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Abstract: Research Highlights: Seedlings of different Quercus suber L. populations and half-sib families
differ in their response to multiple stressors, which may have consequences on the future distribution of
this Mediterranean species. Background and Objectives: Global change will likely increase the frequency
and severity of drought in drylands. Plant species’ distributions will largely depend on their ability
to respond to the combined effect of drought and other environmental stressors. Genetic diversity
in morpho-functional traits are key components of this response. Yet, information on the response
to multiple stresses is scarce for many iconic species. The present study assessed the variability in
the response of populations and half-sib families of a Mediterranean acidophilous tree, cork oak,
to drought and changes in soil conditions. Materials and Methods: We sampled acorns of half-sib
families from two cork oak populations genetically introgressed with the alkaline-tolerant species
Quercus ilex L., and from a non-introgressed cork oak population located in its core habitat. We
germinated the acorns and subjected seedlings to contrasted levels of water availability and additions
of calcium and magnesium carbonate, and assessed their morpho-physiological response. Results:
Response to drought and soil chemistry composition differed between populations and families.
For some traits, introgressed populations responded similarly to drought than the non-introgressed
population. Conversely, the response to soil chemistry was not clearly related to introgression. When
considering half-sib families within populations, the population effect diminished, which revealed
the importance of intra-population variation. However, relevant traits for water scarcity adaptations,
such as specific leaf area and root:shoot ratio, remained significantly different at the population level,
which highlights the relevance of these traits for management. Conclusions: Our study shows that
the adaptive management and restoration of cork oak forests should consider not only geographic
provenances, but also half-sib lines within populations.

Keywords: drought adaptation; forest restoration; genetic introgression; global change;
Mediterranean forest; morpho-functional traits; Quercus suber; soil chemistry

1. Introduction

The Mediterranean basin will be highly vulnerable to global change due to the combination of
different pressures [1]. This region is already subject to seasonal and interannual droughts, which
modulate plant population dynamics by limiting plant productivity [2] and compromising the survival
of adult trees [3]. Other biotic and abiotic stress factors, such as warm temperatures, soil properties,
and interaction with herbivores and pathogens, will interact with drought to control the distribution
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and functioning of Mediterranean forests [4–7]. With future conditions, these factors are expected to
increase in intensity and recurrence, which will make these forests more vulnerable [8].

Despite the growing interest in predicting the impact of climate change on tree species
distribution [9,10], the distribution of common Mediterranean trees remains unclear [11]. This
is particularly true for the iconic Quercus suber L. (hereafter, cork oak) [12]. Cork oak is a widely
distributed tree species in the Mediterranean basin that covers ca. 2.5 million ha from 0 to 1300
m.a.s.l. In its distribution area, rainfall ranges from 600 to 1000 mm and mean annual temperature
ranges from 13 ◦C to 20 ◦C [13]. This species is of particular interest for its high ecological and
economic relevance, as it provides multiple important ecosystem services [14]. It is also considered
a fire-resistant species and is the only European tree with aboveground sprouting capability after
crown fire [15]. The conservation and restoration of cork oak forests could increase the resistance
and the resilience of Mediterranean landscapes to wildfire. However, the dynamics of cork oak
forests in forthcoming decades may be at risk from rising adult mortality rates, overgrazing, and
a lack of regeneration [16,17]. Decline has been linked to various interacting processes related to
climate change, such as the increasing frequency of extreme droughts and pathogen attacks [18,19].
Selecting reproductive material from locally well-adapted populations can enhance the success of
restoration actions, as ecotypes vary strongly in their resilience to environmental disturbances and
stress. [20]. Consequently, using seedlings from local populations should be a common practice in
most situations [21]. However, species’ capacity to cope with changes in the amount and distribution
of rainfall with warming is hard to predict [22], and assisted migration by means of restoration (i.e.,
human-assisted migration of plants to suitable habitats) may contribute to the conservation of this
species and cork oak forests [23,24].

The physiological and morphological traits of Mediterranean vegetation, such as those related
to stomatal response and photosynthesis (e.g., stomatal conductance, photosynthesis, or water use
efficiency) or those linked to plant vigor (e.g., plant biomass allocation and growth), have been
interpreted by some authors in order to understand plant responses to short-term stress episodes,
such as summer drought [25,26] or soil chemistry alterations [27]. Nevertheless, for the long-term
survival of Mediterranean species like cork oak, sufficient genetic diversity may also be required [28].
It is known that strong adaptive genetic differentiation can occur on small geographical scales (i.e.,
within populations) and might be more related to environmental than spatial distances [29]. Local
adaptation is not always predominant in wild populations, especially in small ones [30], and using
local populations does not ensure restoration success [31]. Therefore, alternative procedures to select
plant material that consider genetic diversity could substantially increase the chances of success in
restoration projects under the current and future harsh conditions [32,33].

