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Abstract: Quercus robur L. is one of the most valued tree species of deciduous temperate forests.
However, in the last decade, serious oak declines and loss of adaptation plasticity have been reported
throughout Europe as a consequence of drought. Therefore, the aim of the present study was to
define the adaptation potential of five Q. robur half-sib lines from the UNESCO Biosphere Reserve
Mura-Drava-Danube to drought, using physiological, anatomical and biometrical traits. Half-sib
lines that exhibited drought tolerance had particular suites of trait expression regarding biometrical
traits (seedling height, root length, root to shoot ratio of dry mass and specific leaf area), leaf stomatal
traits (stomatal density per mm2, stomata guard cell length and width, stomatal aperture length
and width) and leaf structural traits (adaxial epidermis thickness, palisade parenchyma thickness,
spongy parenchyma thickness, lamina thickness). All of the observed parameters of chlorophyll a
fluorescence were shown to be good indicators of short-term and severe drought. For the selection
of drought-tolerant half-sib lines, all studied chlorophyll a fluorescence parameters associated with
the heat dissipation of light energy (coefficient of non-photochemical quenching, quantum yield of
regulated energy dissipation, Stern-Volmer type non-photochemical fluorescence quenching) and one
parameter related to photochemical dissipation of light energy (effective quantum yield (efficiency) of
PS II photochemistry) were proven to be suitable. On the other hand, the coefficient of photochemical
quenching, coefficient of photochemical fluorescence quenching assuming interconnected photosystem
II antennae and electron transport rate were not suitable for distinguishing the different responses
of the studied half-sib lines under drought. The importance of results of the present study is in the
selection of drought-tolerant Q. robur half-sib lines for future reforestation programs, particularly
in protected areas with sensitive forest management and restricted activities for mitigation of the
adverse effects of climate changes.

Keywords: biometric characterisation; chlorophyll a fluorescence; drought; Quercus robur L.;
leaf anatomical traits

1. Introduction

Drought has been recognised as a major abiotic stress, limiting the geographical distribution, growth,
and productivity of plants [1,2]. As a consequence of reduced rainfall, along with the increase in air
temperature allows predicting frequent, severe and long-lasting drought periods for the future, especially
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in southern Europe [3–5]. The adverse effect of drought in forest ecosystems has been noted throughout
Europe [6–9], causing economic and ecologic losses, reducing genetic and phenotypic diversity [10].

Q. robur is widely distributed in European deciduous temperate forests [11]. As a consequence of its
high timber quality, pedunculate oak forests are among the most valued in Europe [12]. The distribution
of this species is characterised by fertile and moist soil conditions; therefore, its drought tolerance in the
predicted forthcoming conditions will become essential [11]. Indeed, oak decline has been recognised
as a pressing issue in South-Eastern Europe even in the present days, showing an increasing trend
in the last three centuries [13–15]. As a consequence of disturbed conditions with declining levels of
groundwater in South-East European forests, a reduced plasticity of Q. robur adaptation to drought
was observed presuming even greater rates of mortality in the future [16].

Drought was evidenced to induce both short- and long-term changes in plants [17]. With regards
to short-term responses to drought (i.e., acclimation) chlorophyll a fluorescence has been shown to
be a rapid and reliable indicator of drought stress [18,19]. Stern-Volmer type non-photochemical
fluorescence quenching (NPQ) was observed to firstly respond in such conditions, as a photoprotective
mechanism to cope against the stressor [20]. On the other hand, long-term responses, taking even
several months, are observable in the adaptation of leaf structural traits and plants biometry. However,
understanding the responses of trees to drought and predicting its effects, namely tree dieback [21],
are the main challenges for the sustainability of forest ecosystems [22]. Moreover, the ability of
pedunculate oak to overcome such unfavourable conditions should be the most important objective in
future forestation and reforestation programs [23]. Although several studies defined the responses
of pedunculate oak to drought [24–26], information regarding long-term changes in anatomy under
drought conditions is lacking. Moreover, this study of the seedling stage is of key importance because
it was recognised to be the most critical phase during the plant’s life cycle, due to the high vulnerability
of seedlings to various abiotic and biotic stress factors [27,28], in comparison to adult trees. Likewise,
progeny tests are used for evaluation of mother trees genetic value, as well as for the studying of trees
populations, provenances and families adaptation potential to diverse stress elicitors in the juvenile
development stage.

The present study was addressed to define the short- and long-term adaptation of Q. robur to
naturally occurring drought. The study hypothesis is based on the direct effect of drought on the
kinetics of enzymes involved in carbon fixation, the sensitivity to drought results in the effective
photochemical quantum yield of photosystem II (Y(II)) and the related functions [29]. We hypothesised
that the observed half-sib lines respond differently to drought through changes in physiology, anatomy
and biometry, where differences, for instance, in the sensitivity of photosystem II (PSII), define
drought-avoiding strategy in limiting carbon assimilation in drought-susceptive seed sources. The main
goal of the present study was to select Q. robur half-sib line with high adaptation potential to drought
for future reforestation programs.

