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Abstract
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Climate change projections for Southeast Europe indicate increasing temperatures and more frequent and
severe summer droughts, raising concerns about the success of oak regeneration during early developmental
stages. This study aimed to compare the drought responses of four sympatric oak species (Quercus petraea,
Q. cerris, Q. frainetto, and Q. pubescens) during the early developmental stage after seedling establishment
under severe water deficit. Seedlings were grown from acorns collected in Serbia and exposed to semi-con-
trolled glasshouse conditions. Water deficit was induced rapidly by withholding irrigation for three weeks
without a subsequent recovery period. Physiological responses were monitored through repeated measure-
ments of stomatal conductance — g and quantum efficiency in light — PhiPS2, while seedling vitality was
evaluated at the end of the experiment. Linear mixed-effects models were used to evaluate the effects of
water deficit duration, oak species, treatment, and time of day. The results demonstrated clear interspecific
differences in physiological responses to water deficit. Across species, reductions in g_ generally preceded
declines in PhiPS2, indicating that stomatal regulation represented an earlier response to decreasing wa-
ter availability than photochemical efficiency. Q. cerris exhibited the earliest phytological response and
the greatest decline in vitality under the imposed experimental conditions. In contrast, Q. frainetto main-
tained higher PhiPS2 and delayed stress responses throughout the experiment. Q. petraea and Q. pubescens
showed intermediate and similar physiological responses, maintaining relatively stable gsw during the first
two weeks before a marked decline. These findings improve our understanding of species-specific drought
strategies during the critical establishment phase and provide insights relevant for predicting natural regen-
eration dynamics of southeastern European oaks under future climate scenarios.
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Introduction

Oaks are widely distributed across the globe, compris-
ing approximately 500 species. They represent one of the
most important tree genera in Europe. The genus Quercus
is complex due to high interspecies hybridization, wide
geographical distribution, and great morphological vari-
ability, but clearly divided in two subgenera Quercus and
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Cerris, owing to different evolutionary patterns (DENK et
al., 2017). Species from these subgenuses differ, not only
in morphological traits of leaves, acorns, and cupules, but
also in water stress tolerance (DELIGOZ and BAYAR, 2017;
KaBAOGLU et al., 2023), photosynthesis, and biochemical
responses (KiLL1 et al., 2018; KEBERT et al., 2022; SOBRI-
NO-PLATA et al., 2024). In Europe, approximately 20 native
species are recognized, and many of them are foundational
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species, ranking among the most important tree species for
biodiversity (LOF, 2024). Some of them, such as Q. ro-
bur and Q. petraea, are the most important tree species for
high-quality timber production (SPIECKER, 2021; NICOLES-
cu et al., 2025). Others, such as Q. pubescens, Q. cerris,
and Q. frainetto, are dominant components of thermophi-
lous deciduous forests in Europe. These thermophilic for-
ests are important mainly for their high biodiversity value
and for providing non-timber forestry ecosystem services
(EEA, 2006).

Local ecological conditions drive the distribution
and mixture patterns of oak species, making them highly
susceptible to alterations in air temperature, precipita-
tion, and soil properties. Quercus petraea is a mesoph-
ilous species sensitive to intense drying trends (EAaToN
et al., 2016), as its distribution is limited by increased
drought compared to more xerophilous congeners such
as Q. pubescens, Q. cerris, and Q. frainetto. Converse-
ly, the thermophilous and xerophilous Q. pubescens oc-
cupies warmer, drier sites from coastal to inland conti-
nental regions, frequently co-occurring with Q. frainetto
(GanaTsas and TsakaLDIMI, 2013; Pasta et al., 2016).
Quercus frainetto, a deciduous meso-xerophilous spe-
cies of central Balkan and Pannonian forests, occupies
the ecotone separating mesophilic and thermophilic for-
est communities (FEKETE et al., 2016; GANATSAS et al.,
2022). Although less drought-tolerant than specific Med-
iterranean oaks, it outperforms Q.cerris in water-stress
tolerance (FOTELLI et al., 2000; CHATZIPHILIPPIDIS and
SpYroGLOU, 2006), with projections indicating range ex-
pansion into Spain, France, and Northern Italy (BASELGA
and ArRAUJO, 2009). Finally, Q. cerris is a xerophilous
species adapted to Mediterranean and sub-Mediterranean
climates (DE RiGo et al., 2016), characterized by a mod-
erate drought tolerance that often exceeds that of com-

panion regional oaks (PRACIAK et al., 2013; SaviLL, 2019).