Cork oak generally grows on acidic soils over granite, schist, or sandstone, but sometimes
occurs on limestone-derived soils or alkaline soils overlying dolomitic bedrocks, as in some eastern
Spain populations [27]. Cork oak’s adaptive capacity to withstand different soil conditions may be
partly conferred by genetic introgression (i.e., the integration of foreign genes into a recipient species’
gene pool as a result of backcrossing hybrid offspring with a parental species) with Quercus ilex L.
(hereafter, holm oak). Introgression is considered an evolutionarily important process that contributes
to adaptation [34]. This may occur through either the transfer of adaptive traits of one species to
another or by novel adaptive variation [35]. Moreover, the gene flow among species boundaries might
promote colonising abilities [36] as the populations hybridising (or having experienced introgression)
may become genetically differentiated from non-hybridising populations by acquiring new allelic
variants or genes [37]. This process may have contributed in the past to cork oak’s success under
adverse coil and climate conditions (e.g., during the glacial pulses of the Pleistocene [38] or in isolated
decarbonated areas surrounded by basic soils on dolomitic bedrock [39]). Previous studies have
shown that completely replacing cork oak chloroplast DNA (cpDNA) with that of holm oak has
been observed exclusively in eastern Spain populations, and in French–Catalonian and southeastern
Morocco populations [40–42]. Indeed, the fragmented cork oak forest complex found in Spain is of
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interest for studying cork oak genetic variation and its implication for the future of these populations
facing uncertain climate conditions [43].

In the present study, we assessed between- and within-population variability in morpho-functional
traits of cork oak seedlings in response to drought and soil chemistry. Here, we tested whether there
was intra- or inter-population-level variation in several plant traits related to water stress responses and
soil chemistry. We specifically explored whether: (1) the changes in trait values from two introgressed
cork oak populations differed from those of one non-introgressed population in response to limited
water availability; (2) if cork oak seedlings from introgressed populations, growing on neutral to
slightly alkaline pH soils, differed from those of the non-introgressed population that develops on
acidic pH soils in their response to the addition of Mg and Ca, which confers alkaline pH conditions to
the soil. Considering that holm oak is more tolerant to drought and soil alkalinity than cork oak, we
hypothesised that the introgressed populations would show higher adaptation to water scarcity and
Mg and Ca inputs. These hypotheses provide evidence for the evolution of holm oak-like morphotypes
in cork oak and its future implications for its capacity to adapt to new climates and soil conditions in
a forest restoration context.

2. Materials and Methods

2.1. Study Area

To carry out this experiment, we sampled acorns from three different cork oak populations in
Spain, which were all native populations: Toledo population (39◦36′33” N, 4◦54′18” W), located
in this species’ core distribution area in Spain and corresponds to the western pure cork oak (i.e.,
non-introgressed with holm oak) populations; Calderona (39◦43′45” N, 0◦29′34” W) and Espadà
populations (39◦52′0” N, 0◦17′30” W), both from the eastern stable hybrid populations introgressed
with holm oak cpDNA [38]. The Toledo bioclimatic conditions correspond to the Mesomediterranean
zone (mean annual temperature of 15 ◦C, mean January temperature of 6 ◦C, mean July temperature
of 26 ◦C), with a mean annual precipitation of 389 mm and a de Martonne aridity index (IDM,
precipitation/temperature + 10 [44]) that equals 15.6. The Calderona and Espadà populations are
in the Thermomediterranean zone. The Calderona population has a mean annual temperature of
16 ◦C, a mean January temperature of 9 ◦C, and a mean July temperature of 24 ◦C, a mean annual
precipitation of 450 mm and an IDM of 17.3. The Espadà population has a mean annual temperature
of 15 ◦C, a mean January temperature of 8 ◦C, and a mean July temperature of 23 ◦C, a mean annual
precipitation of 483 mm and an IDM of 19.3. According to precipitation records and IDM, Toledo is
the driest population and Espadà is the wettest, with Calderona occupying an intermediate position.
All the climate data were obtained from the closest weather station to each population (Agroclimatic
Information System, SIAR Net, for the period 2001–2019).

2.2. Experimental Design and Measurements

The experimental material consisted of five open pollinated maternal half-sib families from
each population. In each population, we selected mother trees separated by more than 100 m from
one another to avoid inbreeding [45] and collected 250 acorns per tree. The experimental design
consisted of a complete randomized block design where each block was a 35-cell nursery tray (305 cm3,
Super-leach®), where only 15 cells were occupied (three populations × five half-sib families). One
replicate of the experiment comprised four trays (15 individuals × four treatments = 60 seedlings)
which where then replicated 10 times. Each tray was randomly assigned to a location in the nursery.
Moreover, the tray location was modified monthly to reduce the effect of local environmental conditions.
Similar sized acorns were individually sown in the containers and filled with washed quartz sand,
peat, and coco peat (1:1:1 in volume) fertilized by the manufacturer (57 mg of NO3

−, 69 mg of NH4
+,

60 mg of P, 344 mg of K per L of substrate). Seedlings were kept under natural daylight in a public
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forest nursery (Vivero Forestal Sta. Faz, Alicante, SE Spain; 38◦23′28” N, 0◦26′48” E at 50 m.a.s.l) in
a semiarid climate, with a mean annual precipitation of 353 mm and a mean air temperature of 18 ◦C.

