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Editor: Manuel Esteban Lucas-Borja Quercus ilex L. dieback has been reported in several Mediterranean forests, revealing different degree of crown
damages even in close sites, as observed in two Q. ilex forest stands in southern Tuscany (IT). In this work, we
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of two major drought events (2012 and 2017), that occurred in the last fifteen years in central Italy, on Q. ilex
growth and intrinsic water use efficiency (WUE;). Overall, Q. ilex showed slightly different ring-width patterns
between the two stands, suggesting a lower responsiveness to seasonal climatic variations for trees at D stand,
while Q. ilex at ND stand showed changes in the relationship between climatic parameters and growth across
time. The strong divergence in 5'C signals between the two stands suggested a more conservative use of water

for Q. ilex at ND compared to D stand that may be genetically driven. Q. ilex at ND resulted more resilient to
drought compared to trees at D, probably thanks to its safer water strategy. Genotyping analysis based on simple-
sequence repeat (SSR) markers revealed the presence of different Q. ilex populations at D and ND stands. Our
study shows intraspecific variations in drought response among trees grown in close. In addition, it highlights the
potential of combining tree-ring 8'3C data with SSR genotyping for the selection of seed-bearing genotypes aimed
to preserve Mediterranean holm oak ecosystem and improve its forest management.

1. Introduction

Climate change is currently threatening forests in Mediterranean
ecosystems (Adams et al., 2017). According to predictions based on
climatic models, air temperatures are expected to rise, and drought
frequency and severity will increase (IPCC, 2022), particularly in the
Mediterranean basin, which is considered a “hotspot” for climate change
(Giorgi, 2006). Over the past two decades, the occurrence of extreme
climatic events in this region has increased, while temperatures have
raised by 1.3 °C since the beginning of the 20th century and are expected
to further increase (Hartmann et al., 2013; Mariotti et al., 2015). Such
climatic pressures contribute to the spread of vegetation dieback over
several Mediterranean forest communities, which have shown typical
decline symptoms, such as crown defoliation, leaf desiccation, and
production of epicormic shoots (Natalini et al., 2016; Heres et al., 2018).
Worrisomely, dieback affects even tree species considered well adapted
to the Mediterranean environmental conditions, such as the evergreen
Quercus ilex L. (holm oak) (David et al., 2007; Alderotti and Verdiani,
2023).

Quercus ilex has a high ecological and economic value as it is the
dominant tree species of the Mediterranean coastal and subcoastal
woodlands as well as of the Spanish agrosilvopastoral areas (the so
called “dehesa™) (Joffre et al., 1999; Gonzalez-Rodriguez et al., 2011).
Quercus ilex is a long-lived semi-ring-porous wood tree species known to
be drought-tolerant (Cherubini et al., 2003; Corcuera et al., 2004;
Campelo et al., 2010). However, it has recently experienced a remark-
able drought-related decline and increase in tree mortality rates (Lloret
and Siscart, 2004; Rita et al., 2020; Garcia-Angulo et al., 2020). This
decline has worsened over the last 15 years, particularly after severe
droughts occurred in 2012 and 2017 (Camarero et al., 2015; Rita et al.,
2020; Pollastrini et al., 2019).

Drought-related tree-physiological mechanisms associated with
vegetation dieback include hydraulic failure and carbon starvation
(McDowell et al., 2008, 2011). Hydraulic failure consists of a loss of
xylem functionality due to vessel embolism. Carbon starvation refers to
an imbalance between tree carbohydrate demand and supply due to a
reduction in carbon uptake induced by drought (Lobo et al., 2018). To
date, most field studies on Q. ilex have been conducted using rainfall
exclusion experiments, which allowed the investigation of long-term
physiological, biochemical, and ecological responses of the tree to
drought stress (Barbeta et al., 2013; Gavinet et al., 2020; Le Roncé et al.,
2021; Limousin et al., 2022). However, further studies are needed to
unveil the abiotic and biotic causes inducing the Q. ilex decline
(Rodriguez-Calcerrada et al., 2017; Gori et al., 2023; Alderotti and
Verdiani, 2023). In this context, tree-ring analysis allows the retrieval of
past key information regarding dieback onset, even when dieback
differently affects coexisting individuals of the same species, as in the so-
called patchy dieback phenomena (Camarero et al., 2016; Ripullone
et al., 2020).

