
ii F o r e s tF o r e s t
Biogeosciences and ForestryBiogeosciences and Forestry

First-year seedlings respond to a 21-day summer water deficit: 
morphological and physiological insights of two populations of five 
Mediterranean Quercus species
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In the Mediterranean basin, extreme drought events are expected to become 
more frequent due to climate change. Consequently, selecting and registering 
forest reproductive material  (FRM) adapted to such conditions is  crucial  to 
support effective forest restoration. This study aims to identify whether cer-
tain seed sources of Quercus exhibit traits potentially advantageous under on-
going climate change. An initial screening of seedlings from five ecologically 
diverse species from Puglia (southern Italy) was performed to evaluate early-
stage responses to drought conditions simulating extreme Mediterranean sum-
mer events. Under semi-controlled conditions in a nursery, we evaluated the 
effect of water removal for 21 days on the growth, physiological, and meta-
bolomic  performance  of  FRM  of  two  seed  sources  per  five  Mediterranean 
Quercus species.  Morphological,  physiological  (SPAD,  chlorophyll  fluores-
cence), and metabolic traits (pigments and malondialdehyde) were measured 
throughout the experimental period and at its end. All  Quercus species and 
their seed sources survived the water deficit and exhibited positive morpho-
logical and physiological responses. The effects of seed source were more pro-
nounced in the “Cerris” section than in the evergreen “Ilex” section, making 
the former species good candidates for afforestation or restoration in Mediter-
ranean  areas  and  valuable  material  for  further  research.  The  high  perfor-
mance of Q. cerris, a species generally considered less drought-tolerant, high-
lights the Puglia region as a promising source of southern Mediterranean prov-
enances with enhanced resistance to arid conditions.

Keywords: Seed Sources, Tolerance, Water Deficiency, Seedlings, Morphology, 
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Introduction
The Mediterranean basin is recognized as 

a global  biodiversity  hotspot,  encompass-
ing approximately 10% of the world’s plant 
species in just 1.6% of Earth’s surface (Me-
dail & Quezel 1997) hosting over 13,000 en-
demic plants species (4.3% of global plants) 
(Myers  et  al.  2000).  This  region  is  facing 
significant  threats  from  climate  change, 
with models projecting robust declines in 
winter  precipitation of  up to 40% (Tuel  & 

Eltahir 2020). The Intergovernmental Panel 
on  Climate  Change  (IPCC)  has  identified 
this region as a “climate change hot spot”, 
anticipating increases in the frequency and 
intensity of climatic events, including mean 
warming  and  heat  extremes  (Ali  et  al. 
2022). In addition to prolonged and harsher 
summer aridity,  the region now faces un-
predictable drought events (Caloiero et al. 
2018) even during traditionally wetter sea-
sons (i.e., fall, winter, and spring), further 

challenging  these  ecosystems.  These  cli-
matic shifts pose serious challenges to Me-
diterranean  ecosystems,  particularly  for-
ests,  which play a crucial  role in biodiver-
sity conservation (Solomou et al. 2017). Ris-
ing temperatures exacerbate the effects of 
drought on plant mortality, potentially sur-
passing  critical  thresholds  for  the  natural 
regeneration  of  some  species  (Enríquez-
De-Salamanca  2022).  Both  excessive  soil 
water in winter and summer drought hin-
der forest seedling establishment, with the 
temporal and spatial variability of soil mois-
ture  significantly  influencing  regeneration 
dynamics,  as  seen in  oaks  (Urbieta  et  al. 
2008).  Consequently,  conserving  Mediter-
ranean forest ecosystems is a priority given 
their high ecological value.

It  is  postulated that  seedlings  are more 
vulnerable  to  abiotic  stress  than  mature 
trees;  therefore,  exacerbated  summer 
drought  can  have  severe  implications  for 
forest  regeneration,  hindering  seedlings’ 
survival and growth. Seedlings, not reach-
ing the deeper soil layers, are more vulner-
able  and  dependent  on  precipitation,  as 
their  water  availability  is  more influenced 
by  the  upper  soil  layers  than  by  periods 
without  precipitation  (Niinemets  2010). 
Therefore,  seedlings  might  contend  with 
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both  the  direct  effects  of  water  deficits 
during  critical  growth stages  and the  un-
predictable timing and intensity of summer 
drought events, which sharply limit water 
availability. In this context, there is a grow-
ing  interest  in  assessing  the  capacity  of 
natural and artificial regeneration to grow 
and survive under increasing environmen-
tal  pressures  (Harrison  &  LaForgia  2019). 
Understanding  these  dynamics  is  crucial 
for mitigating stress and ensuring success-
ful regeneration, especially in endangered 
areas where the divergent fitness between 
core and marginal populations plays a key 
role in preventing biodiversity loss due to 
climate change.