Three months after sowing, we manipulated the seedlings’ abiotic conditions by applying four
different watering and soil-enrichment treatments: (1) control treatment (Co), with no soil nutrient
composition alterations and regular irrigation to field capacity once a week in spring and autumn,
and twice a week in summer; (2) drought treatment (D), with no soil nutrient composition alterations
and half the irrigation of the control (i.e., substrate water content around 50% of field capacity); (3) Ca
treatment (Ca) with inputs of manually applied powdery CaCO3 (2.5 g per seedling once a month
during the study period) to simulate the cork oak seedlings developing on limestone; (4) Mg treatment
(Mg) with inputs of manually applied powdery MgCO3 (2.5 g per seedling once a month during
the study period) to simulate the cork oak seedlings developing on dolomites. The water irrigation
regime in the Ca and Mg treatments was the same as in the control treatment. All the seedlings were
fertilised monthly with modified Hoagland’s solution containing 150 mg N L−1 (as Ca (NO3)2 and
KNO3), 80 mg P L−1 (as KH2PO4), and 100 mg K L−1.

Eleven months after sowing, and immediately before harvesting, seedling morphology was
characterised by measuring the plant height (H) and basal diameter (BD) of 10 randomly selected
seedlings per half-sib family (10 seedlings × five half-sib families × three populations × four treatments
= 600 replicates in all). Physiological measurements were taken of five randomly selected seedlings
per half-sib family (300 seedlings in all). Stomatal conductance (gs), net photosynthesis rate (A), and
transpiration (T) were measured with a portable IRGA LiCor-6400 (Li-Cor Inc., Lincoln, NE, USA) and
instantaneous water use efficiency (WUEi) was calculated as the ratio between the photosynthesis and
transpiration rates. All the physiological measurements were taken under optimal conditions (sunny
days and well irrigated seedlings, and thus also from re-watered plants in the drought treatment).
Finally, after harvesting, leaves were separated from the stem and scanned, and the leaf area was
calculated by using an image analysis software (WinRhizo, Regent Instruments Inc., Quebec, Canada).
The dry weight of stems, leaves, tap roots, and fine roots were calculated after drying samples in an oven
for 72 h at 70 ◦C. The fine root:shoot ratio (R:S) was derived from individual weights. The specific leaf
area (SLA) was calculated as the ratio between the leaf dry weight and the leaf area of a representative
fully developed leaf per plant, and of the same plants chosen for the gas exchange measures.

2.3. Data Analyses

Treatment effects were analysed by using the general linear model (ANOVA) on the cork oak
trait data with two different approaches: (1) assessing differences among populations in response
to water availability and soil chemistry by considering two fixed factors: population (with three
levels) and treatment (with four levels); (2) assessing within-population differences in response to
water availability and soil chemistry by considering population and treatment as the fixed factors and
half-sib family (with five levels) as the random factor nested within population. We applied Tukey’s
honestly significant difference (HSD) tests for the mean pairwise multiple comparisons. These analyses
were performed with the SPSS v.25.0 statistical package (IBM SPSS Statistics for Windows, Armonk,
NY, USA; IBM Corp.). The homogeneity of variances was tested by Levene’s test, and the data of
the heterocedastic variables were conveniently transformed. Finally, to reduce the dimensionality of
the morpho-functional traits and visualise the performance of the different populations and half-sib
families, we performed a principal component analysis (PCA) and hierarchical clustering on the data
for each half-sib family to be treatment averaged across replications (see Table S1 for eigenvalues
and Figure S1 for dendrograms in the Supplementary Material). The PCA was carried out on
scaled and centred data using the prcomp function from the R “stats” package [46], which examines
covariances/correlations between individuals. Hierarchical clustering was done by the R “pvclust”
package [47], which uses bootstrap resampling techniques to compute probability values (p-values) for
each hierarchical cluster. Closely related clusters with high p-values (generally ≥ 95%) were considered
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to be strongly supported by the data to assess the choice of the different clusters in the dendrograms.
The visualisation of the different clusters was done by using ellipses on the PCA plots.