The measurement of tree-ring width is often used, although it is
sometimes criticized as an indicator of tree vitality and forest health
(Cherubini et al., 2021), allowing the inference of past tree-growth
conditions and responses to climate change (Fonti et al., 2010).

Dendrochronological studies of forest dieback processes have sometimes
reported lower growth rates in declining trees than in non-declining
trees, even over several years prior to a catastrophic drought event
(Heres and Martinez-Vilalta, 2012; Camarero et al., 2015). In other
cases, tree growth reduction occurs with a short advance compared with
the onset of declining symptoms (Lopez et al., 2021). Furthermore, tree-
ring data can be used to define the species’ resistance, recovery, and
resilience capacity to measure the tree’s capacity to maintain or restore
a certain growth rate after a drought stress period (Lloret et al., 2011).
Another powerful method for assessing physiological processes in trees
is tree-ring stable isotope analysis. In particular, the tree-ring stable
carbon isotope ratio (5!3C) is an integrated indicator of tree vitality over
time and can be used as a proxy for stomatal conductance and intrinsic
water use efficiency (WUE;, the ratio between leaf-level net CO,
assimilation rate to stomatal conductance for water vapour) (Shestakova
and Martinez-Sancho, 2021). Plants, indeed, generally discriminate
against the heavier carbon isotope 13C in favour of 12C during the uptake
and incorporation of CO,. However, under stress conditions, such as
water shortage, when plants reduce leaf stomatal opening, °C
discrimination declines, resulting in tree ring 5'°C enrichment (Farqu-
har et al., 1989; McCarroll and Loader, 2004). Thus, tree-ring §'3C is one
of the most prominent instruments for investigating long-term changes
in water and gas exchange dynamics (Farquhar and O’Leary, 1982;
Farquhar et al., 1989).

Despite the importance of studying how drought induces forest
dieback, only few studies have addressed the association between ge-
netics and drought responses in different forest species (Fernandez i
Marti et al., 2018; Shamari et al., 2018; Savi et al., 2019; Fasanella et al.,
2021). Indeed, genetically based predisposing factors may be crucial in
defining the distribution of forest dieback (Voltas et al., 2013; Fasanella
et al., 2021). Furthermore, considering the genetic basis of 53¢, with
varying degrees of heritability found in forest species (Marguerit et al.,
2014; Bartholomé et al., 2015; Brendel and Epron, 2022), different ge-
netic backgrounds may explain why neighbouring trees subjected to
similar climatic conditions differ in vulnerability to drought stress
(Lloret and Garcia, 2016; Petrucco et al., 2017; Colangelo et al., 2018).
Quercus ilex exhibits high variability in drought tolerance traits both
within and among forest patches (Gram and Sork, 2001; San-Eufrasio
et al, 2020). Additionally, high population variability and poly-
morphisms have been found in several species of the genus Quercus,
highlighting their different capability to cope with drought events
(Ramirez-Valiente et al., 2009). Therefore, a more accurate identifica-
tion of the genetic relationships among declining and non-declining
trees, especially when they are close, would improve our understand-
ing of the causes of Q. ilex dieback.

Because the concept of tree vigour is complex, multiple descriptors of
tree vitality must be used when investigating Q. ilex dieback in its nat-
ural environment (Cherubini et al., 2021). In this context, we studied the
recently observed dieback of Q. ilex in southern Tuscany (Italy) in two
stands 1 km apart characterized by different crown-dieback levels. We
hypothesized that declining (D) and non-declining (ND) trees differ in
their ability to cope with drought. We expected: i) growth decline in D
trees as an early warning of crown dieback; ii) differences in tree-ring
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513C signals between D and ND trees; and iii) differences in the genetic
background that could differentiate the susceptibility of the two stands
to drought-induced mortality.