The sympatric distribution of thermophilic Quer-
cus species occurs throughout the Mediterranean and
sub-Mediterranean zones, with particular prominence
on the Apennine and Balkan Peninsulas. On the Balkan
Peninsula, the distributions of Q. petraea, Q. pubescens,
Q. cerris, and Q. frainetto overlap horizontally and, in
some cases, vertically (Fig. 1). Therefore, their site- and
species-specific responses across different latitudinal and
altitudinal microclimates are particularly important, es-
pecially within mixed oak forests that occur in hilly and
mountainous areas (KANJEVAC et al., 2024).

Projections of regional climate models for South-
east Europe indicate a trend of increasing temperatures
and decreasing precipitation, with notable local varia-
tions (IVETIC and DEVETAKOVIC, 2016). Analyses suggest
an accelerated temperature increase by the end of the
21st century, highlighting the urgent need for mitigation
measures. Spatial patterns of warming, intensification
of extreme precipitation events, and reduced summer
rainfall indicate a shift toward subtropical climate condi-
tions and increased climate-related risks (VUKOVIC et al.,
2018) with a tendency to show longer and more severe
dry periods (FiLipovi¢ et al., 2025). The frequency and
duration of droughts are increasing, particularly between
June and September (Z1vaNovi¢, 2017). A decline in the
distribution of key oak species — Q. cerris, Q. robur, and
Q. petraea is also expected (STOJIANOVIC et al., 2021).
In areas where Q. petraea, Q. cerris, Q. frainetto, and
Q. pubescens naturally coexist, and where a mosaic of
forest stands with varying species compositions occurs,
it is of crucial importance to thoroughly understand their
responses to different abiotic factors, especially drought.
This knowledge can be a valuable contribution to oak
forest regeneration in the context of climate change. Q.

Fig. 1. Distribution map of Q. petraea, Q. pubescens, Q. frainetto and Q. cerris (according to EUFORGEN species distribution).
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petraea is regarded as a species with moderate sensitivi-
ty to drought stress, attributed to its well-developed and
deep root system. Owing to these traits, it is considered
a potentially adaptable species for regions expected to
experience altered precipitation patterns and increasing
air temperatures (CERNY et al., 2024). Considering that
young seedlings lack a large and well-developed root
system, their survival may be called into question if the
species does not possess an effective self-protection strat-
egy. Naturally regenerated oak seedlings in field condi-
tions are capable of developing a strong and deep taproot
during the first year of growth (TsakaLDIMI et al., 2009).
However, the question remains as to how these seed-
lings survive summer drought prior to the establishment
of such a root system. A study on Q. petraea conducted
in the Czech Republic demonstrated that sprouts exhibit
higher survival and growth rates than seedlings, owing
to their developed, pre-existing root systems (PIETRAS et
al., 2016; StToJANOVIC et al., 2017). This may represent a
challenge in regions dominated by coppice forests, where
forest management strategies are directed towards their
conversion, as is the case on the Balkan Peninsula (ZENE-
L1 and Kora, 2017).

The primary aim of this study was to compare the
responses of Q. petraea, Q. cerris, Q. frainetto, and Q. pu-
bescens to severe water deficit during early developmental
stages after germination. This investigation was prompted
by the current lack of clear evidence in the literature re-
garding interspecific differences at juvenile stages, which
represent the period of greatest vulnerability and a critical
window for future growth and development.

Materials and methods
Plant material

Seedlings were produced from acorns collected for each
species separately in October and November 2024 at
five locations in Serbia (Fig. 1). Seeds collection was
performed in the natural forest of each species from the
minimum of ten trees per population. The collected seeds
were stored briefly in plastic zip bags in a refrigerator at 4
+ 2 °C for 2-7 weeks. Seeding was conducted on Novem-

ber 15, 2024, when the seeds were sown into containers
(polyethylene Hiko V265 trays, consisting of 28 cells
(each with a volume of 265 cm?), filled with substrate
composed of peat and perlite (a volume ratio of 2:1)).
Seeds from different provenances for each oak species
were mixed during sowing, (14 seeds per 5 populations,
and total of 70 seeds per species), so provenance was not
considered as a determining factor in subsequent anal-
yses. In one container, sowing was carried out so that
each oak species was represented in seven cells (one row
per container with an alternating sequence of species
across rows within the container), and a total of 10 con-
tainers were sown. The sown containers were stored out-
doors, where germination began at the end of April and
continued for the next 4 weeks. Young seedlings were
regularly watered and fertilized (two times per week
with combined NPK fertilizer 16-69-16 GroGreen GL
STARTER® Lima Europe NV) from mid-May to the end
of June. At the end of June, a sample of eight containers
with high germination percentage and well-developed
(more than three leaves) healthy young seedlings were
selected and placed in a glasshouse for the experiment,
where it was possible to control irrigation and monitor
environmental conditions. The first week in the glass-
house was considered an acclimatization period for the
seedlings during which regular watering was provided.
The experiment commenced on July Ist, after which four
containers were not irrigated (water deficit treatment),
while other containers served as the control, receiving
regular irrigation at two- to three-day intervals. A total of
196 oak seedlings were included in the experiment, with
a minor disproportion between species (Q. petraea — 50
plants, Q. frainetto — 49 plants, Q. cerris — 49 plants,
and Q. pubescens — 48 plants) and treatment (112) and
control (84) groups. The experiment was conducted in
the nursery at Faculty of Forestry University of Belgrade,
Serbia (44°46'58.2" N 20°25'31.3" E).