2. Materials and Methods

2.1. Plant Material and Experimental Set-up

For the present study, in the autumn of 2017, a total of 750 acorns were collected below the canopy
of five phenotypically dominant pedunculate oak (Quercus robur L.) mother trees, whose crowns
were located within the upper canopy (150 acorns for each mother tree), originating from the native
population situated in the UNESCO Biosphere Reserve Mura-Drava-Danube (N 45◦91’, E 18◦88’).
Dominant mother trees were selected according to the protocol developed within the DANUBE Interreg
project: “Resilient riparian forests as ecological corridors in the Mura-Drava-Danube Biosphere Reserve
(REFOCuS)” (Supplementary Materials Table S1), for the growth rate diameter at the breast height,
total height and crown height, as well as based on visually assessed properties such as bole straightness
and branch characteristics (Supplementary Materials Table S2). The distance between sampled trees
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was at least 100 m. Before sowing (1 November 2017), the collected acorns had been soaked in tap
water for 24 h in order to assess their viability and eliminate the damaged and unhealthy acorns.

The field trial was established at the nursery of Experimental Estate of the Institute of Lowland
Forestry and Environment (N 45◦20’, E 19◦51’; 84 m a.s.l., Serbia). At the trial site, the soil type was
undeveloped alluvial soil (fluvisol) with sandy loam form, containing sand (63.5%) and silt + clay
fractions (34.8%), and the colloid clay component ranged between 5.5% to 9.7% [30]. The collected
acorns were arranged in a complete block design, with three replications (150 seeds were sown per
each half-sib line, 50 seeds per a single replication). The sowing was performed manually at a depth
of 2 cm and spacing of 30 × 30 cm, in order to ensure optimal space for plants’ growth during the
first year. The established field trial was subjected to outdoor environmental conditions without any
additional artificial irrigation or fertilisation.

In the present study, 24 parameters were analysed, which can be roughly classified into biometrical,
leaf anatomical and physiological traits (Table 1.)

Table 1. List of the studied parameters.

Traits Acronym Unit

Biometrical

Seedling height SH cm
Root length RL cm

Root collar diameter RCD mm
Root to shoot ratio of dry mass R:S /

Specific leaf area SLA mm2 mg−1

Leaf anatomical

Stomatal density SD number per mm2

Stomatal guard cell length LA µm
Stomatal guard cell width WB µm
Stomatal aperture length La µm
Stomatal aperture width Wb µm

Adaxial epidermis thickness UE µm
Palisade parenchyma thickness PT µm
Spongy parenchyma thickness ST µm
Abaxial epidermis thickness LE µm

Lamina thickness LT µm
Main vein diameter MVD µm

Sclerenchyma thickness ScT µm

Physiological

Effective quantum yield (efficiency) of PS II photochemistry Y(II) relative units
Coefficient of photochemical quenching qP relative units

Coefficient of photochemical fluorescence quenching
assuming interconnected PS II antennae qL relative units

Electron transport rate ETR µmol m−2 s−1

Coefficient of non-photochemical quenching qN relative units
Quantum yield of regulated energy dissipation Y(NPQ) relative units

Stern-Volmer type non-photochemical fluorescence quenching NPQ relative units

2.2. Meteorological Data

Air temperature (◦C) and precipitation (mm) were monitored in the vegetation period of 2018
(from 1 May to 31 August) at the meteorological station “Rimski Šančevi” (N 45◦20’, E 19◦51’, altitude
84 m a.s.l.). Monitoring of the soil water regime at the trial plot was carried out in the vegetation period
(from 1 May to 31 August) by measuring the water potential (MPa) automatically every 30 min at a
depth of 30 cm by calibrated gypsum blocs Delmhorst Inc. (Towaco, NJ, USA) [31].
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According to the obtained data during the growing season of 2018, three severe drought periods
were characterised by low precipitation, soil water potentials of −1.5 MPa and air temperatures around
30 ◦C: the first starting in May and lasting for twenty-nine days (from 28 May 2018 till 25 June 2018),
the second in July lasting for ten days (from 21 July 2018 till 30 July 2018) and a third in August lasting
for sixteen days (from 9 August 2018 till 25 August 2018) (Figure 1).

Figure 1. Meteorological data during the period from 1st of May to 31st of August 2018. Dates:
13 June 2018—measurement of the chlorophyll a fluorescence in severe drought period; 16 July
2018—measurement of the chlorophyll a fluorescence in wet period; 16 August 2018—sampling for
plant biometric characterisation and leaf anatomical traits measurement.