2. Materials and methods
2.1. Study area

The study area is located in the Maremma Regional Park, located on
the coast of southern Tuscany (Italy, Fig. 1A), and is characterized by a
typical Mediterranean climate, with warm and dry summers and mild
winters. The vegetation of the area is the Mediterranean maquis, mainly
dominated by Q. ilex and understory evergreen vegetation, such as Erica
arborea L., Arbutus unedo L. Phillyrea spp., Pistacia lentiscus L. and Myrtus
communis L. quercus ilex stands grow at the two selected sites, each of
450 m? (Fig. 1B, C), located 1 km apart. A more detailed description of
the vegetation composition and soil texture at both sites can be found in
the study by Pasquini et al. (2023). Such stands were managed as cop-
pices until the early eighties in the past century and are now abandoned
and characterized by different amounts of Q. ilex crown dieback. At the
first site approximately 80 % of the dominant trees were in decline,
while at the second site, approximately 20 % of the trees showed
symptoms of decline (i.e., crown defoliation, leaf desiccation, and
abundant dead branches or shoots). Thus, the first site was defined as
declining (D) (42°38°22.60’ ‘N, 11°05°16.04’ ‘E) and the second site was
defined as non-declining (ND) (42°38°04.93" ‘N, 11°05°43.24’ ‘E). In
average, basal area at breast height was 60.02 + 5.55 m?/ha at D site
and 53.90 + 10.9 m%/ha at ND site (Table S1). To describe soil prop-
erties, six soil samples were collected in an x-shaped within three plots
per site (10 x 15 m?), at a depth of about 40 cm. Different soil samples
were combined to obtain a homogeneous sample of approximately 1 kg
per plot. The soils at both sites belong to the loam textural class and are
characterized by rocky outcrops and neutral pH values (i.e., ~6.5) (i.e.,
~6.5) (Table S1). In the study area, Q. ilex trees showed no symptoms of
decline associated with pathogens (no damage to leaf lamina, no chlo-
rosis, no sunken cankers on branches, trunks, and collars, and no dam-
age in wood tissue) (Linaldeddu et al., 2014).
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2.2. Meteorological data and climate analysis

Climate assessment of the study area was performed for the period
1981-2020 using meteorological data collected from the ERAS5 database
(https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era
5) due to the lack of meteorological data for the considered period.
Meteorological data included high-resolution (1-h) continuous data of
precipitation (PP), mean (Tnean), maximum (Tpax), and minimum (Tpy;,)
temperatures and net radiance (Rady), for a 30 km grid. The selected
meteorological variables were grouped into different intervals (daily,
monthly, and yearly). The seasonal patterns were first considered as
winter (January-March), spring (April-June), summer (July-Sep-
tember), and autumn (October-December). Furthermore, multi-year
intervals (1981-1995, 1996-2004, and 2005-2020) were created to
consider long-term climate change over the study area based on the most
significant changes in meteorological patterns (Ferrio et al., 2021)
(Table S2). Precipitation (PP) increased from approximately 380 mm
(1981-1995) to 535 mm (in the period 2005-2020). Such increase was
more pronounced during winter and autumn. Air temperatures were
found to increase from 1981-1995 to 2005-2020 (+0.6 °C for Tmean,
Tmax, and + 0.8 °C for Tpy). Annual Rad, slightly increased from
1981-1995 to 1996-2004 and then remained stable until 2005-2020
(Table S2).

Drought years were identified using the Standardized Precipitation-
Evapotranspiration Index (SPEI). The annual mean of the 12-months
SPEI (SPEI12) values from January to December were used to identify
drought years over the period 1981-2020 by applying the R Package
“SPEI” (Vicente-Serrano et al., 2010) (Table S3).

Meteorological data were employed to calculate the number of
months with negative water balance (n. months CWB < 0) and the
number of days with daily mean of Tyax higher than 30 °C (n. days Tmax
> 30 °C). Further, following the approach described in Gazol and
Camarero (2022), vapour pressure deficit (VPD) was calculated as the
difference between saturation vapour pressure (SVP) and actual vapour
pressure (AVP) (Park Williams et al., 2013). Actual vapour pressure
monthly data were obtained from database v. 4.05 (https://crudata.uea.
ac.uk/cru/data/hrg/) (Harris et al., 2020), while SVP was obtained