Site conditions and experimental design

During the experimental period air temperature and rela-
tive air humidity were measured using LOG210 data log-
ger (DOSTMANN electronic GmbH) (Fig. 2). Volumetric
moisture content into the substrate was followed using a

Fig. 2. Temperature (red line, °C) and relative air humidity (blue line, %) in the greenhouse during the experiment.
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Wet 150 Kit (Delta-T Devices) in control and treatment
containers during conducting each physiological measure-
ment (Fig. 3).

At the beginning of the experiment, all seedlings
were measured for ground level diameter (d — mm) and
height (h — cm) using digital caliper and ruler, respec-
tively. At the end of the experiment, the vitality of the
seedlings was evaluated as follows: 0 — without leaves;
1- dry yellow leaves; 2 — dry green leaves; 3 — most of
the leaves are damaged or dry; 4 — healthy seedling with
at most one damaged leaf; 5 — completely healthy and
vigorous seedling.

Physiological measurements started on July 1st, and
were repeated twice per week for the next three weeks.
On each measurement day, the procedure was repeated
four times: in the morning (between 8.00 and 9.00 h), at
noon (between 11.00 and 12.00 h), in the afternoon- mid-
day (between 15.00 and 16.00 h), and in the evening (be-
tween 18.00 and 19.00 h). Physiological measurements
were always conducted on one leaf per seedling, which
was well developed and appeared to be the healthiest at
the time of measurement (often it was same leaves for

all measurements). Quantum efficiency in light (OPSII;
PhiPS2) and stomatal conductance (g ) were measured
using LI-600 leaf porometer/fluorometer (LI-COR Bio-
sciences, Lincoln, NE, USA) on one leaf per plant. The
maximum quantum efficiency of photosystem II — PSII
(®PSII/PhiPS2) was calculated using the formula PhiPS2
= (Fm’ — Fs)/Fm’ at the current light intensity, where Fm’
is maximum fluorescence in light and Fs is minimum flu-
orescence in light. Calculation of stomatal conductance
g, (mol m?s") =1/((l/g, ) - (1/g,,)) where g_ (mol
m~ s™') is total conductance to water vapor and g, (mol
m~ s™') is boundary layer conductance (data provided by
LI-COR). The device was on auto mode setup with mea-
surement settings recommended by the producer.

Seven measurements were conducted over a period
of three weeks, when seedlings without leaves became
evident in some cells of the unirrigated containers. A se-
vere water deficit was recorded in the treatment group
and evaluated using the relative change in substrate mois-
ture of unirrigated seedlings over time in comparison to
irrigated cells (% = ((moisture of treatment — moisture of
control) / moisture of control) x 100), (Fig. 3).

Fig. 3. Volumetric moisture content and temperature of the substrate — control and unirrigated cells, and substrate temperature
during the experimental period, the lower panel shows the percentage change in substrate moisture content.

Statistical analysis

Statistical analyses were conducted in R version 4.6.0 (R
Core TEaM, 2026). The packages “dplyr” (WICKHAM et al.,
2023a), “tidyr” (WickHaM and VAUGHAN, 2023), “readr”
(WickHAM et al., 2023b), “stringr” (WickHAM, 2019), and

“writex]” (WALKER, 2024) were used for data manipulation,
descriptive statistics, and post-hoc analyses (Wilcoxon rank-
sum tests and pairwise t-tests). Variable distributions were
assessed using the Anderson—Darling normality test imple-
mented in the “nortest” package (Gross and LIGGEs, 2015).
Linear mixed-effects models (LMMs) were fitted us-
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ing the “lme4” package (BATEs et al., 2015), with Satterth-
waite approximations for degrees of freedom and p-values
obtained via “ImerTest” (KuzNETSova et al., 2017). The
model structure was:

log(response) ~ Date num * Species * Type + Part of
day + (1|Tree_ID),

where Date_num represents the continuous temporal variable
(day of month), Species is a four-level factor representing
Quercus species, Type is a two-level treatment factor (Con-
trol vs. Water Deficit), Part_of day is a four-level covariate
representing measurement time, and Tree ID was included as
a random intercept to account for repeated measurements of
individual seedlings.