3. Results

3.1. Seedling Response to Drought and Soil Chemistry at the Population Level

The cork oak seedlings were taller for Espadà and larger in basal diameter for both the Espadà and
Calderona populations. On average, the Toledo population had smaller seedlings with lower growth
rates for both aboveground variables, while the root:shoot (R:S) ratio indicated greater belowground
biomass allocation in the seedlings of this population (Tables 1 and 2, Figure S2 in the Supplementary
Materials). The SLA resulted in lower values for Toledo than for the other two populations (Tables 1
and 2, Figure S2 in the Supplementary Materials). Regarding ecophysiological variables, values were
higher for the Toledo population in gs and WUEi than for the Calderona and Espadà populations.
The opposite occurred for the photosynthesis rates (A) and transpiration (Tr), which were higher for
Espadà than for Toledo and Calderona (Tables 1 and 2, Figure S2 in the Supplementary Materials).

Table 1. Trait values (mean ± SE) of 11-month old cork oak (Quercus suber) seedlings from three
populations in response to drought and soil chemistry (Co, control; D, drought; Mg, MgCO3 inputs; Ca,
CaCO3 inputs) (see Table 2 for the statistical analysis).

H BD R:S SLA gs Tr A WUEi

Toledo

Co 13.2 ± 0.5 3.7 ± 0.1 6.5 ± 0.2 69.0 ± 1.4 0.112 ± 0.008 2.25 ± 0.83 6.06 ± 0.94 3.72 ± 0.52
D 12.5 ± 0.3 3.5 ± 0.1 6.2 ± 0.2 67.6 ± 1.1 0.118 ± 0.009 1.42 ± 0.05 5.92 ± 0.63 4.35 ± 0.38

Mg 12.8 ± 0.4 3.6 ± 0.1 6.6 ± 0.2 71.5 ± 3.2 0.112 ± 0.003 0.99 ± 0.34 3.53 ± 0.46 4.87 ± 0.55
Ca 13.0 ± 0.4 3.7 ± 0.1 7.1 ± 0.3 68.9 ± 2.2 0.140 ± 0.015 1.71 ± 0.60 4.48 ± 0.69 3.87 ± 0.49

Calderona

Co 12.8 ± 0.4 3.8 ± 0.1 5.2 ± 0.6 73.9 ± 2.5 0.112 ± 0.062 1.55 ± 0.63 3.10 ± 0.75 3.41 ± 0.55
D 11.9 ± 0.3 3.9 ± 0.1 4.9 ± 0.2 72.7 ± 2.5 0.099 ± 0.013 2.77 ± 0.88 7.55 ± 0.88 3.53 ± 0.42

Mg 12.0 ± 0.3 3.6 ± 0.1 5.7 ± 0.3 75.7 ± 2.4 0.112 ± 0.007 2.05 ± 0.63 5.71 ± 0.81 2.78 ± 0.29
Ca 13.9 ± 0.4 4.3 ± 0.1 6.0 ± 0.3 71.9 ± 2.2 0.104 ± 0.005 0.95 ± 0.19 3.56 ± 0.46 4.27 ± 1.02

Espadà

Co 15.5 ± 0.5 4.2 ± 0.1 5.2 ± 0.3 75.9 ± 2.1 0.118 ± 0.014 3.61 ± 1.02 8.55 ± 1.14 2.63 ± 0.31
D 14.1 ± 0.5 4.0 ± 0.1 5.1 ± 0.3 78.8 ± 2.1 0.098 ± 0.006 1.69 ± 0.30 6.40 ± 0.74 3.71 ± 0.34

Mg 13.4 ± 0.3 3.6 ± 0.1 6.1 ± 0.3 77.4 ± 1.8 0.095 ± 0.011 0.82 ± 0.32 2.52 ± 0.40 3.44 ± 0.53
Ca 14.1 ± 0.4 3.7 ± 0.1 5.9 ± 0.2 74.0 ± 1.6 0.138 ± 0.020 3.57 ± 0.94 8.98 ± 1.01 2.97 ± 0.26

Units: height, H (cm); basal diameter, BD (mm); root shoot ratio, R:S (unitless); specific leaf area, SLA (cm2 g−1);
stomatal conductance, gs (mol m−2 s−1); transpiration rate, Tr (mmol H2O m−2 s−1); net photosynthesis rate, A
(µmol m−2 s−1); instantaneous water use efficiency, WUEi (µmolCO2 mmolH2O−1).

Table 2. Summary statistics of the general linear model and p-values (F) for the effect of the different
populations (Toledo, T; Calderona, C; Espadà, E) and treatments (control, Co; drought, D; MgCO3,
Mg; and CaCO3, Ca) on cork oak (Quercus suber) seedling performance. Numbers in bold indicate
significant effects (p < 0.05) and italics denote marginally significant effects (0.05 < p < 0.1). Post hoc
results can be found in Figure S2 in the Supplementary Materials.

