleo S, Gullo ML, Pitt F (2000) Different responses to
drought and freeze stress of Quercus ilex L. growing along a latitudinal
gradient. Plant Ecol 148:139-147.

Osunkoya OO, Ash JE, Hopkins MS, Graham AW (1994) Influence of seed
size and seedling ecological attributes on shade-tolerance of rain-forest
tree species in northern Queensland. J Ecol 82:149-163.

Otieno DO, Kurz-Besson C, Liu J, Schmidt MWT, Vale-Lobo do R, David
TS, Siegwolf R, Pereira JS, Tenhunen JD (2006) Seasonal variations in
soil and plant water status in a Quercus suber L. stand: roots as deter-
minants of tree productivity and survival in the Mediterranean-type
ecosystem. Plant Soil 283:119-135.

Padilla FM, Pugnaire Fl (2007) Rooting depth and soil moisture control
Mediterranean woody seedling survival during drought. Funct Ecol 21:
489-495.

Pardos M, liménez MD, Aranda |, Puértolas J, Pardos JA (2005) Water
relations of cork oak (Quercus suber L.) seedlings in response to shad-
ing and moderate drought. Ann For Sci 62:377-384.

Peguero-Pina Jl, Sancho-Knapik D, Barrén E, Camarero lJ, Vilagrosa A,
Gil-Pelegrin E (2014) Morphological and physiological divergences
within Quercus ilex support the existence of different ecotypes
depending on climatic dryness. Ann Bot 114:301-313.

Peguero-Pina lJ, Sis6 S, Flexas J, Galmés J, Garcia-Nogales A, Niinemets U,
Sancho-Knapik D, Saz MA, Gil-Pelegrin E (2017) Cell-level anatomical
characteristics explain high mesophyll conductance and photosynthetic
capacity in sclerophyllous Mediterranean oaks. New Phytol 214:585-596.

Poorter H, Remkes C (1990) Leaf area ratio and net assimilation rate of
24 wild species differing in relative growth rate. Oecologia 83:
553-559.

Quero JL, Villar R, Marafion T, Zamora R (2006) Interactions of drought
and shade effects on seedlings of four Quercus species: physiological
and structural leaf responses. New Phytol 170:819-834.

Tree Physiology Volume 39, 2019

1202 4990120 GO U0 1s0nB Aq ££G/90/¥9/L/6€/2I01e/sAYdeal)/Wwoo"dno-o1wapeoe//:sdjy Woy papeojumod



Quero JL, Villar R, Marafién T, Zamora R, Vega D, Sack L (2008) Relating
leaf photosynthetic rate to whole-plant growth: drought and shade
effects on seedlings of four Quercus species. Funct Plant Biol 35:
725-737.

R Development Core Team (2015) R: a language and environment for
statistical computing. R Foundation for Statistical Computing, Vienna,
Austria. http://www.r-project.org.

Ramirez-Valiente JA, Cavender-Bares J (2017) Evolutionary trade-offs
between drought resistance mechanisms across a precipitation gradi-
ent in a seasonally dry tropical oak (Quercus oleoides). Tree Physiol
37:889-901.

Ramirez-Valiente JA, Valladares F, Gil L, Aranda | (2009) Population dif-
ferences in juvenile survival under increasing drought are mediated by
seed size in cork oak (Quercus suber L.). For Ecol Manage 257:
1676-1683.

Ramirez-Valiente JA, Lorenzo Z, Soto A, Valladares F, Gil L, Aranda |
(2010) Natural selection on cork oak: allele frequency reveals diver-
gent selection in cork oak populations along a temperature cline. Evol
Ecol 24:1031-1044.

Ramirez-Valiente JA, Valladares F, Delgado A, Nicotra AB, Aranda |
(2015) Understanding the importance of intrapopulation functional
variability and phenotypic plasticity in Quercus suber. Tree Genet
Genom 11:35.

Rodriguez-Calcerrada J, Nanos N, Aranda | (2011) The relevance of
seed size in modulating leaf physiology and early plant performance in
two tree species. Trees 25:873-884.

Sala A, Tenhunen JD (1994) Site-specific water relations and stomatal
response of Quercus ilex in a Mediterranean watershed. Tree Physiol
14:601-617.

Salleo S, Gullo ML (1990) Sclerophylly and plant water relations in three
Mediterranean Quercus species. Ann Bot 65:259-270.

Sardans J, Roda F, Pefiuelas J (2006) Effects of a nutrient pulse supply
on nutrient status of the Mediterranean trees Quercus ilex subsp. ballo-
ta and Pinus halepensis on different soils and under different competi-
tive pressure. Trees 20:619-632.