The response variables (g, and PhiPS2) were
log-transformed prior to analysis to normalize the right-
skewed distributions. Marginal and conditional R? val-
ues (R 2, R were calculated following NAKAGAWA and
ScHIELZETH (2013) using the “MuMIn” package Bar-
TON, 2023). Compact letter displays were generated us-

ing the “multcompView” package (GRAVES et al., 2019).
Figures were produced using the “ggplot2” package
(WICcKHAM, 2016).

Results
Experimental conditions

During the experimental period daily patterns of tempera-
ture were similar in both treatments, with small and con-
sistent differences between treatment and control across
times of day. As expected, mid-day was the hottest part
of the day with an average temperature of ~33°C, while
morning was the coolest (=23.5°C), (Fig. 3). Volumetric
moisture content expressed a huge difference between
treatment and control, with a sharp drop throughout the
experimental period (Fig 4). Air temperature differed
significantly among morning, noon, midday, and evening

Fig. 4. Stomatal conductance (g, — mean values + SE) for Q.cerris, Q. frainetto, Q. petraea and Q. pubescens seedlings from
control (bars) and treatment (lines) in the morning, noon, midday and evening (from top to bottom, respectively) on different dates.
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Table 1. Ground-level diameter (mm), height (cm) and vitality of oak seedlings by species and treatment (Wilco.= Wilcoxon)

Species Treatment Diameter Diameter Height Height Vitality Vitality
mean+SD p value mean+SD p value mean+SD range

Q. cerris Control 2.84+£0.80 t-test 0.719  8.95+2.98 Wilco.0.599  4.95+0.22 4-5
Unirrigated 2.92+0.64 - 9.88x4.12 - 136049 1-2

Q. petraea Control 228+0.69  ttest0.350 635+2.18  t-test0.444  5.00+0.00 5-5
Unirrigated 2.45+0.56 - 6.84+£2.13 - 223+£097 04

Q. pubescens Control 2.15+£0.72  Wilco. 0.942 7.12+4.15 Wilco.0.220  4.86+0.65 2-5
Unirrigated 2.16 £0.78 - 7.77+3.53 - 274£1.58 1-5

Q. frainetto  Control 245+0.69  t-test0.334  5.82+1.41 Wilco.0.627  4.86+0.65 2-5
Unirrigated 2.27+0.58 - 590+234 - 254+1.04 1-5

Total 244 +0.72 - 737+£327 - - -

Notes: Ground-level diameter and height were measured at the start of the experiment (July 1st), before treatments diverged;
vitality was assessed at the end on an ordinal 0-5 scale. Unirrigated denotes the water-deficit treatment.

Fig. 5. Quantum efficiency in light (PhiPS2 — mean values reported with SE) for Q. petraea, Q. cerris, Q. frainetto and Q.
pubescens seedlings from control (bars) and treatment (lines) in the morning, noon, midday and evening (from top to bottom,

respectively) on different dates.
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(F =16.03, p < 0.001), but not between treatment and
control (F = 0.366, p = 0.778). Volumetric moisture con-
tent in substrate was not affected by the time of day (F =
16.03, p < 0.001), but was strongly significant by treat-
ment (F=151.115, p <0.001), (Table S1).

Morphological plant characteristics

The mean seedling ground level diameter was 2.44 + 0.72
mm, while the mean seedling height was 7.37 + 3.27 cm
(Table 1). Among all four species, Q. cerris had the tallest
seedlings with the largest stem diameters in both the con-
trol and treatment groups prior to treatment. Other species
showed smaller values for both morphological parameters.
No statistically significant initial morphological differenc-
es were detected between control and water-deficit treat-
ment seedlings within species.

At the end of the experiment, seedlings were eval-
uated for vitality and ranged from 0-5, with the highest
mean values for Q. petraea and Q. cerris in the control
group (5.00 = 0.00 and 4.95 + 0.22, respectively), while
the lowest grade was observed in the Q. cerris treatment
group (1.36 £ 0.49). Seedlings from the control were most-
ly evaluated as healthy and vigorous seedlings, while seed-
lings from the treatment were evaluated as seedlings with
mostly dry and damaged leaves (Table 1).

Physiological plant characteristics of irrigated (con-
trol) seedlings

Daily oscillations of g_ followed a similar pattern across
all oak species (Fig. 4), with values increasing from morn-
ing to noon and declining again in the evening. Morning
and evening g values were generally below 0.150 mol
m~ s7!, while noon values mostly ranged between 0.1 and
0.2 mol m™ s™'. The highest g  was recorded in Q. cerris
and Q. frainetto, with a maximum midday value of 0.298
mol m2 s observed in Q. petraea seedlings during the
third week of the experiment. Midday g_ was lower during
the second week, coinciding with lower air temperatures
and higher relative humidity.