Identifying  more  resistant  provenances 
to water deficit is essential for several rea-
sons: (i) it contributes to more effective re-
generation in populations that are particu-
larly  vulnerable  to  drought  (Seidel  et  al. 
2016, Depardieu et al. 2020); these popula-
tions  may  require  additional  artificial  re-
generation to ensure long-term forest cov-
er, especially under increasingly arid condi-
tions; (ii) it provides valuable FRM for for-
est restoration efforts in harsher Mediter-
ranean  environments,  thereby  enhancing 
the  success  of  restoration  projects;  (iii) 
identifying  seed  sources  can  help  enrich 
the Italian Base Material National Register 
(BMNR), making them automatically avail-
able across the European Union in  accor-
dance  with  European  Directive  105/1999, 
for projects that may require such prove-
nances to produce climate adaptative FRM 
(Kolström et al. 2011,  Konnert et al. 2015); 
and (iv)  it  can support assisted migration 
strategies,  which  introduce  FRM  from 
more  resilient  provenances  or  species  to 
areas where local populations may become 
maladapted under changing climatic condi-
tions (Ste-Marie et al. 2011). The availability 
of locally adapted, high-performing prove-
nances can help FRM better suit the chal-
lenges posed by harsh environmental con-
ditions,  particularly  for  species  that  must 
endure  extended  drought  periods  during 
early  growth  and  throughout  establish-
ment.  This  approach  is  key  to  enhancing 
adaptive  management  strategies  and  en-
suring the long-term success of reforesta-
tion and restoration efforts across varying 
climatic conditions.

Southern Europe is  home to a broad di-
versity of species and ecotypes that have 
evolved  under  a  range  of  environmental 
conditions, including adaptations to water 
deficits. In southern Italy, the Puglia region 
(latitude ranging from 41° 54′ N to 39° 48′ 
N)  represents  a  rare  blend  of  Mediter-
ranean  and  Eastern  vegetation  elements, 
creating  a  diverse  ecological  mosaic.  Nu-
merous  habitats  in  this  region  are  pro-
tected under EU Directive 92/43/EEC. They 
are characterized by distinctive floristic and 
ecological features (Di Pietro et al. 2009), 
and variations in the distribution and eco-
logical optima of diagnostic species further 
emphasize their unique vegetation (Di Pie-
tro et al. 2009). Here, ecologically distinct 

Quercus species,  with  varying  degrees  of 
adaptation to environmental stress,  coex-
ist  within  a  relatively  small  area  of  their 
natural  range  and  offer  a  natural  labora-
tory for investigating how different prove-
nances  respond  to  the  intensifying  chal-
lenges  of  water  scarcity.  Moreover,  the 
Puglia region is among the least forested in 
Italy,  and here the pressure from climate 
change is strong (Kapur et al. 2007), as in 
other southern parts of the Mediterranean 
basin.  In  this  context,  the  study  aims  to 
identify  whether certain seed sources ex-
hibit traits potentially advantageous under 
ongoing climate change. An initial  screen-
ing was conducted on five ecologically di-
verse Quercus species from Puglia to evalu-
ate early-stage responses to drought con-
ditions  by  simulating  extreme  summer 
events typical of Mediterranean regions. In 
accordance  with  the  Italian  D.  Lgs.  386/ 
2003, which implements the European Di-
rective  1999/105/EC,  the seed sources are 
included in the national register as source-
identified  stands,  except  for  Q.  coccifera 
(L.),  whose stands are included in the re-
gional register of Apulia. This practical ap-
proach, based on officially recognized seed 
sources, provides preliminary screening to 
inform future, more detailed assessments 
of  the adaptive potential  of  these prove-
nances under changing climatic conditions. 
The seedlings belonged to a cluster of Me-
diterranean  oak  species,  one  deciduous, 
Quercus  cerris  (L.),  two  semi-deciduous, 
Quercus trojana Webb,  Quercus ithaburen-
sis subsp.  macrolepis (Kotschy)  Hedge  & 
Yalt, and two evergreens,  Quercus ilex (L.) 
and  Quercus  coccifera  subsp.  calliprinos 
Webb. Q. trojana and Q. ithaburensis subsp. 
macrolepis have the western limit of their 
range  in  Puglia.  The  selected  species  be-
long to the subgenus “Cerris”, but the de-
ciduous  and  semi-deciduous  species,  Q. 
cerris. Q. trojana and Q. ithaburensis subsp. 
macrolepis belong to the “Cerris” section, 
while the evergreen Q. ilex and Q. coccifera 
subsp.  calliprinos belong to the “Ilex” sec-
tion (Denk et al.  2017 ).  The two sections 
are characterized by genetic and physiolog-
ical  differences:  species of the “Ilex” sec-
tion  are  sclerophyllous  Mediterranean 
woody species  with  functional  traits  well 
adapted  to  drought  (Peguero-Pina  et  al. 
2009). The species of the “Cerris” section 
could better face wetter conditions, allow-
ing  faster  recovery  after  drought  (Niine-
mets & Valladares 2006).

Materials and methods

Plant material
The  seeds  of  the  five  studied  Quercus 

species were collected in the fall of 2020 in 
Puglia,  in  ten  seed  sources  – two  stands 
per  species  (Tab.  1).  The stands  were  se-
lected  based  on  recommendations  from 
the Puglia Forest Regional Administration, 
considering  officially  registered  seed 
sources at the regional and national levels, 
and including additional  candidate  stands 

identified  for  potential  registration.  The 
seeds were collected from 8 mother trees, 
spaced at least 50 m apart, and each tree 
was equally represented in the sample for 
each  seed  source.  The  study  was  carried 
out in the summer of 2021 in a field nursery 
area  at  the  Department  of  Agriculture, 
Food,  Environment  and  Forestry,  Univer-
sity  of  Florence  (43°  48′ 30.53″ N;  11°  12′ 
01.46″  E),  Firenze,  Central  Italy  (annual 
mean temperature: 19.86 °C; annual mean 
precipitation: 870 mm).