Variable Population (P) Treatment (T) P × T

H 17.45(<0.001) 5.97(0.001) 2.37(0.029)
BD 6.55(0.002) 5.53(0.001) 5.61(<0.001)
R:S 25.55(<0.001) 9.51(<0.001) 0.53(0.789)
SLA 11.15(<0.001) 1.10(0.351) 0.45(0.845)
gs 3.74(0.025) 3.65(0.013) 2.03(0.062)
Tr 6.99(0.001) 6.60(<0.001) 11.03(<0.001)
A 6.00(0.003) 6.91(<0.001) 9.03(<0.001)

WUEi 4.96(0.008) 0.99(0.399) 1.63(0.139)

The drought treatment negatively affected seedling aboveground growth in both the height and
basal diameter variables and had a neutral effect on the R:S ratio compared to the control treatment.
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Regarding the ecophysiological variables, drought had a negative effect on gs and a neutral effect on A
and Tr (Table 2, Figure S2 in the Supplementary Materials).

The addition of MgCO3 inputs also negatively affected the growth of both height and basal
diameter and had neutral effect on the R:S ratio. In the ecophysiological traits, Mg had a negative
effect on A and Tr and a neutral effect on gs compared to the control treatment (Table 2, Figure S2 in
the Supplementary Materials).

Finally, the addition of CaCO3 inputs had a neutral effect on the growth of both the height and
basal diameter variables, and a positive effect on belowground biomass, with higher R:S ratios than
the control. Regarding the ecophysiological variables, Ca caused a positive effect on gs and no effect
on A and Tr. No differences were found for SLA and WUEi for any applied treatment (Figure S2 in
the Supplementary Materials).

3.2. Seedling Response to Drought and Soil Chemistry at the Half-Sib Family Level

The analysis considering half-sib families within populations revealed major changes in some
results compared to the previous section (Table 2; Table 3). Regarding morphological traits, the half-sib
family became crucial for establishing differences in seedling height and basal diameter within
a population, and also for establishing differences in the R:S ratio. For the ecophysiological variables,
half-sib family was significant for A, while gs and WUEi were only marginally significant (p < 0.07)
and had no effect on Tr (Table 3). However, the R:S ratio and SLA maintained statistical differences at
the population level, and Toledo differed from the other two populations.

Table 3. Summary statistics of the general linear model and p-values (F) for the effect of the half-sib
family within populations, the different populations (Toledo, T; Calderona, C; Espadà, E), and
treatments (Control, Co; Drought, D; MgCO3, Mg; and CaCO3, Ca) on cork oak (Quercus suber) seedling
performance. The numbers in bold indicate significant effects (p < 0.05) and italics denote marginally
significant effects (p < 0.1). Different letters denote significant differences in the post hoc test (p < 0.05)
and “nd” denotes no differences (p > 0.1).

Variable Half-Sib Family
(F)

Population
(P)

Treatment
(T) F × T P × T Post Hoc Test

H 3.91(0.001) 2.37(0.135) 2.21(0.105) 2.88(<0.001) 0.99(0.442) nd
nd

BD 8.22(<0.001) 0.69(0.518) 3.09(0.040) 1.64(0.014) 4.25(0.003) nd
Co(a); Ca(a); D(a); Mg(b)

R:S 2.39(0.022) 6.81(0.011) 5.42(0.004) 1.83(0.003) 0.17(0.983) T(a); E(b); C(b)
Ca(a); Mg(a); Co(b); D(b)

SLA 1.62(0.130) 4.78(0.034) 0.70(0.557) 1.60(0.022) 0.34(0.910) T(b); C(a); E(a)
nd

gs 1.92(0.066) 1.42(0.278) 2.65(0.064) 1.58(0.026) 1.45(0.224) nd
nd

Tr 0.90(0.554) 1.65(0.232) 1.87(0.154) 17.31(<0.001) 2.44(0.046) nd
nd

A 2.17(0.039) 0.87(0.444) 2.89(0.050) 6.01(<0.001) 3.33(0.011) nd
D(a); Co(ab); Ca(b); Mg(c)

WUEi 1.96(0.062) 0.95(0.412) 0.33(0.801) 6.80(<0.001) 0.58(0.746) nd
nd

Differences among treatments were also affected by the half-sib family factor. The significance
of several traits, such as height and stomatal conductance, was lost as regards the treatments in this
analysis (Table 3). The negative effect of seedling BD and A remained with MgCO3 addition. As
in the previous statistical analysis by population, the R:S ratio was positively affected by CaCO3