PhiPS2 levels also showed consistent diurnal oscilla-
tions, with the highest values recorded in the evening (Fig.
5). Morning values ranged from 0.723 in Q. petraea to
0.787 in Q. cerris, decreased at noon, and partially recov-
ered during midday and evening measurements. Overall,
PhiPS2 levels remained relatively stable in control seed-
lings throughout the experimental period.

Physiological plant characteristics of unirrigated (wa-
ter deficit treatment) seedlings

The effects of water deficit on g and PhiPS2 became
distinct after the first week of treatment, with reductions
being less immediate and less pronounced in PhiPS2 than
ing_ .

During the second week, Q. cerris exhibited a rap-
id decline in g_ (< 0.1 mol m? s™'), which remained low
thereafter. Conversely, Q. frainetto, Q. petraea, and Q.
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pubescens showed only slight reductions during this pe-
riod, maintaining midday values between 0.1 and 0.2 mol
m2 s, comparable to that of the control. However, by the
third week, midday g_ in these three species dropped be-
low 0.1 mol m? s, leading to a clear divergence from
that of the control (Fig. 4). Relative changes indicated
that the strongest reductions occurred at noon and midday,
whereas differences in the morning and evening were less
pronounced. Notably, Q. frainetto and Q. pubescens ex-
hibited transient positive responses in evening and midday
measurements at the onset of the experiment before pro-
gressive stomatal closure occurred.

Progressive reductions in PhiPS2 emerged after two
weeks of treatment, which were characterized by strong
species-specific dynamics. Q. cerris showed the most se-
vere decline, with daytime PhiPS2 falling below 0.455 and
reaching an approximate 90% reduction relative to the con-
trol by the end of the experiment (Fig. 6). Q. petraea expe-
rienced moderate reductions (0.581-0.652) before dropping
below 0.400 in the final period (Fig. 5). Q. pubescens main-
tained higher values (>0.700) until day 17, after which the
values declined below 0.400 across most daytime periods.
In contrast, Q. frainetto demonstrated the highest short-term
stability, maintaining elevated PhiPS2 for longer than the
other species and occasionally exhibiting higher PhiPS2
values than control seedlings. Overall, reductions in PhiPS2
were less immediate and less pronounced than reductions in
g, suggesting that stomatal regulation responded earlier to
drought stress than to photochemical efficiency.

Linear mixed-effects models revealed that both g_
and PhiPS2 were strongly influenced by the experimental
duration and treatment (Table 2). For g_, the most import-
ant fixed effects were measurement date (F = 518.84, p <
0.001), part of the day (F = 338.41, p < 0.001), and the in-
teraction between the date and treatment (F' = 571.65, p <
0.001). These factors explained 8.46%, 11.98%, and 6.75%
of the variance, respectively, indicating that g_ was primar-
ily driven by the temporal progression of drought stress and
daily environmental fluctuations. The treatment effect was
highly significant (F = 26.33, p < 0.001), whereas species
differences were comparatively weak, although still signif-
icant (p = 0.0205). Non-significant interactions involving
species indicated that all species exhibited a generally simi-
lar temporal pattern of stomatal responses to water deficit.

For PhiPS2, the strongest effects were also associ-
ated with measurement date (F' = 879.27, p < 0.001) and
the interaction between date and treatment (F = 839.08, p
< 0.001), explaining 12.82% and 8.99% of the variance,
respectively. In contrast to g_, significant interactions be-
tween date and species (F=71.84, p <0.001), and date, spe-
cies, and treatment (F = 85.80, p <0.001) demonstrated spe-
cies-specific temporal responses of PhiPS2 efficiency under
water deficit. Although the main effect of species was not
significant, species differed in the dynamics and magnitude
of PhiPS2 decline over time, consistent with the observed
stronger sensitivity of Q. cerris and greater stability of Q.
frainetto. The effect of part of the day on PhiPS2 was sta-
tistically significant but explained only a small proportion
of variance (0.13%), suggesting lower diurnal sensitivity of



Fig. 6. Reduction in percent of g_ (A) and PhiPS2 (B) for Q. petraea, Q. cerris, Q. frainetto and Q. pubescens seedlings in

treatment over the period.

PSII efficiency compared with stomatal conductance.