Experimental conditions
From  October  2020  to  April  2021,  the 

acorns were stored at 3 ± 0.5 °C in moist 
sand to simulate normal overwintering and 
to  prevent  acorn  germination  before  the 
beginning of the experiment. In early April, 
acorns whose weights were within ±5% of 
the  mean  weight  for  each  species  were 
placed in wet sand at 18 °C. After 1 week of 
pre-germination,  350  randomly  selected 
acorns with radicles <5 mm long were se-
lected.  The procedure was carried out  to 
ensure that only viable acorns were sown. 
Square-based containers (18 × 18 cm, 23 cm 
deep) were used and filled with 0/40 peat, 
3/8 fine pumice (3:1), and 1.5 kg m-3 calcium 
carbonate, with the addition of NPK (Mg) 
17-09-11  (2)  fertilizer  with  microelements. 
The containers were spaced 20 cm apart to 
avoid competition and to ensure full  light 
for all seedlings. The containers were daily 
irrigated with 500 ml of water to maintain 
the substrate at the field capacity. Contain-
ers  were  initially  watered  to  saturation, 
and  then  the  excess  water  was  drained 
away  until  the  container  capacity  was 
reached  (Blume  et  al.  2016).  Changes  in 
container  weights  were  associated  with 
changes in available water capacity, name-
ly the amount of water retained in the soil 
reservoir that plants can remove (Kirkham 
2023).

The  water-deficit  experiment  was  per-
formed  in  July  2021  (four  months  after 
seed  germination),  and  35  seedlings  per 
species and seed source were selected for 
homogeneous morphology based on visual 
comparison. At the beginning of the exper-
iment,  5  seedlings  per  species  and  seed 
source were sampled to estimate the plant 
biomass, in terms of fresh and dry weight 
(Cambi  et  al.  2018).  Thirty  seedlings  per 
seed source  were  selected and randomly 
assigned as (i) well-watered seedlings (con-
trol,  C)  and (ii)  water-stressed,  simulating 
drought, seedlings (treated, T).  The treat-
ment consisted of 21 days of water deficit, 
imposed  by  withholding  irrigation  (until 
the 21st day  of  treatment,  DOT21).  During 
water  deficit,  containers  of  T  seedlings 
were covered with a plastic  dome during 
rainy days to avoid water entry. At DOT21, 
eight  seedlings  for  each  species,  seed 
source, and treatment (C and T) were sam-
pled  for  biomass  measurements  and  bio-
chemical analyses. At DOT 22, the remain-
ing  seven T  seedlings  from  each  species’ 
seed  source  and  treatment  were  rewa-

150 iForest 19: 149-156

iF
or

es
t 

– 
B

io
ge

os
ci

en
ce

s 
an

d 
Fo

re
st

ry



Seedling water deficit in five Mediterranean Quercus species

tered with the same amount of  water  as 
the  C  seedlings  and  maintained  under 
these  conditions  until  DOT111.  During  the 
experiment, the soil volumetric water con-
tent  (VWC,  %)  in  C  and  T  seedlings  was 
monitored  using  a  soil  moisture  meter 
(PCESMM1, PCE Instr.  Corp.,  PCE Holding, 
Hamburg,  Germany).  The  VWC  was  mea-
sured at DOT6, DOT13, DOT21, and DOT64 
in T and C seedling pots.

Growth parameters
During the experiment, three destructive 

morphological surveys were performed on 
T  and  C  seedlings  at  DOT1,  DOT21,  and 
DOT111, corresponding to the beginning of 
the experiment, the end of treatment, and 
the  end  of  the  growing  season,  respec-
tively. Root collar diameter was determin-
ed by a caliper, and stem height was mea-
sured with a meter, whilst leaf number was 
counted, and total leaf area was measured 
by  using  the  App  Easy  Leaf  Area  Free 
(freely available at https://github.com/heas 
lon/Easy-Leaf-Area).  Fresh weight  and dry 
weight  of  the  stem,  leaves,  taproot,  and 
fine roots  were determined using a  scale 
before  and  after  oven-drying  samples  to 
constant weight.

Chlorophyll content and fluorescence
The chlorophyll content and fluorescence 

were  measured  on  seven  seedlings  for 
each species,  seed source, and treatment 
at DOT6, DOT13, DOT21 (corresponding to 

increasing  water-deficit  duration),  and 
DOT64  (43  days  after  the  end  of  the 
stress). The chlorophyll content was mea-
sured  on  the  first  fully  expanded  leaf 
through the transmittance of red (650 nm) 
and infrared (940 nm) radiation using the 
SPAD  502  Plus® (Spectrum  Technologies, 
Aurora, IL, USA  – Uddling et al. 2007). On 
the  same  leaf,  away  from  the  main  leaf 
vein,  the  Chlorophyll-a fluorescence  was 
measured by using a portable fluorimeter 
(Handy-PEA®,  Hansatech Instruments,  Ltd, 
UK) at ambient temperature after 20 min-
utes of  adaptation of  leaves to the dark. 
Changes  in  fluorescence  were  measured 
during a light pulse intensity of 3500 µmol 
m-2 s-1 and a duration of 1 s. Then, the maxi-
mum  quantum  efficiency  of  PSII  photo-
chemistry (Fv /Fm) and the performance in-
dex of PSII photochemistry (PI) were calcu-
lated.