2.3. Plant Biometric Characterisation

At the end of the experiment period (16 August 2018), nine seedlings of each half-sib line (three
seedlings per three replication) were harvested and separated into plant components for determination
of the following morphological traits: seedling height (SH) (cm), root collar diameter (RCD) (mm),
root length (cm), root to shoot ratio of dry mass (R:S) and specific leaf area (SLA) (mm2 mg−1). Seedling
height was measured using a standard metric ruler, while the root collar diameter was determined with
an electronic digital caliper (Womax, Germany). Determination of seedling root length was performed
by using “ImageJ” software for image analysis. The ratio of root to shoot dry mass was obtained
after the seedlings were dried in a Memert oven UNB 400 (Schwabach, Germany) at 70 ◦C for 72 h to
constant mass [32]. For assessment of leaf area, three leaves per nine seedlings of each half-sib line
were measured with ADC Bisocientific AM 300-002 (Hoddestone, England) leaf area meter, while the
specific leaf area was determined by dividing the leaf area by the dry leaf mass.

2.4. Leaf Anatomical Traits Measurements

Leaf anatomical measurements were performed on nine fully expanded leaves per each half-sib
line (three seedlings per three replication) collected at the end of the experimental period, on a sunny
and windless day, between 9:00 a.m. to 11:00 a.m. by applying the collodion method. A thick layer of
transparent nail polish was applied on the central part of the leaf adaxial surface, along its main leaf
vein [33]. After approximately 20 min, the applied nail polish was dried and peeled off from the leaf
by an adhesive tape and placed on the microscope slide. In addition, the following stomatal traits
were analysed using an Olympus BX 53F microscope (Tokyo, Japan): stomatal density per mm2 (SD),
stomata guard cell length (LA, µm) and width (WB, µm), and stomatal aperture length (La, µm) and
width (Wb, µm). For the assessment of SD, counting of stomata was done by the freeware software
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tpsDIG2 (Version 2.0., New York, NY, USA). Stomata guard cell and aperture size were determined by
QuickPhoto Camera software (Version 3.2., Prague, Czech Republic) by measuring five stomata per
five randomly chosen visual areas.

Afterwards, the same portions of leaves were used for preparing fresh sections by Cryostat MEV
(SLEE medical GmbH, Mainz, Germany) [34]. Prior to preparing leaf cross sections, leaves were stored
in plastic tubes containing 80 mL of 70% ethanol for tissue preservation. Leaf sections from the middle
of leaf area were obtained at a chamber temperature of −25 ◦C and cutting intervals of 40 µm. After
the sections were made and placed on a microscope slide, one drop of preservation liquid containing
ethanol 70% and glycerin (1:1) was added and covered with a cover glass. Leaf sections were analysed
afterwards by an Olympus BX 53F microscope using QuickPhoto Camera 3.2. software to assess the
following anatomical traits: adaxial epidermis thickness (UE, µm), palisade parenchyma thickness (PT,
µm), spongy parenchyma thickness (ST, µm), abaxial epidermis thickness (LE, µm), lamina thickness
(LT, µm), main vein diameter (MVT, µm), sclerenchyma thickness (ScT, µm).

2.5. Chlorophyll a Fluorescence Measurements

The chlorophyll a fluorescence measurement was performed on 13 June 2018, when the soil water
potential (SWP) reached −1.5 MPa (SWP) level of severe drought according to Liu et al. [35], and on
16 July 2018, with an SWP of −0.1 MPa, characterised as a wet period.

The pulse amplitude modulated fluorescence measurements were recorded with a PAM-2500
portable chlorophyll fluorometer (Walz, Germany) on a timescale between 9:00 and 11:00 a.m. on fully
developed and disease-free leaves of nine seedlings (three seedlings per three replication) per five
half-sib lines. In order to determine the photosynthetic activity of PS II, the rapid light curve (RLC)
function was used with nine increasing actinic light steps ranging from 0 to 2443 µmol (photon) m−2 s−1

(0, 144, 274, 477, 788, 1163, 1389, 2018 and 2443, respectively). The illumination lasted 10 s with intervals
of 0.8 s of saturating flash from a white halogen lamp of ∼3000 µmol m−2 s−1 [31]. At each actinic light
level, minimum fluorescence of light adapted (Fo’) and dark adapted (Fo) leaf, maximum fluorescence
of light adapted (Fm’) and dark adapted (Fm) leaf, as well as momentary fluorescence yield (F) were
recorded. Furthermore, the following relevant fluorescence parameters: Effective quantum yield
(efficiency) of PS II photochemistry (Y(II)), quantum yield of regulated energy dissipation (Y(NPQ)),
Stern-Volmer type non-photochemical fluorescence quenching (NPQ), coefficient of non-photochemical
quenching (qN), coefficient of photochemical quenching (qP), coefficient of photochemical fluorescence
quenching assuming interconnected PS II antennae (qL) and electron transport rate (ETR) were
calculated by the following equations:

• Y(II) = (Fm’ − F)/Fm’ [36]
• Y(NPQ) = F/Fm’ [37]
• NPQ = (Fm/Fm’) − 1 [38]
• qN = 1− ((Fm − Fo’)/(Fm − Fo)) [39] as formulated by van Kooten & Snel [40]
• qP = (Fm’ − F)/(Fm’ − Fo’) [39] as formulated by van Kooten & Snel [40]
• qL = qP × (Fo’/F) [41]
• ETR = PAR × 0.84× 0.5× Y(II) [42]