Random effects associated with individual seedlings
accounted for 6.16% of the variance in g and 11.71%
in PhiPS2, indicating greater between-seedling variability
in photochemical responses than in stomatal regulation.
The residual variance remained relatively high for both
variables, particularly for g_, reflecting substantial unex-
plained physiological variability under fluctuating envi-
ronmental conditions.

Model performance statistics indicated moderate
explanatory power. Marginal R? values showed that fixed
effects explained 32.9% of the variation in g_ and 36.5%
in PhiPS2, while conditional R? values increased to 38.8%
and 47.0%, respectively, after the inclusion of random ef-

fects. Overall, the model performance indicated moderate
explanatory power, with slightly better fit for PhiPS2 than
forg .

Discussion

Morphological attributes strongly influence hydraulic ar-
chitecture and long-term drought survival, whereas seed-
ling height is a general indicator of photosynthetic and
transpiration capacity (GROSSNICKLE, 2012). These mor-
phological constraints likely explain why Q. cerris seed-
lings in the present study suffered more severe damage
than the other species. The larger initial size of Q. cerris
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Table 2. Linear mixed model results for a) stomatal conductance (g, ) and b) the effective quantum yield of PSII (®PSII): effects

of date, species, treatment and part of day, and model fit

a) Stomatal conductance (g_ )

Effect Num DF Den DF F value p value Variance (% )
Date_num 1 5,292 518.84 <0.001 8.46
Species 3 521.1 3.29 0.021 0.06
Type 1 521.1 26.33 <0.001 1.88
Part_of day 3 5,292 338.41 <0.001 11.98
Date _num:Species 3 5,292 2.01 0.110 0.05
Date_num:Type 1 5,292 571.65 <0.001 6.75
Species:Type 3 521.1 1.59 0.190 0.12
Date_num:Species:Type 3 5,292 0.20 0.895 0.01
Random: Tree ID - - - - 6.16
Residual - - - - 64.52
Model fit: Rzmargmm: 0.329;R? .. =0.388; RMSE (log scale) = 1.197.

b) Effective quantum yield of PSII (OPSII)

Effect Num DF Den DF F value p value Variance (% )
Date_num 1 5,292 879.27 <0.001 12.82
Species 3 359.9 2.05 0.106 0.51
Type 1 359.9 45.97 <0.001 0.95
Part_of day 3 5,292 4.19 0.006 0.13
Date _num:Species 3 5,292 71.84 <0.001 3.10
Date_num:Type 1 5,292 839.08 <0.001 8.99
Species:Type 3 359.9 241 0.066 0.45
Date num:Species:Type 3 359.9 85.80 <0.001 2.76
Random: Tree ID - - - - 11.71
Residual - - - - 58.57

Model fit: R? =0.365;R> .. =0.470; RMSE (log scale) = 1.130.

marginal

Notes: Fixed effects were tested with Satterthwaite-approximated degrees of freedom (/merTest). p-values below 0.001 are
reported as <0.001. Variance (%) is the proportion of total variance attributed to each term. Random and residual rows report
variance components only. Type, treatment (Control vs. Water Deficit/Unirrigated); Part of day, time of measurement (four

levels); Tree_ID, individual seedling (random intercept). R?
plained by fixed and random effects.

seedlings may have contributed to their faster depletion
of available soil water because larger seedlings general-
ly have greater transpiring leaf area and higher water de-
mand. These morphological constraints likely explain why
Q. cerris seedlings in the present study suffered more se-
vere damage than the other species. Previous studies have
shown that Q. cerris reduces growth under drought condi-
tions (DELIGOZ and BAyARr, 2018) but can recover morpho-
logical performance after rewatering (MONDANELLI et al.
2026). In this study, the recovery period was not included,
and the seedlings were exposed to a strong water deficit for
21 days, with substrate moisture declining by more than
70% relative to the control after the first week of treatment
(Fig. 3). Water deficit developed rapidly due to the small
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marginal®

variance explained by fixed effects; R? variance ex-

conditional®

container volumes, supporting observations that small pots
are not recommended for drought studies (TURNER, 2018).
While the ideal alignment of plant size and pot volume
was satisfied as most important in this study (POORTER et
al., 2012), this setup realistically simulated rapid summer
droughts in Serbia, where intense summer dry spells fre-
quently follow wet springs (FILIPOVIC et al., 2025). There-
fore, the stronger physiological response observed in Q.
cerris seedlings in this study may reflect both species-spe-
cific drought sensitivity and differences in plant size. The
severe damage of Q. cerris seedlings in this study con-
trasts with the high field survival reported by MuaTovi¢ et
al. (2026). One possible explanation is root restriction. Q.
cerris allocates resources to rapid shoot growth, requiring



an expansive root system. In small pots, its high shoot-to-
root ratio and transpiration demand trigger rapid substrate
dehydration and hydraulic failure. Conversely, in open
forest soils, unrestricted root elongation allows Q. cerris
to avoid upper-soil drought. Thus, while field conditions
filter survival via microclimatic gradients (MUATOVIC et
al., 2026), our container setup selectively tested immedi-
ate tissue tolerance under acute, unavoidable water deficit.
This controlled-to-field discrepancy aligns with LEVERKUS
et al. (2026), who emphasized that specific habitat condi-
tions act as severe filters shaping initial oak seedlings.