Fig. 1. (A) Images of the study area with the position of the declining (D, red point) and non-declining (ND, yellow point) sites located in the Maremma Regional
Park (Alberese, Grosseto, Italy). Details of Q. ilex crowns at the D (B) and ND sites (C).
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applying the formula described in (Park Williams et al., 2013) (Eq. (1)):
SVP=a¢+T(a;j+T(aa+T(as+T(as+T(as+Tag))))) 1)

where T was mean monthly air temperature expressed in °C, ap =
6.1078, a; = 4.4365 x 10!, a = 1.4289 x 102, a3 = 2.6506 x ', a,
=3.0312 x 196 a5 = 2.0341 x %8 and ag = 6.1368 x 171!, Monthly
VPD data were normalized and grouped to highlight annual and sea-
sonal patterns as described for the others meteorological variables.

2.3. Dendrochronological analyses

Due to the lack of single-stem trees in the study area, five multi-stem
Q. ilex stumps were selected per site. The dominant trunk of each of the
selected stumps was felled, and one cross section per stem at breast
height was collected. A detailed description of the trees felled to conduct
the study is available in Table S4. Before this field campaign, a small
number of woody cores were collected by an increment corer. However,
after the preparation of the cores, it was impossible to obtain accurate
ring counts on such material due to the weak seasonality of the species
and the pronounced parenchyma rays which interfered with the rings
lecture. For these reasons, the core samples were discarded, and stem
cross section employed (Nijland et al., 2011). Despite the limited num-
ber of felled trees due to the Integral Natural Reserve regulations of the
Maremma Regional Natural Park, the expressed population signals
(EPS) for both D (0.86) and ND (0.83) chronologies were considered
satisfactory for the purpose of the study (Wigley et al., 1984; Buras,
2017). The collected samples were air-dried and polished with pro-
gressively finer sandpaper (50-400 grit size) to make the rings visible.
The ring borders were identified by comparing images found in the
scientific literature (Campelo et al., 2010; Zalloni et al., 2018), given the
difficulty in dating the tree rings of Mediterranean evergreen species
(Cherubini et al., 2003). Furthermore, the intra-annual variation in 53¢
values along a sample ray was determined using a laser ablation method
(described below), improving the validation of the ring-width mea-
surements (Helle & Schleser, 2004Db).

Once the samples were dry, tree-ring widths were measured along
two radii on each cross section. Measurements to the nearest 0.01 mm
were performed with an incremental measuring table (LINTAB, Frank
Rinn S.A., Heidelberg, Germany) in combination with the TSAP-Win
software (Rinn, 2016) and a Leica MS5 light microscope (Leica Micro-
systems, Germany). The tree-ring series was first visually cross-dated
and successively validated using a statistical procedure implemented
in TSAP-Win (Gleichlaufigkeit values and Student’s t-test at a significance
level of p < 0.05). The ring-width series were then converted into ring-
width indices (RWI) by fitting a negative exponential curve to remove
the effects of tree size and age. The entire detrending process, chronol-
ogy building, and EPS calculations were performed in R using the dplR
package (Bunn et al., 2021).

2.4. Carbon isotopes

Tree-ring 5'3C was used as a proxy for stomatal regulation and water-
use efficiency to examine potential differences in Q. ilex at the D and ND
sites. For Mediterranean trees, where annual boundaries are sometimes
not clear, tree-ring dating and sample preparation for tree-ring §'°C
analyses can be difficult; however, laser ablation coupled with mass
spectrometry is useful for studying the effects of environmental condi-
tions on gas exchange processes with easy sample preparation (Batti-
paglia et al., 2014).

The 5!3C-values were determined using a laser ablation-combustion
line. The system consist of a sample chamber on a computer-controlled
movable 3D-table (isoScell, Terra Analitic, Alba Iulia, Romania), a UV-
laser of wavelength 213 nm (Nd:YAG Laser, Teledyne LSX-213 G2+)
for ablating the wood spots, a combustion oven, a Cryoflex trace gas
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system (Sercon, Crewe, UK) for collection of produced CO5 and an
isotope-ratio mass-spectrometer to measure 53¢ (HS2022, Sercon,
Crewe, UK) (Saurer et al., 2022). 5!3C-values were measured from 2000
to 2020 on four stem cross section per site, the laser spot size was 100
pm, and the distance between the laser shots was between 300 pm and
550 pm, adjusted to obtain 100 shots and 5'3C analyses for each tree for
the 2000-20 period. A factor of correction was applied to raw 5'3C data
to consider changes in 5!3C of atmospheric CO, and to normalize the
data to the year 2000 based on the data sets of Mauna Loa Observatory
(Hawaii, https://scrippsco2.ucsd.edu/data/atmospheric_co2/mlo.
html). For each year, the mean 8'3C value was calculated to build an
annual 8'3C-chronology of Q. ilex at the D and ND sites.