addition. In the analysis that considered half-sib family, this trait was also positively affected by
MgCO3 addition. One of the key points in this analysis was that the half-sib family and treatment
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interaction was significant for all the assessed variables, and reflected that not all the half- sib families
within each population displayed the same pattern of responses to drought and soil chemistry (Table 3,
Figure 1, Figure S3 in the Supplementary Materials). On the contrary, population by treatment was
only significant for BD and A. Including half-sib family in the statistical model produced a slight
decrease in the power to detect differences between populations and treatments.
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Figure 1. Principal component analysis (PCA) of seven plant traits (seedling height, basal diameter,
root:shoot ratio, specific leaf area, photosynthesis rate, stomatal conductance, instantaneous water
use efficiency) in the seedlings of five half-sib families within populations for each applied treatment.
Principal components 1 and 2 in the control treatment explained 32% and 24% of variance, respectively,
in treatment drought with 34% and 22%, respectively, with Mg inputs 37% and 21%, respectively, and
with Ca inputs 40% and 21%, respectively. Half-sib families (T1 to T5, C1 to C5, E1 to E5) refer to
the half-sib families within the Toledo, Calderona, and Espadà populations, respectively. Different
coloured ellipses delimited the half-sib families’ clustering based on the Euclidean distances estimated
by hierarchical dendrograms (Figure S1 in the Supplementary Materials).

Different patterns of response among half-sib families were confirmed by the PC analysis
when the half-sib family scores were plotted on the principal components (Figure 1, Table S1 in
the Supplementary Materials). For the control treatment, three main groups were identified and plotted
according to the cluster analysis (Figure 1, Figure S1 in the Supplementary Materials). Cluster I was
formed mainly by the combination of Toledo and some Calderona half-sib families. This cluster was
related to WUEi and inversely to SLA in PC2, which explained 24% of total trait variation (Table S1 in
the Supplementary Materials). Clusters II and III were related mainly to some half-sib families from
Espadà and others from Calderona along PC1, which explained 32% of trait variation and had high
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negative variable loadings of H and BD related to some half-sib families from the Espadà population,
e.g., half-sib families E1 and E2 (Table S1 in the Supplementary Materials).

For drought treatment, PC1 explained 34% of variability and it had high positive loadings of R:S
that correlated oppositely with the high negative loadings of H and BD (Table S1 in the Supplementary
Materials). PC2 (22% of variability) had high positive loadings of WUEi in relation to Cluster I,
composed exclusively of the half-sib families from Toledo and almost all those from Calderona, and
correlated oppositely with the negative loadings of the SLA (Table S1 in the Supplementary Materials).
Cluster III, formed exclusively by Espadà half-sib families, was related to high values for the SLA (PC2)
and H and BD (PC1). Cluster II was intermediately placed and reflected a midway response pattern
with the Espadà and Calderona half-sib families.

For Mg treatment, the two first components explained 58% of the total trait variation. PC1
had high positive variable loadings of H, BD, and gs and negative loadings of the SLA (Table S1 in
the Supplementary Materials). PC2 had high positive loadings of A. Cluster I was related to high
gs values and lower SLA values. Cluster III was inversely related to Cluster I, with high SLA and
lower gs values. Cluster II was located between both groups. No clear association appeared between
the response pattern and populations, with all the groups composed of the half-sib families from
the three populations.

One big group was found for Ca treatment (Cluster I), which included almost all the half-sib
families and a second group, Cluster II, composed of only three half-sib families (T2, E3 and C5). The first
two principal components explained 61% of the total trait variation and, as with Mg treatment, no
clear distribution pattern was found according to populations (Figure 1; Table S1 in the Supplementary
Materials).

4. Discussion

The three cork oak populations herein compared showed different morphological and physiological
responses to drought and soil chemistry. The seedlings from both introgressed populations performed
similarly over the range of growing conditions in some traits compared to the non-introgressed cork
oak population. However, when considering half-sib families within populations, the population
effect diminished, which reveals the importance of intra-population variation. Nevertheless, some
functional traits retained their relevance at population level, pointing out the importance of some
adaptation processes.

4.1. The Role of Population in Cork Oak Seedling Performance

Seed provenance influenced cork oak seedlings’ growth in height and basal diameter. On average,
the seedlings from Espadà, the population with wetter conditions, had greater aboveground growth
than the seedlings from the other two populations. Conversely, the seedlings from Toledo, the more
xeric population, developed a bigger belowground biomass, more sclerophyllous leaves (i.e., lower SLA)
and a higher WUEi. All these traits are related to water scarcity adaptation [48]. Our population results
agree with previous studies, in which the geographical and climatic characteristics influenced several
populations of conifer species [49,50] and other oak species (e.g., Q. ilex in [51,52]; Q. coccifera in [33]).
Specifically for cork oak, several provenance tests have demonstrated the occurrence of species’ local
variability for phenotypic and ecophysiological traits, such as photochemical efficiency of photosystemII
[53], phenotypic differentiation according to morphological traits (i.e., plant architecture) [54], leaf
ecophysiological traits [55], or budburst timing [56]. Thus, the differential selection pressures produced
by environmental forces may drive populations to become differentiated as they adapt to local
conditions [57]. Although trait variation is frequently associated with environmental gradients,
the natural selection and evolutionary history of the species’ past may also contribute to this trait
differentiation [58]. Accordingly, the gene flow among species via introgression is expected to
affect intraspecific differentiation patterns. In our case, when we compared between populations,
the seedlings from both introgressed populations (Espadà and Calderona) performed similarly for
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some morphological and ecophysiological traits. The seedlings from the non-introgressed population
in Toledo performed differently. Analyzing the traits overall, Calderona occupies an intermediate
position between the wettest population (i.e., Espadà) and the driest one (i.e., Toledo). However, no
general rule about morphological features of cork oak individuals introgressed with holm oak can
be taken from previous studies. Putative hybrids with parental morphology [40,59,60], intermediate
morphology [59,61], or leaf morphology that skewed towards holm oak [60] have been reported. Other
authors report no holm oak characteristics in growth and plant architecture traits, which suggests that,
in some cases, gene exchange has a limited effect on cork oak population differentiation [57].