Pigments concentrations
One  leaf  from  each  of  three  plants  in 

each treatment was collected for pigment 
concentration measurements. A sample of 
0.1  g  of  fresh  leaves  was  homogenized 
with 1 ml of 95% Ethanol (Sigma-Aldrich, Mi-
lan,  Italy).  The homogenized sample  mix-
ture was centrifuged at 10,000 rpm for 15 
minutes at 4 °C, and an aliquot of 0.05 ml 
was mixed with 9.5 ml of 96% Ethanol. The 
solution mixture was analyzed for Chloro-
phyll  a (Chl  a),  Chlorophyll  b (Chl  b),  and 
carotenoids (Car) content by a Spectropho-

tometer  (Varian Cary  Eclipse  50 Scan UV/
Visible  Spectrophotometer,  Agilent,  Santa 
Clara,  CA,  USA).  To calculate the pigment 
concentration  (mg  g-1 FW),  the  following 
equations for 95% ethanol (Sumanta et al. 
2014) were used (eqn. 1, eqn. 2, eqn. 3):

(1)

(2)

(3)

where  Ax is  the  absorbance at  the wave-
length x = 470, 649, and 664 nm. 

Pigment determination of  Q. ilex and  Q. 
coccifera subsp.  calliprinos was  not  per-
formed  due  to  the  limited  availability  of 
plant material.

Lipid peroxidation
Lipid peroxidation was measured follow-

ing  the  method  of  Hodges  et  al.  (1999) 
with  modifications.  Briefly,  leaf  samples 
(0.120 g)  were homogenized in  0.6 ml of 
0.1  % (w/v) trichloroacetic  acid (TCA).  The 
homogenate was centrifuged at  15,000×g 
for 10 min (4 °C). A 0.5 ml aliquot of the su-
pernatant  was  mixed  with  1.5  ml  of  0.5% 
(w/v) thiobarbituric acid (TBA) in 20 % (w/v) 
TCA (+TBA). To another aliquot of 0.5 ml, 
only 1.5 ml of 20% TCA was added (-TBA). 
The two mixtures were heated at 95 °C for 
30 min and then quickly  cooled in  an ice 
bath. After centrifugation at 15,000×g for 5 
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Tab. 1 - Location, altitude, mean annual air temperature (MAT, °C), total annual rainfall (P, mm), and soil and vegetation type of the  
seed sources.

Species Seed sources Coordinates
Altitude
(m a.s.l.)

MAT
(°C)

P
(mm)

Soil type
Vegetation
type

Hereinafter
referred to as

Quercus
cerris

Bosco San 
Cristoforo

41°32′13.4″N 
15°02′55.5″E

720 14 770 Regosols-
Phaeozems

pure stand San Cristoforo

Bosco Difesa 
Grande

40°44′55.1″N 
16°24′29.1″E

380 15 608 Phaeozems-
Kastanozems / 
Regosols-Calcisols

Mixed stand of 
Q.cerris, Q. 
pubescens, and Q. 
frainetto

Difesa

Quercus
ilex

Bosco di 
Manfredonia- 
Masseria 
Scopino

41°42′36.2″N 
15°57′53.7″E

750 16 434 Leptosols/ 
Luvisols-
Phaeozems

pure stand Masseria

Bosco dei Cuturi 40°20′29.2″N 
17°39′20.6″E

85 18 523 Luvisols / Luvisols-
Calcisols

pure stand Cuturi

Quercus
ithaburensis
subsp.
macrolepis

Boschetto delle 
Vallonee

39°55′29.9″N 
18°22′49.1″E

70 17 680 Leptosols pure stand Tricase

Bosco Colemi 40°32′35.7″N 
17°56′15.7″E

52 17 429 Luvisols pure stand Colemi

Quercus
trojana

Masseria Palesi 40°40′06.2″N 
17°18′20.1″E

420 15 836 Regosols-
Phaeozems

Mixed stand of Q. 
ilex, Q. trojana, and 
Q. pubescens

Palesi

Bosco Mesola 40°50′59.5″N 
16°46′26.2″E

430 15 732 Luvisols-
Phaeozems

pure stand Mesola

Quercus
coccifera
subsp.
calliprinos

Foresta 
Mercadante

40°53′06.1″N 
16°42′36.3″E

420 17 783 Luvisols-
Phaeozems

Mixed stand of Q. 
pubescens and Q. 
coccifera

Mercadante

Bosco Occhiazzi 39°59′45.2″N 
18°13′32.8″E

127 17 632 Luvisols Mediterranean 
scrubland with Q. 
coccifera

Occhiazzi
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Chl a=13.36 A664−5.19 A649

Chl b=27.43 A649−8.12 A664
Car=(1000⋅A470−2.13Chl a

−97.63Chl b )/209

https://github.com/heaslon/Easy-Leaf-Area
https://github.com/heaslon/Easy-Leaf-Area
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min,  the  absorbance  of  the  supernatant 
was recorded at 440, 532, and 600 nm for 
samples  with  and  without  the  TBA  reac-
tion.