Savage JA, Cavender-Bares J, Verhoeven A (2009) Willow species
(genus: Salix) with contrasting habitat affinities differ in their photopro-
tective responses to water stress. Funct Plant Biol 36:300-309.

Seiwa K (2000) Effects of seed size and emergence time on tree seed-
ling establishment: importance of developmental constraints.
Oecologia 123:208-215.

Serrasolses |, Pérez-Devesa M, Vilagrosa A, Pausas JG, Sauras T, Cortina
J, Vallejo R (2009) Soil properties constraining cork oak distribution.
In: Aronson J, Pereira JS, Pausas JG (eds) Cork oak woodlands on the
edge: ecology, adaptive management, and restoration. Island Press,
Washington, DC.

Survival of Q. suber vs. Q. ilex under drought 75

Sheffield J, Wood EF (2008) Global trends and variability in soil moisture
and drought characteristics, 1950-2000, from observation-driven
simulations of the terrestrial hydrologic cycle. J Clim 21:432-458.

Soto A, Lorenzo Z, Gil L (2007) Differences in fine-scale genetic struc-
ture and dispersal in Quercus ilex L. and Q. suber L.: consequences
for regeneration of Mediterranean open woods. Heredity 99:
601-607.

Stock WD, Pate JS, Delfs J (1990) Influence of seed size and quality on
seedling development under low nutrient conditions in five Australian
and South African members of the Proteaceae. J Ecol 78:1005-1020.

Tognetti R, Giovannelli A, Longobucco A, Miglietta F, Raschi A (1996)
Water relations of oak species growing in the natural CO, spring of
Rapolano (central ltaly). Ann For Sci 53:475-785.

Tripathi RS, Khan ML (1990) Effects of seed weight and microsite char-
acteristics on germination and seedling fitness in two species of
Quercus in a subtropical wet hill forest. Oikos 57:289-296.

Tyree MT, Cochard H (1996) Summer and winter embolism in oak:
impact on water relations. Ann Sci For 53:173-180.

Valdecantos A, Cortina J, Vallejo VR (2006) Nutrient status and field per-
formance of tree seedlings planted in Mediterranean degraded areas.
Ann For Sci 63:249-256.

Vaz M, Pereira JS, Gazarini LC, David TS, David JS, Rodrigues A, Maroco
J, Chaves MM (2010) Drought-induced photosynthetic inhibition and
autumn recovery in two Mediterranean oak species (Quercus ilex and
Quercus suber). Tree Physiol 30:946-956.

Vilagrosa A, Bellot J, Vallejo VR, Gil-Pelegrin E (2003) Cavitation, stomatal con-
ductance, and leaf dieback in seedlings of two co-occurring Mediterranean
shrubs during an intense drought. J Exp Bot 54:2015-2024.

Villar R, Ruiz-Benito P, Enrique G, Poorter H, Cornelissen JH, Quero JL
(2017) Growth and growth-related traits for a range of Quercus spe-
cies grown as seedlings under controlled conditions and for adult
plants from the field. In: Gil-Pelegrin E, Peguero-Pina lJ, Sancho-Knapik
D (eds) Oaks physiological ecology. Exploring the functional diversity
of genus Quercus L. Springer, Cham, pp 393-417.

Villar-Salvador P, Planelles R, Oliet J, Pefiuelas-Rubira JL, Jacobs DF,
Gonzalez M (2004a) Drought tolerance and transplanting perform-
ance of holm oak (Quercus ilex) seedlings after drought hardening in
the nursery. Tree Physiol 24:1147—-1155.

Villar-Salvador P, Planelles R, Enriquez E, Rubira JP (2004b) Nursery cul-
tivation regimes, plant functional attributes, and field performance rela-
tionships in the Mediterranean oak Quercus ilex L. For Ecol Manage
196:257-266.

Villar-Salvador P, Puértolas J, Cuesta B, Penuelas JL, Uscola M, Heredia-Guerrero
N, Benayas JMR (2012) Increase in size and nitrogen concentration
enhances seedling survival in Mediterranean plantations. Insights from an
ecophysiological conceptual model of plant survival. New For 43:755-770.

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

1202 4990120 GO U0 1s0nB Aq ££G/90/¥9/L/6€/2I01e/sAYdeal)/Wwoo"dno-o1wapeoe//:sdjy Woy papeojumod


http://www.r-project.org

	Increased root investment can explain the higher survival of seedlings of ‘mesic’ Quercus suber than ‘xeric’ Quercus ilex i...
	Introduction
	Materials and methods
	Seed collection and experimental design
	Trait measurements
	Statistical analyses

	Results
	Discussion
	Supplementary Data
	Acknowledgments
	Conflict of interest
	Funding
	References