4.2. The Role of the Half-Sib Family in the Cork Oak Seedling Response to Drought and Soil Chemistry

Despite the differences found among populations, when considering variation across half-sib
families within populations (an assessment of genotypic variation), we detected stronger differences
across genotypes than across populations. These results suggest that even within relatively fragmented
populations, there is significant potential to adapt to future climates.

The extent of the intra-population variability of functional traits on local scales, in response to
environmental variability, has been previously highlighted by several studies [62,63]. It has been
specifically suggested for cork oak that divergent selective pressures may lead to local adaptations
and can also shape the genetic diversity level within populations [64]. In our study, differences in
morphological features, such as seedling height and basal diameter, disappeared at the population
level and were established among the half-sib families within populations. The same occurred for
the photosynthesis rate, while other physiological traits, like gs and WUEi, whose significance was also
lost at the population level, were only marginally significant for the half-sib families within populations.
These results suggest the influence of the half-sib family factor on functional traits compared to
the population level, and how it determines functional characteristics in offspring. The wide variability
found at the half-sib family level would allow populations to retain a large amount of genetic diversity
to face different environmental pressures [55], which is potentially important for future speciation
processes within populations [65,66].

Although the effect of population vanished when considering half-sib families within populations,
the seedlings that best performed in aboveground growth traits (i.e., seedling height and basal diameter)
or a high SLA were related mainly to the Espadà half-sib families and some half-sib families from
the Calderona population, as shown in the clustering plotted in the PCA. The traits linked with water
scarcity adaptation were associated mostly with the half-sib families from Toledo and some others from
Calderona. These results reflect some diversification at the population level, where some individuals
showed dominant traits, while others retained intra-population variability for the same traits, which
may be important to cope with future climate conditions or population spreading processes [67,68].

The response of cork oak seedlings to drought has been related to the climatic conditions of the site
where they thrive [69]. In this study, seedling survival rate under drought was higher in populations
from dry areas than in populations from mesic areas. In our study, we found no effect of drought
on the morpho-functional traits of some half-sib families, regardless of the site where they thrive.
However, the half-sib family and treatment interaction was significant for all the studied traits, which
highlights that not all half-sib families responded in the same way or at the same intensity. These
results explained the segregation of some half-sib families from different populations in the PCA,
as explained above (i.e., several Toledo and Calderona half-sib families contrasted with the Espadà
half-sib families). In fact, some half-sib families from Espadà, which was the wettest population,
showed larger seedling size and higher SLA under drought than the other families. These findings
suggest that traits related to biomass accumulation have been favored in these half-sib families from
the population of the least water-stressed site. Our results agree with other studies conducted in cork
oak, like that by Ramírez-Valiente et al. [64], who found a negative correlation between the SLA and
annual shoot growth, or that by Besson et al. [70], who observed opposite trends among the SLA,
crown volume, and the projected crown area.
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On the contrary, one cluster was composed mainly of half-sib families from Toledo, (i.e., the driest
population) and Calderona, which in the drought treatment were clearly related to drought-adaptation
traits, such as WUEi, conversely to the SLA, and were partially related to the high R:S ratio. WUEi
is known to be positively related to water stress tolerance [71] as it is expected to be favoured
when decreasing water loss allows plants to avoid dehydration and to extend water use over longer
periods [72]. Furthermore, greater WUEi has the potential to support higher carbon gain and growth
in relation to the amount of water used by plants [73]. In the same way, a lower SLA has long been
shown to be an adaptive response to drought [74], with fitness benefits in dry environments, as more
sclerophyllous leaves enable more conservative water use by preserving photosynthetic activity and
carbon gain over longer periods [75]. Root: shoot biomass allocation is another key trait that indicates
allocation adjustments to favour the rooting system [76], which may improve access to soil water and
a better water balance [77]. In addition, cork oak is a deep-rooting species and high root allocation
would act as a reservoir of stored carbohydrates to facilitate rapid regrowth after disturbances like fires,
which are frequent in arid regions [78]. It is important to underline that the SLA and R:S ratio not only
established significant differences at the half-sib family level, but also kept them at the population level
after considering the half-sib family factor in the statistical analysis, which highlights the relevance of
some traits at the population level.