Lipid peroxidation was measured in terms 
of malondialdehyde (MDA) concentration, 
a  product  of  lipid  peroxidation,  applying 
the  following  equations  (Hodges  et  al. 
1999 – eqn. 4, eqn. 5, eqn. 6):

(4)

(5)

(6)

where  MDA  equivalents  (MDAeq)  are  ex-
pressed in nmol ml-1.

Statistical analysis
Means and standard errors  of  the mea-

sured  parameters  were  calculated  per 
species, seed source, and treatment. Analy-
sis  of  variance  (ANOVA)  at  a  significance 
level  of  0.05  was  performed  on morpho-
logical  and  physiological  data  to  assess 
species  responses  at  specific  times 
throughout the experiment  using the soft-
ware OriginPro® ver. 8 (OriginLab Corpora-
tion, Northampton, UK). Two-way ANOVA 
was  performed  for  nondestructive  sam-
pling  parameters  (Fv/Fm,  SPAD  values, 
stem height, root collar diameter, stem in-
crement, leaf number, PI) to identify differ-

ences across treatments and seed source. 
Two-way ANOVA was also performed to as-
sess  differences  between  treatment  and 
seed  source  effects  on  destructive  sam-
pling (biomass and total leaf area, chloro-
phylls  and  carotenoids  concentrations, 
MDA)  at  DOT21.  Significant  effects  were 
evaluated with the least significant differ-
ence (LSD) post hoc test.

Relationships  between  biomass  and  PI 
and between height increment and Fv/Fm 
were  calculated  at  the  species  level  and 
tested for significant differences between 
regression coefficients across phylogenetic 
sections of Quercus (significance values are 
shown in Tab. S1-Tab. S5 in Supplementay 
material).  Statistical  analysis  was  per-
formed  using the software OriginPro® v. 8 
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Fig. 1 - Mean biomass (± 
standard error) (g, DW) of 
stem, leaves, taproot, and 
fine roots of Q. cerris, Q. 
trojana, Q. ithaburensis 
subsp. macrolepis, Q. ilex, 
and Q. coccifera subsp. cal-
liprinos. For each species, 
the graphs show the mean 
values for the two days 
(DOT21: post water 
removal; DOT111: end of 
growing season), highlight-
ing the significance of the 
treatment (C: control; T: 
treatment).

Fig. 2 - Mean biomass (± 
standard error) (g, DW) of 
stem, leaves, taproot, and 
fine roots of Q. cerris, Q. 
trojana, Q. ithaburensis 
subsp. macrolepis, Q. ilex, 
and Q. coccifera subsp. cal-
liprinos. For each species, 
the graphs show the mean 
values over the three days 
(DOT1, DOT21: post-water 
removal; DOT111: end of 
growing season) to high-
light the significance of the 
seed source.
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Q1=(A532+TBA)−(A600+TBA)
−(A532−TBA)−(A600−TBA)

Q2=(A440+TBA−A600+TBA)0.0571

MDAeq=
Q1−Q2
157,000

⋅106
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(OriginLab Corporation, Northampton, UK)

Results
The intensity of the water deficit was de-

fined as the difference between the VWC 
values of T and C seedlings. In more detail, 
the VWC in T pots was 25%, 50%, and 70% 
lower than in C pots at DOT6, DOT20, and 
DOT21, respectively. At the end of the ex-
periment,  none  of  the  species  or  seed 
sources  considered  exhibited  seedling 
mortality.  The  growth,  physiology,  and 
metabolic parameters were monitored dur-
ing  the  experiment,  revealing  statistically 
significant  species-specific  behaviors,  as 
described below. Moreover, the two seed 
sources  considered  for  each  species 
showed  significant  differences  in  seed 
stands/provenances across traits.

Quercus cerris
Tab.  S1  (Supplementary  material)  shows 

the results concerning Q. cerris. At the end 
of the treatments (water deficit – DOT 21), 
T  seedlings  showed  lower  values  of  tap-
root dry weight and total biomass than C 
ones (Fig. 1). Furthermore, a significant in-
crease of SPAD at DOT13 in T seedlings was 
recorded compared to C ones (Tab. S1). At 
DOT64,  T  seedlings  showed  lower  Fv/Fm 
values than C seedlings (Tab. S1). At DOT13, 
Q. cerris showed higher performance index 
(PI) values in T seedlings, while at DOT64 
the PI was higher in C seedlings (Tab. S1). 
At DOT21,  C seedlings showed higher val-
ues of chlorophyll a and carotenoids than T 
ones (Tab. S1). Observing the seed sources, 
Q.  cerris “San  Cristoforo’’  showed  higher 
biomass  for  taproot  (DOT1  and  DOT111), 
leaves  (DOT21  and  DOT111),  and  stem 
(DOT111)  than “Difesa” (Fig.  2).  At  DOT6, 
“San Cristoforo” showed higher values of 
Fv/Fm than “Difesa’’ (Tab. S1), whereas at 
DOT21, “Difesa” showed higher concentra-
tions of the pigments and MDA than “San 
Cristoforo” (Tab. S1).