2.6. Statistical Analyses

Statistical analyses of chlorophyll a fluorescence, biometrical and anatomical traits were performed
using Statistica (Version 13, Tulsa, OK, USA) [43] for Windows. For chlorophyll a fluorescence
parameters, the two-way repeated measures ANOVA was performed to detect differences among
the half-sib lines under wet and drought conditions for different dependent variables. A two-way
repeated measures ANOVA compares the values in the different parameter across both of the variables,
as well as examining the interaction between them. Before approaching the ANOVA, the assumptions
of sphericity were tested for each parameter. Mauchly’s test indicates that the assumption of sphericity
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had been violated, for all effects in all seven measured parameters; therefore, degrees of freedom
were corrected using Greenhouse-Geisser estimates of sphericity (Supplementary Materials Table S3).
Furthermore, the rapid light curves of chlorophyll a fluorescence parameters were shown in a graph
constructed using the logarithmic function of the software Statistica (Version 13, Tulsa, OK, USA) [43].
As for biometrical and anatomical traits, for each dependent variable, Shapiro–Wilk’s was performed
to analyse normality of distribution [44]. To assess the differences between the half-sib lines, one-way
ANOVA was applied, followed by Dunkan’s multiple range test. For better visualisation of these data,
the above-mentioned traits were shown in the form of a boxplot diagram created in Statistica (Version
13, Tulsa, OK, USA) [43].

3. Results

3.1. Biometrical Traits

The one-way ANOVA showed statistically significant differences between the studied half-sib
lines for all observed biometrical traits, except for RCD (Table 2). Half-sib lines 2 and 3 (18.87 ± 4.36 cm
and 18.27 ± 4.00 cm) exhibited significantly higher values of SH (F = 4.7145, p ≤ 0.01) in comparison
to half-sib lines 1, 4 and 5 (12.37 ± 4.45, 13.53 ± 5.28 and 12.20 ± 4.34 cm, respectively) (Figure 2a).
RL parameter, on the other hand, showed an opposite ranking, with the highest values in half-sib lines
1 and 5 (33.53 ± 7.80 and 32.80 ± 9.60 cm) belonging to the same homogenous group. Furthermore,
half-sib line 2 (30.15 ± 10.73 cm) was ranked in the intermediate group, whereas half-sib lines 3 and
4 (21.80 ± 6.29 cm and 22.79 ± 12.99 cm) formed the significantly lowest group (F = 2.9197, p ≤ 0.05)
(Figure 2b). A similar trend was observed for R:S parameters, with half-sib lines 1 and 5 (2.19 ± 1.14
and 2.22 ± 0.10) having the highest values (F = 5.4992, p ≤ 0.01) and belonging to the same homogenous
group, half-sib line 4 having the intermediate values (1.16 ± 0.85), while half-sib lines 2 and 3 (1.29 ±
0.25 and 1.00 ± 0.55) were grouped in the same, significantly lower group (Figure 2d). Concerning
the SLA, half-sib lines 2, 3 and 4 (148.06 ± 19.80, 154.94 ± 19.81 and 145.55 ± 31.97 mm2 mg−1) had
significantly higher values (F = 4.1857, p ≤ 0.01) in comparison to half-sib lines 1 and 5 (128.20 ± 37.77
and 129.24 ± 32.43 mm2 mg−1) (Figure 2e).

Table 2. Results of the analysis of variance for measured biometrical parameters of the studied Quercus
robur half-sib lines.

Source of
Variation SH RL RCD R:S SLA

Half-sib lines F(4,40) = 4.7145
p ≤ 0.01

F(4,40) = 2.9197
p ≤ 0.05

F(4,40) = 1.7240
p = 0.1644

F(4,40) = 5.4992
p ≤ 0.01

F(4,130) = 4.1857
p ≤ 0.01



Forests 2020, 11, 153 7 of 21

Figure 2. Biometrical traits of Quercus robur L. half-sib lines. (a) Seedling height (SH, cm), (b) root length
(RL, cm), (c) root collar diameter (RCD, mm), (d) root to shoot ratio of dry mass (R:S), (e) specific leaf
area (SLA, mm2 mg−1). Values are means ± standard errors (n = 9; statistically significant differences
among half-sib lines are reported for SH, RL, R:S and SLA) (Dunkan’s multiple range test; p ≤ 0.05).