Concerning soil chemistry, the addition of MgCO3 and CaCO3 very differently affected the trait
response and showed no clear pattern among the half-sib families within different populations.
Regarding morphological traits, Mg inputs negatively affected seedling growth in the basal diameter,
which agrees with previous studies where the cork oak seedlings that were planted on soil derived
from dolomites also showed poor growth [27]. Surprisingly, Ca inputs, which should have been taken
as the most alkaline substrate with active carbonates, had a neutral effect on these traits, except for
the Calderona population, where the addition of CaCO3 to the soil notably led to benefits for the growth
variables of some sib-half families. Considering that soils in Calderona are neutral to slightly alkaline,
the positive response to CaCO3 inputs in seedlings growing in this location may reflect some degree of
adaptation to alkaline conditions. Our results contrast with those reported by Serrasolses et al. [27],
who obtained poor performing cork oak seedlings growing on alkaline soils and confirmed this species’
calcifugous character. In their study, the seedlings growing on acidic soils displayed a healthy state
and had the highest grow rates, unlike the carbonated soils showing generalised iron chlorosis.

Below the ground level, the R:S ratio was positively affected by Mg and Ca addition compared
to control seedlings. However, the half-sib family and treatment interaction was significant, which
implies that not all the half-sib families responded similarly. The PCA plots denoted that some half-sib
families from Toledo increased the biomass allocation to R:S, which was also related to a drop in
the SLA. This could appear, as it did with drought, as an adaptive mechanism to withstand stress
under unfavourable substrate conditions [76], which would match our hypothesis. Similar findings
were observed for ecophysiological responses, with a general negative effect on A for MgCO3 addition,
and a marginally positive effect on gs with CaCO3 in relation to some half-sib families from Toledo
and Espadà. Overall, our results did not find a clear pattern of differentiation, especially in the CaCO3

treatment, failing our initial hypothesis that seedlings from both introgressed populations would
perform better under CaCO3 and MgCO3. These results are contrary to Serrasolses et al.’s findings [27]
and López de Heredia et al. [38], who suggested that the acidophilous cork oak was able to colonise
the calcareous area of eastern Iberia thanks to hybridisation with holm oak, which is largely indifferent
to the nature of soil. However, these results should be carefully interpreted because they could be
the effect of the short nursery growing period with these treatments, and the effect of acorn reserves
that could mask the soil effect in relation to nutrient supply in young seedlings [79].

5. Conclusions

By considering an adaptive management of cork oak forests, the selection of proper cork oak
half-sib lines within each population would be extremely relevant for future reforestation programmes.
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This especially applies when forests are outside the core area of a species’ distribution and are
particularly sensitive to the projected climate conditions. For instance, selecting local half-sib families
with a bigger aboveground biomass, as observed mainly in the half-sib families from Espadà, could
be selected for productive sites with a high water availability, as these traits are generally related to
higher germination rates and interspecific competitive ability [80]. In contrast, seedlings from parent
plants with more sclerophyllous leaves and greater biomass allocation belowground, as observed in
some half-sib families from Toledo, may be more suited for restoring water-limited sites, because they
could root deeper and conserve water [33,81,82].

Differences between populations and half-sib families suggest that the genetic introgression of
cork oak by holm oak must play a major role in determining the genetic variation pattern observed
at present, and several authors have encouraged conservation programmes to take this into account.
However, we found no clear pattern in response to the manipulated soil chemistry conditions.
Nevertheless, the conservation of such marginal populations must be relevant because they may hold
a large proportion of the relevant genetic diversity for evolutionary processes and acclimation to
future conditions [66]. Further studies with longer exposures to alterations in water regime and soil
chemistry composition should be conducted to better estimate the effect of genetic introgression on
seedling adaptation.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/6/680/s1,
Figure S1. Dendrograms representing the different clusters (in Roman numerals) for each treatment (Co, Control; D,
drought; Mg, MgCO3, inputs; Ca, CaCO3, inputs). Figure S2. Average values and post hoc test for seedling height
(H), basal diameter (BD), root:shoot ratio (R:S), specific leaf area (SLA), stomatal conductance (gs), transpiration
rate (Tr), net photosynthesis rate (A), and instantaneous water-use efficiency (WUEi) for each population and each
applied treatment. Figure S3. Average values for seedling height (H), root:shoot ratio (R:S), specific leaf area (SLA),
and instantaneous water-use efficiency (WUEi) for each half-sib family within populations and each applied
treatment. Table S1. Variable loadings of each trait on the first two principal components (PC) at the half-sib
family level.
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