Quercus trojana
As shown in Tab. S2 (Supplementary ma-

terial) at DOT21, root collar diameter values 
were  lower  in  T  seedlings.  Q.  trojana 
showed lower values of SPAD at DOT6 and 
higher  values  at  DOT21  in  T  than C seed-
lings (Tab. S2). At DOT 21, the C seedlings 
showed  higher  concentrations  of  chloro-
phyll  a and  carotenoids  than  the  T  ones 
(Tab. S2). Regarding seed sources and not 
treatment  conditions,  Q.  trojana showed 
the higher dry weight of leaves (DOT1 and 
DOT111),  stem (DOT1), taproot, fine roots, 
and total  biomass  (DOT21  and  DOT111)  in 
“Palesi” than “Mesola” (Fig. 2). Lower val-
ues of the leaf number were in “Mesola” at 
DOT1,  DOT21  and  DOT111  (Tab.  S2),  and 
lower  values  of  root  collar  diameter  at 
DOT111 than in “Palesi” seedlings (Tab. S2). 
“Mesola” showed higher values of SPAD at 
DOT6 and DOT13 (Tab. S2), and higher lev-
els of the pigments at DOT21 than “Palesi” 
(Tab. S2).

Quercus ithaburiensis subsp. macrolepis
Tab. S3 (Supplementary material) details 

the  results  of  Q.  ithaburiensis  subsp. 
macrolepis. The C seedlings had higher val-
ues of the dry weight of stem and taproot 
at  DOT21  than  the  T  ones  (Fig.  1).  This 
species showed values of Fv/Fm higher at 
DOT13 in T than C seedlings (Tab.  S3).  At 
DOT21,  chlorophyll  a,  carotenoids,  and 
MDA concentrations were higher in the T 
than  in  C  seedlings  (Tab.  S3).  Regarding 
seed sources, “Tricase” showed higher val-
ues  of  the  tap  root  dry  weight  at  DOT1, 
DOT21, and DOT111, lower shoot/root ratio 
at DOT21 and DOT111, and lower values of 
root collar diameter at DOT21 than “Cole-
mi”  (Fig.  2).  At  DOT6,  SPAD  values  were 
higher in “Tricase” than in “Colemi” (Tab. 
S3).  In  Q.  ithaburiensis  subsp. macrolepis, 
the seed source “Tricase” showed higher 
values  of  chlorophyll  a than  “Colemi”  at 
DOT21 (Tab. S3).

Quercus ilex
Tab. S4 (Supplementary material) shows 

the results regarding  Q. ilex. Lower values 
of  the  stem  (DOT21)  and  taproot  (DOT21 
and  DOT111)  dry  weight  were  found  in  T 
seedlings than in C ones (Fig. 1). At DOT21, 
the height increment was lower in T than in 
C seedlings (Tab. S4). At DOT13, T seedlings 

showed higher values of the performance 
index  (PI)  than  C  seedlings  (Tab.  S4).  By 
considering  the  seed  sources,  a  higher 
shoot/root ratio at DOT1 and a higher stem 
and  taproot  dry  weight  at  DOT21  were 
found in “Cuturi” than in “Masseria” (Fig.
2).  Moreover,  “Masseria”  showed  lower 
values of  stem increment at  DOT111  (Tab. 
S4) and lower values of root collar diame-
ter at DOT21 (Tab.S4). At DOT21, “Cuturi” 
showed  higher  values  of  Fv/Fm,  and 
“Masseria”  had  higher  values  of  PI  (Tab. 
S4).

Quercus coccifera subsp. calliprinos
Quercus coccifera subsp. calliprinos results 

are shown in Tab. S5 (Supplementary mate-
rial). Lower values of stem, taproot, and to-
tal  biomass  dry  weight  were  found  in  T 
than in C seedlings at the end of the water 
stress period (DOT21 – Fig. 1). The stem in-
crement was lower in T seedlings at DOT111 
(Tab. S5), and a lower root collar diameter 
was  found  in  T  seedlings  of  Q.  coccifera 
supsp.  calliprinos at  DOT21  (Tab.  S5).  The 
effect  of  seed  sources  on  Q.  coccifera 
subsp. calliprinos was observed with higher 
values of tap root dry weight at DOT111 in 
“Occhiazzi” (Fig. 2), and higher values of PI 
in  “Occhiazzi”  at  DOT13  than  the  other 
seed source (Tab. S5).
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Fig. 3 - Relationships 
between the bio-
mass and PI (a) and 
between the incre-
ment and Fv/Fm (b) 
into two different 
intrageneric groups 
of Quercus: “Ilex” 
intrageneric group - 
Q. ilex (black 
squares) and Q. coc-
cifera subsp. callipri-
nos (grey squares); 
“Cerris” intrageneric 
group - Q. cerris 
(black circles), Q. 
trojana (grey cir-
cles), and Q. ithabu-
rensis subsp. 
macrolepis (white 
circles) at the end of 
the recovery period. 
Significant correla-
tions are indicated 
by p-level.
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At the end of the recovery (DOT111), the 
relationships between growth and physio-
logical  parameters  differed  between  the 
“Ilex” and “Cerris” sections. Biomass cor-
related with PI (Fig. 3a) and increment cor-
related with Fv/Fm (Fig. 3b) positively and 
negatively in “Ilex” and “Cerris” sections, 
respectively.