2.5. Drought response indices

The influence of dry conditions on Q. ilex stem growth was assessed
using three components of the resilience indices calculated for D and ND
trees according to Lloret et al. (2011). Two drought years (2012 and
2017) were considered in the calculation of these indices. This approach
was chosen to avoid the lagging effect of the associated drought events
between years (Anderegg et al., 2015). A three-year period was chosen
as a reference to describe tree growth and stomatal regulation before
and after the drought years (Gazol et al., 2017). The stem growth
resistance (Rt; Eq. (2)), recovery (Rc, Eq. (3)), and resilience (Rs; Eq. (4))
were calculated using the following equation:

Rt = (TRW,)/(TRW,_3) 2
Rec = (TRW,,3)/(TRW,) 3
Rs = (TRW,.3)/(TRW,_3) 4

where TRWt is the tree-ring width in the target year of the drought event
(2012 and 2017), and TRWt-3 and TRWt-+3 were calculated as the mean
value of the tree-ring width mean of the three years before and after the
drought event, respectively.

Rt quantifies the impact of drought on tree growth compared with
the pre-drought period, whereas Rc describes the growth reaction in the
years after drought stress. Finally, Rs compares the pre-drought growth
with the post-drought growth.

To investigate the effect of drought on Q. ilex physiological perfor-
mances and stress tolerance, the equations of the indices were adapted
to 8!3C values by applying differences rather than ratios, as previously
reported by Weigt et al. (2015). Therefore, Q. ilex physiological resis-
tance, Rt 630) (Eq. (5)), recovery, Rc ) (Eq. (6)) and resilience, Rs
(613C) (Eq. (7)) were calculated using the following equations:

Rt (613C) = (613Ct—3) — (513Ct) (5)
Rc (613C) = (613Ct) — (613C t+3) (6)
Rs (613C) = (513Ct—3) — (613Ct+3) )

where §!3C is the mean 8'3C value of the drought year (2012 and 2017),
and 8'3C .5 and 5'3C ++3 were calculated as the 5'3C mean of the three
years before and after the drought event, respectively.

2.6. Genotyping

2.6.1. Sampling and DNA extraction

To assess the genetic background of Q. ilex individuals in the D and
ND sites, the genotyping of a population of trees was performed. Fresh
leaves were collected both from Q. ilex trees with and without symptoms
of decline and included the trees employed in dendrochronological and
tree-ring 8'3C analysis. All the Q. ilex trees available in the three plots
per site used for soil sampling analyses, were sampled for genotyping
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purpose. Further, a small group of Q. ilex trees located on Elba Island
(‘42°47°00.51' ‘N, 10°23°33.90' E) was included in the analyses and used
as an outgroup. The sampling campaigns were conducted in 2019 and
2020. In total, fresh leaves were collected from 89 trees showing
declining symptoms at the D site, from 90 trees without symptoms at the
ND site, and from 11 healthy Q. ilex individuals on Elba Island. Samples
were 190 in total and were divided as follows: group 1 (plants with
symptoms at site D — 90), group 2 (plants without symptoms at site ND —
89), and group 3 (plants from Elba Island-11). Total DNA was extracted
from fresh leaves using a DNeasy Plant Pro Kit (QIAGEN). Quantification
and quality assessment of the extracted DNA were performed using a
spectrophotometer (NanoDrop 2000, Thermo Scientific™).