3.2. Leaf Traits

The present study evidenced statistically significant differences between the five half-sib lines for
all observed stomatal traits (Table 3). In the case of SD, half-sib lines were formed in four homogenous
groups, with half-sib lines 1 and 5 (403.18 ± 62.73, 415.67 ± 84.55 mm2) creating the first group.
Furthermore, half-sib lines 2 and 4 (364.19 ± 12.54, 341.29 ± 74.85 mm2) had statistically lower values
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(F = 24.905, p ≤ 0.001) and formed the second group, whilst half-sib line 3 had the lowest value (297.67
± 61.26 mm2) and, consequently, ranked in the third homogenous group (Figure 3a). The values of LA

were the highest in half-sib line 3 (24.78 ± 2.95 µm), statistically lower (F = 34.836, p ≤ 0.001) in half-sib
lines 2 and 4 (23.48 ± 2.37 and 23.83 ± 2.42 µm), and the lowest in half-sib lines 1 and 5 (22.38 ± 2.50
and 22.40 ± 2.62 µm) (Figure 3b). Similarly, half-sib line 3 (17.34 ± 2.01 µm) had the highest value of
WB, half-sib line 1, 2 and 4 (16.89 ± 1.72, 16.99 ± 1.82, 16.89 ± 1.72 µm) significantly lower (F = 9.1665,
p ≤ 0.001), while half-sib line 5 (16.31 ± 1.90 µm) exhibited the lowest value of the above-mentioned
parameter (Figure 3c). In the case of La, a reverse ranking to SD was observed with half-sib line 3 (14.60
± 2.51 µm) having the highest value, whereas half-sib lines 2 and 4 (12.35 ± 2.23 and 12.98 ± 2.09 µm)
had statistically lower values (F = 63.292, p ≤ 0.001) and grouped separately. Furthermore, half-sib
lines 1 and 5 (11.66 ± 2.26 and 11.72 ± 2.29 µm) had the lowest values, creating the third homogenous
group (Figure 3d). Concerning the Wb parameter, half-sib line 3 (3.55 ± 0.80 µm) had the highest
values, while the rest of the studied half-sib lines, 1, 2, 4 and 5 (3.02 ± 0.95, 3.04 ± 0.70, 3.07 ± 0.72 and
3.09 ± 0.90 µm) exhibited significantly lower values (F = 16.463, p ≤ 0.001) and constituted the second
homogenous group (Figure 3e).

Table 3. Results of the analysis of variance for measured stomatal traits of the studied Q. robur
half-sib lines.

Source of
Variation SD LA WB La Wb

Half-sib
lines

F(4,220) = 24.905
p ≤ 0.001

F(4,1120) = 34.836
p ≤ 0.001

F(4,1120) = 9.1665
p ≤ 0.01

F(4,1120) = 63.292
p ≤ 0.001

F(4,1120) = 16.463
p ≤ 0.001

Statistically significant differences between the studied half-sib lines were detected for UE, PT,
ST, LT and MVD (Table 4). In the case of UE, half-sib line 5 exhibited the highest value (21.42 ± 2.89
µm), while half-sib line 2 and 4 (18.37 ± 2.66 and 19.13 ± 3.07 µm) had significantly lower values (F =

13.988, p ≤ 0.001), forming the second homogenous group (Figure 4a). Half-sib line 3 (16.77 ± 3.19 µm)
formed the third homogenous group and half-sib line 1 (18.06 ± 3.56 µm) was ranked as intermediate
between the second and the third homogenous groups. Concerning the PT, half-sib line 5 had the
highest values (52.45 ± 7.02 µm), half-sib lines 1, 2 and 4 (40.84 ± 9.14, 44.63 ± 10.66 and 44.65 ± 9.79
µm) were significantly lower (F = 18.681, p ≤ 0.001), while half-sib line 3 (36.60 ± 8.17 µm) had the
lowest value of the mentioned parameter (Figure 4b). The same ranking was observed for ST, with the
highest value in half-sib line 5 (62.26 ± 11.53 µm), and the statistically lowest in half-sib line 3 (48.30
± 10.83 µm). Half-sib line 5 had the highest value of LT (154.42 ± 16.03 µm), as well, while half-sib
line 2 and 4 (131.41 ± 24.64 and 130.31 ± 21.63 µm) was significantly lower (F = 24.500, p ≤ 0.001).
Moreover, half-sib line 1 and 3 showed the lowest value of the mentioned parameter (120.84 ± 23.03
and 112.49 ± 19.88 µm), forming the third homogenous group (Figure 4c). Half-sib lines 1, 2 and 5,
with the highest values of MVD (310.61 ± 101.88, 304.85 ± 69.83 and 321.34 ± 81.24 µm), were ranked
in the first homogenous group, while half-sib lines 3 and 4 (269.51 ± 67.24 and 260.41 ± 40.42 µm), with
significantly lower values (F = 5.7836, p ≤ 0.001) constituted the second group (Figure 4f). Furthermore,
half-sib line 1 exhibited the highest value of ScT (31.13 ± 7.42 µm), while the rest of the studied half-sib
lines, 2, 3, 4 and 5 (30.28 ± 6.58, 28.14 ± 5.51, 30.08 ± 5.08 and 30.86 ± 7.82 µm), had significantly lower
values (F = 4.4786, p ≤ 0.01), forming the second homogenous group (Figure 4g).

Table 4. Results of the analysis of variance for measured leaf anatomical traits of the studied Q. robur
half-sib lines.