The diurnal patterns of g and PhiPS2 observed in
irrigated seedlings are consistent with the reported trends
for various oak species, including Q. pubescens (DAMESIN
and RAMBAL, 1995), Q. ilex (OGAYA and PENUELAS, 2003),
Q. robur, and Q. petraea (Gross et al., 1996). The rapid
decline of gsw within eight days of the onset of the ex-
periment in our study closely mirrors the responses ob-
served in two-year-old Q. ilex seedlings (FILELLA et al.,
1998). A study conducted on Q. robur, Q. petraea, and Q.
pubescens reported a pattern similar to that observed in
this study, with a delayed and less pronounced response
of PhiPS2 compared to g and PhiPS2 values below 0.7
during drought (AREND et al., 2013). Stomatal regulation
operates as the primary line of defense under early or mod-
erate drought, whereas PhiPS2 remains relatively insensi-
tive until stress intensifies (KaraJi et al., 2017). This high
initial photochemical stability may also be attributed to the
substantial plasticity of the oak photosynthetic apparatus
under fluctuating temperatures (Daas et al., 2008), which
can explain the absence of significant temperature influ-
ence during the first two weeks of the experiment (Fig. 2).
This temporal decoupling between rapid stomatal closure
and delayed photochemical decline is further supported
by MuATOVIC et al. (2026). Their survival models proved
that while both parameters predict first-year establishment,
surviving oak seedlings consistently maintain a PhiPS2
above 0.65, whereas non-survivors exhibit a steep reduc-
tion under advanced atmospheric and soil water stress.

Drought responses in oaks are highly divergent
and cannot be simply categorized along a strict isohy-
dric-anisohydric spectrum (MARTINEZ-VILALTA and GAR-
CIA-FORNER, 2016; KAPROTH et al., 2023). In this study,
Q. cerris exhibited the earliest response, characterized by
coordinated reductions in g followed by a sharp drop in
PhiPS2. Q. cerris showed a reaction similar to that of an
isohydric plant, responding with decreasing stomatal con-
ductance under conditions of low water availability, with
expressed senescence and a strong tendency to abscise
leaves as a mechanism for survival (McDoOwELL et al.,
2008; Wu et al., 2022). This contrasts with field studies
on mature Q. cerris trees, which typically exhibit less con-
servative, anisohydric water-use strategies compared to Q.
pubescens (TOGNETTI et al., 2007). This discrepancy sug-
gests that the combination of seedling growth stage and the
high evaporative demand of the glasshouse environment
may amplify stress, forcing an anisohydric species into a
conservative avoidance strategy.

In contrast to Q. cerris, Q. frainetto showed the slow-

est physiological response to water deficit among the stud-
ied species, maintaining relatively stable g_ and PhiPS2
values during the first half of experiment period. Similar
findings were reported by Mangs et al., 2006, who de-
scribed Q. frainetto as physiologically intermediate be-
tween Q. cerris and the evergreen Mediterranean species Q.
ilex. Although Q. ilex is generally considered as anisohy-
dric, previous studies also documented conservative stoma-
tal sensitivity and osmotic adjustment under drought con-
ditions (MEDIAVILLA and EscUDERO, 2003; LIMOUSIN et al.,
2022; MoRENO et al., 2025), highlighting the complexity of
drought-response strategies in oaks. Some studies identified
Q. frainetto as relatively drought-sensitive compared with
Q. ilex, Q. pubescens, Q. macrolepis, and Q. ithaburensis
(FotELLI et al., 2000; S1iam et al., 2009; BanTIs et al., 2019),
which contrasts with the comparatively stable short-term
physiological performance observed in this study.