2.6.2. SSR genotyping

Two chloroplast (cpSSR) and seven nuclear (nuSSR) simple sequence
repeat (SSR) (or microsatellite) loci previously developed on Quercus
robur and Quercus petraea were used for genotyping purposes (Table S5)
(Fluch et al., 1997; Deguilloux et al., 2004; Guichoux et al., 2011). In
addition, SSR mining of the Q. ilex transcriptome, performed using the
MSDB software (Microsatellite Search and Building Database) (Du et al.,
2013), allowed the identification of perfect trinucleotide SSR in the
available transcriptomic sequences of this tree species (Madritsch et al.,
2019). Subsequently, perfect trinucleotide SSRs present in five transcript
sequences putatively related to plant responses to drought stress
(Madritsch et al., 2019) were selected as SSR markers. To assess the
presence of introns, sequences were aligned with those of the Q. rubra
genome harbored by the Phytozome IT platform (Goodstein et al.,
2012), and six primer pairs were designed using Primer3Plus (Table S5).
Primer pairs were tested using high-resolution melting (HRM) analysis
for genotyping 190 sampled individuals. This technique, coupled with
SSRs, has proven to be useful and accurate for genotyping several or-
ganisms (Sillo et al., 2017), including trees (Gomes et al., 2018). The
gqPCR for HRM analysis was carried out using the Connect Real-Time
PCR Detection System (Bio-Rad). DNA from the samples was diluted
to a concentration of 20 ng/pl per sample. Reactions were performed in
a total volume of 10 pL, 1 pL of DNA, 5 pL SsoAdvanced Universal SYBR
Green Supermix (Bio-Rad) and 0.09 uM each primer, using a 96-well
plate. The following PCR protocol, including the calculation of a
melting curve, was used: 98 °C for 2 min; 45 cycles of 98 °C for 5 s, 60 °C
for 10 s, ramp from 65 to 95 °C with a temperature increment of 0.1 °C
per cycle, and a read plate every 10 s. Melting curves were analysed by
using PRECISION MELT ANALYSIS software (Bio-Rad), with parameter
the “Tm difference threshold” set as 0.10 and the “Melt curve shape
sensitivity” as 50. The software grouped the melting curves into clusters
representing different alleles of the analysed SSR loci. Alleles were
assigned to all samples for each locus and a matrix including all allelic
data was prepared (Table S6). A genotype accumulation curve was
generated using the R poppr package (Kamvar et al., 2014) to estimate
the number of loci required for genotyping all the samples. The data
matrix was analysed using GENALEX v. 6.5 (Peakall and Smouse, 2012).
The total unbiased allele diversity (uh) per locus and pairwise popula-
tion matrix of Nei’s genetic identity (I) were determined. Bayesian
analysis, as implemented by the software STRUCTURE V.2.3.4 (Pritch-
ard et al., 2000), was used to assign individuals to subpopulations.
Successive K values (number of populations) from 1 to 10 were used to
obtain distinct clusters and estimate the number of subpopulations.
Twenty runs each for K = 1 to 10 with 750,000 Markov chain Monte
Carlo repetitions after a burn-in period of 500,000 repetitions were
performed with the ‘Admixture model’ option and without any prior
information on the origin of individual samples. AK was determined
based on the highest likelihood of the data (LnP(D)) and was used to
infer the K value best representing the observed data under the imple-
mented model by using Structure Harvester Web v0.6.94 (Earl and
VonHoldt, 2012).
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2.7. Statistical analyses

The data were analysed for normality of the distribution and equality
of variance, and when at least one of these two assumptions was missing,
a non-parametric statistical test was performed.

Non-parametric Mann-Kendall test was applied to estimate any
significant long-term trends in the annual number of months with
negative CWB, annual number of days with Tpay higher than 30 °C,
annual and seasonal VPD. The significant difference in ring-width
indices chronologies (RWI) and 613C—chronologies between D and ND
was checked using Mann-Whitney U tests (p < 0.05). Spearman’s cor-
relations between Q. ilex RWI at D and ND site and annual and seasonal
climatic parameters were also performed, as well as RWI correlation
with previous annual and autumn climatic parameters. Since the SPEI
analysis identified two periods with different water availability, the
correlation was tested separately for the years 1998-2004 and
2005-2020. Spearman’s correlation was also applied between D and ND
5'3C-chronologies and climatic parameters for the entire of 5!°C data
available (2000—2020). Two-way ANOVA followed by Tukey’s post-hoc
test was applied to analyse the growth patterns and stomatal responses
of D and ND Q. ilex in 2012 and 2017. All statistical analyses were
performed using R, version 4.0.3.