Source of
Variation UE PT ST LE LT MVD ScT

Half-sib
lines

F(4,215) =
13.988

p ≤ 0.001

F(4,215) =
18.681

p ≤ 0.001

F(4,215) =
19.542

p ≤ 0.001

F(4,215) =
0.95489

p = 0.433

F(4,215) =
24.500

p ≤ 0.001

F(4,213) =
5.7836

p ≤ 0.001

F(4,212) =
4.4786

p ≤ 0.01
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Figure 3. Leaf stomata traits of Q. robur L. half-sib lines. (a) Stomatal density per mm2 (SD, mm2),
(b) stomata guard cell length (LA, µm), (c) stomata guard cell width (WB, µm), (d) stomatal aperture
length (La, µm), (e) stomatal aperture width (Wb, µm) Values are means ± standard errors (n = 9;
differences of each parameter (SD, LA, WB, La, Wb) among half-sib lines are reported (Dunkan’s
multiple range test; p ≤ 0.05).
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Figure 4. Leaf anatomical traits: of Q. robur L. half-sib lines. (a) Adaxial epidermis thickness (UE, µm),
(b) palisade parenchyma thickness (PT, µm), (c) spongy parenchyma thickness (ST, µm), (d) abaxial
epidermis thickness (LE, µm), (e) lamina thickness (LT, µm), (f) main vein diameter (MVD, µm),
(g) sclerenchyma thickness (ScT, µm). Values are means ± standard errors (n = 9; differences of UE, PT,
ST, LT, MVD parameters among half-sib lines are reported (Dunkan’s multiple range test; p ≤ 0.05).
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3.3. Chlorophyll a Fluorescence

The two-way repeated measures ANOVA revealed the significant main effect of the measured
period (wet and drought) and half-sib lines, as well as the interaction effect on all of the observed
parameters of chlorophyll a fluorescence parameters, except for parameter ETR, where only the main
effect of the measured period was found (Table 5).

The parameters related to photochemical dissipation of light energy (i.e., Y(II), qP, qL) were
reduced in drought conditions in all half-sib lines of Q. robur (Figure 5a–f). Whereas, parameters
associated with the heat dissipation of light energy, namely qN, Y(NPQ) and NPQ, showed an overall
increasing trend (Figure 6a–f).

Observing the half-sib lines during drought, Y(II) exhibited the highest value in half-sib line 1 until
788µmol (photon) m−2 s−1, after which it showed the opposite rank. On the other hand, the lowest values
of the above-mentioned parameter were detected in half-sib line 3 until 788 µmol (photon) m−2 s−1,
as well during the observed drought period (Figure 5b). In the case of Y(NPQ), NPQ and qN, a quite
similar shape of RLC was observed, having the highest values in half-sib line 3, and the simultaneous
lowest values in half-sib line 1 and line 5 (Figure 6b,d,f).

Table 5. Results of a two-way ANOVA in which the effect of Period, Half-sib lines, and their interaction
(Period × Half-sib line) on the observed chlorophyll a fluorescence parameters are shown.

Source of
Variation qN Y(II) qP Y(NPQ) qL NPQ ETR

Period (P) F(1,44) = 54.558
p < 0.01

F(1,44) = 92.453
p < 0.01

F(1,44) = 50.512
p < 0.01

F(1,44) = 21.862
p < 0.01

F(1,44) = 28.264
p < 0.01

F(1,44) = 43.319
p < 0.01

F(1,44) = 65.399
p < 0.01

Half-sib
lines (H)

F(3,122)=12.497
p < 0.01

F(3,120) = 6.666
p < 0.01

F(3,124) = 26.197
p < 0.01

F(2,104) = 36.358
p < 0.01

F(3,129) = 34.354
p < 0.01

F(3,115) = 25.838
p < 0.01

F(2,103) = 2.081
p > 0.05

P × H F(3,140) = 3.277
p < 0.05

F(2,101) = 6.257
p < 0.05

F(4,156) = 15.049
p < 0.01

F(2,104) = 12.647
p < 0.01

F(3,134) = 17.650
p < 0.01

F(2,96) = 6.715
p < 0.05

F(3,133) = 1.799
p < 0.05
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Figure 5. Chlorophyll a fluorescence parameters generated by rapid light curve’s (RLCs) as a function
of photosynthetically active radiation (PAR, µmol photons m−2 s−1) applied to leaves of five Q. robur
half-sib lines during wet and drought periods. (a,b) Effective quantum yield (efficiency) of PS II
photochemistry (Y(II), relative units), (c,d) coefficient of photochemical quenching (qP, relative units),
(e,f) coefficient of photochemical fluorescence quenching assuming interconnected PS II antennae (qL,
relative units), (g,h) electron transport rate (ETR, µmol m−2 s−1).
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Figure 6. Chlorophyll a fluorescence parameters generated by RLC’s as a function of photosynthetically
active radiation (PAR, µmol photons m−2 s−1) applied to leaves of five Q. robur half-sib lines during
wet and drought periods. (a,b) Coefficient of non-photochemical quenching (qN, relative units),
(c,d) quantum yield of regulated energy dissipation (Y(NPQ), relative units), (e,f) Stern-Volmer type
non-photochemical fluorescence quenching (NPQ, relative units).