Discussion
Prior studies (Madritsch et al. 2019) have 

emphasized  species-specific  responses  to 
water deficit within the genus  Quercus, in-
cluding  Q. ilex, Q. cerris, Q. trojana, and  Q. 
ithaburiensis  subsp.  macrolepis (Sancho-
Knapik et al.  2018,  Wang et al.  2019). The 
results  showed  that  the water  treatment 
had limited effects on the studied morpho-
logical  and physiological  traits  of  Quercus 
seedlings.  Moreover,  both  stressed  and 
control  seedlings  showed  similar  height 
and biomass growth, with values compara-
ble  to  those  reported  in  other  nursery 
studies on oak species grown under non-
stress  conditions  (Thomas  &  Gausling 
2000,  Grünzweig et al.  2008,  Chiatante et 
al.  2015).  Photosynthetic  activity  and  pig-
ment  content  were mainly  affected in  Q. 
ithaburiebsis  subsp.  macrolepis,  with  low 
effects in the other species. Generally,  bi-
otic or abiotic stresses reduce Fv/Fm values 
(Sancho-Knapik  et  al.  2018,  Wang  et  al. 
2019,  Shanker et al.  2022) and the perfor-
mance index (Badr & Brüggemann 2020), 
indicating  damage  to  the  photosynthetic 
mechanism  and  photoinhibition.  There-
fore,  the  Fv/Fm  results  provided  insights 
into  seedlings’  ability  to  tolerate  the  ap-
plied experimental constraints by preserv-
ing  damage  to  the  light  reaction  center. 
Likewise, chlorophyll content, assessed as 
SPAD values, did not differ under water de-
ficiency,  as observed in droughted  Q. ilex 
plants  (Früchtenicht  et  al.  2018).  Water 
deficit reduced the concentrations of chlo-
rophylls and carotenoids in Q. cerris and Q. 
trojana,  as  reported  in  previous  drought 
studies  (Bhusal  et  al.  2020,  Karimi  et  al. 
2022). The opposite behavior was observed 
in  Q.  ithaburiensis  subsp. macrolepis, in 
which Chl a, Chl b, and carotenoid concen-
trations increased under water deficit. The 
increase in pigment concentrations might 
be an adaptive response to ensure the sta-
bility  of  functional  mechanisms,  thereby 
improving the photosynthetic rate and in-
creasing biomass (Spyropoulos & Mavrom-
matis 1978). The experimental water-deficit 
conditions  did  not  result  in  structural  or 
functional damage, highlighting the plants’ 
constitutive  tolerance.  However,  we  ob-
served an increase in MDA concentrations 
in  Q. ithaburensis  subsp. macrolepis, which 
is consistent with other findings (Eziz et al. 
2017,  Jafarnia et al.  2018). The increase of 
MDA  concentrations  in  Q.  ithaburiensis 
subsp. macrolepis might  indicate  damage 
to  cell  membrane  phospholipids  through 
lipid peroxidation induced by ROS accumu-
lation  due  to  the  experimental  drought 
conditions.

In this  group of deciduous and semi-de-
ciduous  species  (Q.  cerris,  Q.  trojana,  Q.  
ithaburiensis  subsp. macrolepis), belonging 
to  the  “Cerris”  section,  the  seed  source 
had  a  significant  effect  on  the  develop-
ment  of  functional  morphological  traits 
(e.g., biomass, taproot). This was observed 
at the end of the growing season in Q. cer-
ris, whereas in Q. trojana it appeared at the 
end of the water-deficit stage and, by the 
end  of  the  experiment,  this  affected  a 
greater number of morphological parame-
ters  (leaves,  taproot,  and  fine roots).  On 
the other hand,  for  the evergreen  Q.  ilex 
and Q. coccifera subsp. calliprinos, both be-
longing  to  the  “Ilex”  section,  the  prove-
nance effect was not significant, excluding 
a few morphological parameters in  Q. ilex 
at  the  end  of  the  water  limitation  treat-
ment. However, both species experienced 
the negative effect of treatment on some 
functional morphological parameters (e.g., 
taproot) and, in  Q. ilex, also physiological, 
even though their growth at the end of the 
season  was  not  affected  and  resulted  in 
line  with  values  recorded  on  oak  species 
grown in a nursery in Italy (Mariotti et al. 
2023). Drought can change the dynamics of 
biomass  accumulation  in  Mediterranean 
species  (Prieto  et  al.  2009);  under  water 
stress,  lower biomass accumulation is  ex-
pected in  Quercus species, as observed in 
Q. ilex (Fotelli et al. 2000),  Q. ithaburiensis  
subsp. macrolepis (Fotelli et al. 2000, Bayar 
2022),  Q.  cerris (Deligöz  &  Bayar  2018). 
Stem height increment was not affected by 
the treatment  except  in  Q.  ilex,  where  it 
has been observed as a highly sensitive pa-
rameter to a reduced water supply in Quer-
cus species (Wang & Wang 2022).