Q. pubescens and Q. petraea displayed similar physi-
ological responses to water deficit, with declines in stoma-
tal conductance and PhiPS2 becoming pronounced mainly
during the third week of the experiment. The relatively sta-
ble PhiPS2 values observed in Q. pubescens may be associ-
ated with photoprotective mechanisms previously described
for this species, including reversible down-regulation of
photochemistry and efficient dissipation of excess energy
(GALLE et al., 2007). In addition, FOTELLI et al. (2000) re-
ported that Q. pubescens seedlings can regulate stomatal
conductance relatively independently of instantaneous plant
water status, which may explain the irregular midday and
noon fluctuations observed in this study (Fig. 4). Some
deciduous Mediterranean oaks such as Q. pubescens and
Q. faginea exhibit more conservative, water saving be-
havior consistent with isohydric like or drought avoiding
strategies (ALONSO-FORN et al., 2021). Similar physi-
ological behavior of Q. pubescens and Q. petraea may
indicate shared drought-response strategies during early
seedling establishment, when oak seedlings often exhibit
convergent physiological adaptations under competitive
and environmentally variable conditions (MEDIAVILLA
and EscUDERo, 2004).

Dendrochronological studies conducted on mature oak
trees support several of our findings regarding interspecific
responses. Popa and Pora (2026) identified Q. frainetto as
one of the most stable oak species under drought conditions,
whereas Q. cerris exhibited the lowest long-term resis-
tance and the weakest recovery following intense summer
droughts in Central and Eastern Europe. Conversely, when
compared across a broader range of deciduous species in
Central Europe, Q. cerris and Q. pubescens are still recog-
nized as solid foundations for future forest stands, even un-
der drier climatic conditions (MORIcZ et al., 2025). Finally,
spatial modeling of forest ecosystem vulnerability in Ser-
bia predicts that thermophilous species like Q. pubescens
will exhibit range expansion and higher stability, showing
greater potential in higher-elevation habitats under project-
ed warming. However, high-emission scenarios by the end
of the 21st century likely portend an overall reduction in
low-elevation reserves for these species, alongside a severe
decline for Q. petraea (STOJANOVIC et al., 2026).
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Conclusions

This research revealed distinct responses to substrate wa-
ter deficit among four oak species during the early devel-
opmental stage, which represents a critical period for seed-
ling establishment success. The experiment was conducted
under semi-controlled glasshouse conditions, where sub-
strate water deficit was induced rapidly and followed by
no recovery period (re-watering). Therefore, the observed
responses should primarily be interpreted as indicators of
drought resistance rather than drought resilience.

Across species, changes in g generally preceded de-
clines in PhiPS2, indicating that stomatal regulation repre-
sented an earlier physiological response to decreasing soil
water availability than impairment of photosynthetic func-
tion. However, the timing of measurements during the day
may also have influenced the magnitude of physiological
responses due to daily variation in evaporative demand
and stomatal behavior.

Among the studied species, under the experimental
conditions, Q. cerris exhibited the earliest and most se-
vere response to water deficit, characterized by rapid sto-
matal closure, subsequent reductions in photochemical
efficiency, and a pronounced decline in seedling vitality.
In contrast, Q. frainetto maintained higher PhiPS2 and de-
layed stress responses throughout the experimental period.
Q. petraea and Q. pubescens exhibited intermediate and
similar responses, maintaining relatively stable g_ during
the first two weeks before a significant decline, suggesting
comparable PhiPS2 during early developmental stages af-
ter seedling establishment.

This study further demonstrates that drought respons-
es observed at the seedling stage may differ substantial-
ly from patterns reported for mature trees. The observed
interspecific differences indicate that drought response
strategies during seedling establishment vary considerably
among southeastern European oaks and should be con-
sidered when predicting regeneration under increasingly
frequent summer droughts. Consequently, future research
should evaluate oaks responses under repeated drought
cycles, include post-drought recovery periods to assess
resilience capacity, and compare responses across devel-
opmental stages.
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Table S1. Two-way ANOVA (Type III sums of squares, Satterthwaite correction) for a) substrate temperature and b) substrate
volumetric moisture content: effects of treatment, part of day and their interaction

a) Substrate temperature

Effect Sum Sq Mean Sq Num DF Den DF F value p value
Type 0.02701 0.02701 1 24 1.1439 0.2955
Part of day 1.13563 0.37854 3 18 16.0300 <0.001
Type: Part_of day 0.03885 0.01295 3 24 0.5484 0.6540
b) Substrate volumetric moisture content
Effect Sum Sq Mean Sq Num DF Den DF F value p value
Type 7169.2 7169.2 1 42 151.1145 <0.001
Part_of day 52.1 174 3 42 0.3664 0.7776
Type: Part_of day 2.1 0.7 3 42 0.0148 0.9975

Notes: Sum Sq, sum of squares (Type III); Mean Sq, mean square; Num DF/Den DF, numerator and denominator degrees of
freedom (Satterthwaite approximation). p values below 0.001 are reported as <0.001. Type, treatment (Control vs. Water Defi-
cit/Unirrigated); Part_of day, time of measurement (four levels); Type: Part_of day, their interaction.
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