4. Discussion

4.1. Plant Biometry

As the consequence of severe drought, a series of failures in reforestation programs were
reported [45,46] throughout South-Eastern Europe. Therefore, the selection of drought-tolerant Q. robur
half-sib lines for future reforestation programs is of key importance in order to maintain the resilience
of oaks’ forests. Furthermore, the task of providing suitable reforestation material becomes even more
urgent and essential, as climate change is predicted to negatively affect the distribution of Q. robur [47].
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In that sense, phenotypic plasticity was recognised as the key capacity of plants to cope with the
variability in environmental factors, which can contribute to a reduction of deleterious effects of the
environment while increasing the growth and reproduction [48]. However, several studies implied
that it might be neutral or even maladaptive in poor environments or if it is costly [49,50].

The observed Q. robur half-sib lines showed high sensitivity to drought through changes of
biometrical parameters (SH, RL, R:S, SLA), suggesting the presence of significant adaptation responses
(Figure 2a,b,d,e). In terms of SH, statistically significant reductions of 32.3%, 25.9% and 33.2% were
observed in half-sib line 1, 4 and 5 in comparison to half-sib line 3. Showing the highest increase in RL
(46.3% and 49.5%), half-sib line 1 and 5 were assumed to have the highest adaptation potential among the
studied half-sib line. The reduction of SH occurred as the consequence of a shift of the carbon allocation
from the shoot towards the roots in drought conditions, which in many studies was followed by the
increase in RL [47,51,52]. Although our study highlighted statistically significant effects of drought on
RL, its absence was evidenced in the case of RCD. In accordance to our results, Deligöz and Bayar [26]
observed the same negligible differences of the mentioned parameter in well-watered, moderate and
severe drought-stressed pedunculate oak seedlings. Furthermore, Wu et al. [53] demonstrated that
only severe and long-lasting drought caused a statistically significant reduction in RCD of Q. variabilis
seedlings. Therefore, it might be assumed that RCD is a rather less suitable biometrical parameter for
the detection of adaptation potential in terms of short-lasting drought periods.

The highest adaptation potential to drought was observed in half-sib line 5 and line 1, and
drought vulnerability of half-sib line 2 and 3 through root to shoot ratio biomass partitioning, as well.
In accordance to our finding, drought was evidenced to affect R:S biomass partitioning [54,55], allowing
the assessment of plants avoidance potential [56]. Indeed, the low water supply increases the R:S ratio
in plants [57–59], namely as the sensitivity response of the shoot and root system to endogenous ABA
or likely a result of a greater osmotic adjustment of roots [60]. Furthermore, its increase is closely
related to a higher proportion of dry matter in the roots, as well as with a higher soluble sugar transfer
from the shoot to its root system [61].

Observing SLA, the most expressed adaptation was detected in half-sib line 1 and 5, which
maintained low values of this trait, to act against constrained water availability with smaller and thicker
leaves by reducing water loss [62,63]. Under drought, the reduction of the above-mentioned parameter
was observed to be an important adaptation mechanism of temperate species, as demonstrated for
Quercus petrea [64] and Fagus sylvatica [65].

4.2. Leaf Traits

SD, together with the size of stomata, play a crucial role in the regulation of the physiological
process of the leaf gas exchange between the plants’ leaf and its surrounding atmosphere [66]. In the
present study, half-sib line 1 and line 5 exhibited the highest SD coupled with small sized LA, WB,
La and Wb. The increase in SD and a decrease in stomata size are shown to respond faster to
environmental changes, such as drought, contributing to less water loss and a higher survival rate
under the forthcoming climate change [67,68]. Highly sensitive to even a slight change of environment,
i.e., mild to moderate drought, stomata movement, the closure and opening, regulates the water vapour
and CO2 between internal plant tissues and the surrounding atmosphere [69]. In such conditions,
resulting from the imbalanced water status in plants along with the synthesis of abscisic acid, stomata
guard cells become flaccid, leading to the overall closure of stomata [70]. Stomata closing was evidenced
to cause a further chain of reactions reflected in the plants’ physiological and morphological responses.
In that term, a decrease in photosynthesis [71], reduction and disturbance of photosynthetic pigments
was detected, which leads to an overall reduction of plant biomass and productivity [72]. On the
other hand, long-term and severe droughts were found to induce rather non-stomatal inhibition
of photosynthesis in oak, ash and beech [73,74] attributed to the reduced mesophyll conductance,
photochemical or enzymatic limitations [75]. In the case of the present study, values of UE, PT, ST and
LT were high in half-sib line 5, coupled with high MVD and low ScT values (Figure 4), indicating
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drought resistance through leaf adaptation [76–78]. On the other hand, half-sib line 3 was shown to be
the most suspectable to drought, as it exhibited the statistically significant lowest values of UE, PT, ST,
LT. Leaf anatomical traits resulted as a good tool to select drought tolerance due to the low susceptibility
to changes of habitat characteristics [79], such as in cases of selection of olive cultivars [76], Eucalyptus
clones [80], various shrubs [81] and even various tree species [82]. However, our results found an
absence of statistically significant differences for LE between the studied half-sib lines, suggesting that
this trait was not efficient to define the drought adaptions (as observed by Stojnić et al. [34] in Fagus
sylvatica provenances).