Quercus species displayed different strat-
egies,  demonstrating  a  positive  relation-
ship between growth and physiological pa-
rameters  in  the  evergreen  “Ilex”  section 
and a negative relationship in the “Cerris” 
section.  These  findings  can  help  define 
strategies for Quercus groups that differen-
tiate evergreen species with low biomass 
growth  from  deciduous  and  semi-decidu-
ous  species  with  high  biomass  accumula-
tion. Investigating chlorophyll fluorescence 
parameters  (maximum  quantum  yield  of 
photosystem  II,  Fv/Fm,  and  performance 
index  based  on  absorption,  PI)  revealed 
similar  species  clustering  within  the  sec-
tions. Healthy plants usually achieve a max-
imum  Fv/Fm  value  of  approximately  0.83 
(Demmig & Björkman 1987), whereas lower 
values have been observed when samples 
are  exposed  to  biotic  or  abiotic  stress 
(Shanker et al. 2022). All species and seed 
sources within each species  not  only  sur-
vived  the  water-deficit  period  but  also 
maintained satisfactory morphological and 
physiological responses. It is worth noting 
that this  experiment was conducted with 
seedlings  grown  in  containers,  which  re-
stricts the volume accessible to their roots; 
by  contrast,  seedlings  developing  roots 
freely in the soil  can explore a larger vol-
ume and reach deeper, moister layers. De-

spite a more pronounced influence of seed 
sources  observed  in  the  “Cerris”  section 
than in the evergreen “Ilex” section, both 
provide  valuable  materials  for  in-depth 
study and serve as initial indicators of suit-
able species and provenances for afforesta-
tion  or  forest  restoration  in  the  Mediter-
ranean region. The results of the  Q. cerris 
provenances were particularly interesting, 
as this species is usually considered less re-
sistant to water limitation than the other 
studied  Mediterranean  oaks  (Bellarosa  et 
al. 2005, Manes et al. 2006).

Conclusions
Improving forest resilience to ongoing cli-

matic changes requires identifying promis-
ing  seed  sources  that  provide  seedlings 
better  able  to  withstand  prolonged  sum-
mer droughts.  Selecting FRM with higher 
drought tolerance represents a crucial step 
for  ensuring  the  long-term  success  of  af-
forestation  and  forest  restoration  initia-
tives in Mediterranean environments.  The 
results  of  this  preliminary  screening high-
light the potential of several Quercus prov-
enances from Puglia as valuable candidates 
for future studies and for practical  use in 
the production of  resilient planting mate-
rial.  Quercus species (Q. cerris,  Q.  trojana,  
Q.  ithaburensis subsp.  macrolepis,  Q.  ilex, 
and Q. coccifera subsp. calliprinos) survived 
the 21-day water deficit. The experimental 
water deficit induced only limited changes 
in  morphological  and  physiological  traits, 
suggesting a high level of constitutive tol-
erance  in  these  seedlings.  Species  main-
tained their light reaction center function-
ality, as evidenced by stable chlorophyll flu-
orescence  (Fv/Fm)  values.  However,  the 
study  revealed  distinct  survival  strategies 
between  the  two  sections.  The  “Cerris” 
section  exhibited  a  negative  relationship 
between  biomass  growth  and  physiologi-
cal parameters at the end of the recovery 
period.  Nevertheless,  seed  source  effects 
were significantly more pronounced in this 
section. On the other hand, the “Ilex” sec-
tion  showed  a  positive  relationship  be-
tween  growth  and  physiology;  although 
they experienced some negative effects on 
taproot biomass during stress, they recov-
ered fully by the end of the season. Adap-
tive  species-specific  responses  were  ob-
served. Despite being traditionally viewed 
as  less  drought-tolerant,  Q.  cerris from 
Puglia showed high performance, identify-
ing this region as a promising source for re-
silient provenances. Whereas Q. ithabureni-
sis  subsp.  macrolepis showed  a  unique 
adaptive  response  by  increasing  pigment 
concentrations  (chlorophyll  and  carote-
noids)  under stress  to stabilize its  photo-
synthetic  mechanism,  although  it  also 
showed  signs  of  lipid  peroxidation  (in-
creased MDA levels). Therefore, in terms of 
practical  implications  for  restoration,  the 
Puglia region, where Eastern and Western 
Mediterranean  vegetation  converge, 
serves as a “natural laboratory” for identi-
fying seed sources that can withstand ex-
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treme aridity. The identified seed sources, 
Forest  Reproductive  Material  (FRM),  are 
valuable candidates for assisted migration 
and forest restoration projects aimed at in-
creasing resilience to climate change in the 
Mediterranean  basin.  These  findings  sup-
port the inclusion of these provenances in 
the National  Register to ensure the avail-
ability  of  climate-adaptive  planting  mate-
rial.  Further  research  should  deepen  the 
understanding of the physiological and ge-
netic  mechanisms underlying drought tol-
erance to support the selection and regis-
tration  of  well-adapted  seed  sources  for 
sustainable forest management.
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