In order to cope with drought conditions, plants adopt morphological adaptation strategies by
altering anatomical structure [83,84]. These processes are surely involved in physiological mechanisms
to prevent water loss in the process of transpiration, such as stomata closure [85,86]. Further
investigations, by combining structural adaptation and physiological responses to environmental
constraints allow assessing the induction of overall reduction of plant biomass and productivity [72],
such as in maintaining the plants’ vitality and functioning during conditions of water shortage.

4.3. Chlorophyll a Fluorescence

The reduction of parameters associated with the photochemical dissipation of light energy coupled
with the increase in ones related to the heat dissipation during drought suggested that half-sib lines 1, 4
and 5 obtained their capacity to regulate dissipation of light energy, despite this stressful environmental
condition. This phenomenon might be related to the xanthophyll’s cycle that gives off the excess
electrons, produced by the increase in light intensity in the chloroplasts [87].

Our results revealed high values of NPQ, demonstrating drought effects on chlorophyll
fluorescence. The increase in NPQ as a response to drought is one of the most important short-term
and reversible mechanisms of higher plants to cope with the disturbances and irregularities of their
habitat [88,89]. Similar results were obtained by other authors for the drought period as well [90–92].
Namely, the underlying process of this mechanism starts with a closure of stomata under low water
conditions in order to limit the CO2 availability in the chloroplast, to reduce the net photosynthesis
and the ratio of CO2 and O2.

The combined effects of Fm’ and NPQ, such as the decrease in Fm’ and the increase in NPQ, reflect
the energy dissipation through the xanthophyll cycle in order to maintain levels of photosynthesis
and provide an estimation of stress condition of plants [93]. Responses of Q. robur seedlings coupling
NPQ with qL and qP in drought conditions, by increasing NPQ and decreasing qP, might be the
result of unchanged reaction centre density in combination with a strong reduction in photosynthetic
capacity [94]. Moreover, a decrease in qP induced by drought in beech seedlings explained a reduction
in the rate of consumption of reluctance and ATP [95].

Half-sib lines 1 and line 5 showed tolerance to potential light-induced damages, showing high
values of Y(II), qP, ETR and a simultaneously low value of NPQ (as also observed by Gu et al. [96]).
Regarding ETR, it decreased under drought in all half-sib lines at different PAR, highlighting a high
efficiency for changeover of photon-electron combined with low qN, which resulted in lower losses of
energy. The reduction of the energy losses is a highly relevant response that allows to guarantee and
improve plant production [97]. Furthermore, our results identified high susceptibility to drought of
half-sib line 3. All studied chlorophyll a fluorescence parameters associated with the heat dissipation
of light energy (qN, Y(NPQ), NPQ) and one parameter related to the photochemical dissipation of
light energy (Y(II)) resulted in a useful tool for the selection of drought-tolerant half-sib lines of oak
from South-Eastern Europe in field trials that can be used in breeding programs for the assessment of
plant responses to the environment [94,98–100].

5. Conclusions

Adaptation mechanisms to drought, detectable through biometrical traits, leaf anatomy and
chlorophyll fluorescence, highlighted tolerant and susceptible behaviour in five different Q. robur L.
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half-sib lines grown in a field trial. In detail, half-sib line 5 was assessed as potentially tolerant and
half-sib line 3 as susceptible to drought induced stress.

Furthermore, the present study noted high detrimental values of biometrical traits (SH, RL, R:S
and SLA), leaf stomatal traits (SD, LA, WB, La, Wb) and leaf structural traits (UE, PT, ST, LT, MVD) in
detection of drought tolerance in sib lines of Q. robur. Whereas, chlorophyll a fluorescence parameters
were effective in detection of short-term and severe drought. However, qP, qL and ETR were less
suited for the detection of differences between the five half-sib lines in drought conditions. The leaf
anatomy and chlorophyll fluorescence under drought demonstrate that leaf traits greatly influence
the sensitivity of photosynthetic processes, i.e., primary photochemical processes of PSII for plants.
Therefore, the importance of the selection of Q. robur half-sib lines for future reforestation programs,
as well as in the protected areas, is high where forests are subjected to special forest managements
and particularly sensitive to predicted forthcoming climate conditions. Further studies should be
conducted in order to estimate the effect of recovery on Q. robur genotypes after a naturally occurring
drought period. Facing the impacts of drought on forested ecosystems, the resilience of forest stands
remains the key to environmental protection.
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corridors in the Mura-Drava-Danube Biosphere Reserve (REFOCuS), Table S2: Biometric data and coordinates
of the chosen mother trees, Table S3: Descriptive Statistics, Mauchly’s Test of Sphericity, Tests of Within- and
Between- Subjects Effects and Estimated Marginal Means of chlorophyll a fluorescence parameters.
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