3. Results
3.1. Climate analysis

The SPEI analysis indicated several consecutive drought years in
period from 1981 to 1995 (Fig. 2), and occasionally drought years for
the remaining years considered in study (Fig. 2). No significant trend
was observed for the number of months with negative CWB at the study
area (Fig. 3). On the other hand, the number of days with Ty, higher
than 30 °C showed a significant increment over the studied period
(Fig. 3). This parameter showed its maximum in 2003, however, also
others important peaks were reported in 2006, 2012, 2013, 2015, 2017
and 2019 (Fig. 3). Annual, spring and summer VPD values significantly
raised in the study area (Fig. S1A; Fig. 4A, B), while significant modi-
fication in winter and autumn VPD values were not observed (Fig. S1B,
1Q).

3.2. Dendrochronological analysis and relationships between growth and
climatic data

Dendrochronological analysis indicated that Q. ilex at D and ND sites
showed slightly different ring-width patterns. The ring-width indices
(RWI) chronologies at the ND than at the D sites showed a similar
pattern during the period 1988-2015 and started to diverge from 2016
(Fig. 5). Significantly differences between the two chronologies were
observed in six of the 33 years (Table S7), with higher growth rate values
at D compared to ND stand 1995 and 2015, and lower growth rate values
at D than ND in 2002, 2005, 2017 and 2019 (Fig. 5).

From 1988 to 2004, RWI at ND site positively correlated with spring
precipitation and negatively correlated with annual net radiation (Rad,)
(Table S8A), while no correlation was found at the D site (Table S8A).
After 2005, RWI at the ND site positively correlated with the spring
mean maximum temperature (Tpn,x), annual, and spring net radiation
(Rady) (Table S8B). Furthermore, negative correlations were found be-
tween RWI at ND sites and annual, spring, summer, and autumn SPEI12
(Table S8B). No correlation between RWI at the D site and climate data
were found considering the time window 2005-2020 (Table S7B).
Finally, RWI did not correlate with previous annual and autumn pa-
rameters, either at the D or ND sites, considering both the period
1988-2004 and 2005-2020 (data not shown).
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Fig. 2. Annual mean 12-months SPEI values (SPEI12) from 1981 to 2020 for the Regional Natural Park of Maremma (Alberese, Grosseto, Italy). Coloured bars

indicate drought intensity.
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Fig. 3. Annual number of days with Tpax > 30 °C and annual number of months with negative CWB from 1981 to 2020 for the Regional Natural Park of Maremma
(Alberese, Grosseto, Italy). The Mann-Kendall test was applied to estimate significance of long-term trends (p < 0.05). Shades represent 90 % confidence intervals.

3.3. Carbon isotopes and climate relationship

A strong divergence in 5'3C signals emerged between Q. ilex at the D
and ND sites during the period 2000-2020, where the 5'3C signal was
significantly higher at the ND site than at the D site, except for 2018
(Fig. 6) (Table S9). The 613C-chronologies in Q. ilex at the D and ND sites
showed a similar trend, with relatively high values at the beginning of
the analysed period and a clear decline over the period 2008-2011. The
maximum and minimum §'°C values were found in 2009 (—23.18 +
0.65) and 2013 (—25.12 + 0.85) at D site, and in 2005 (—21.60 + 0.95)
and 2020 (—23.51 + 1.07) at ND site (Fig. 6).

No significant relationships were found between §'3C values and
climate variables at site D, whereas 8'°C was significantly correlated
with air temperature parameters at the ND site (Table S10). Specifically,
513C was negatively correlated with the annual and summer Tpean;
annual, summer and autumn Ty,,y; annual and winter Tp,;, (Table S10).

3.4. Drought response indices

Drought response indices revealed different growth and stomatal
responses to the drought events of 2012 and 2017 for Q. ilex at D and ND
sites. Although Q. ilex at D and ND sites showed similar resistance (Rt) to
drought in 2012, Rt was reduced at D site compared to ND one in 2017
(—58 %). (Fig. 7A). Radial growth recovery capacity (Rc) did not differ

between the D and ND sites in 2012; in contrast, Rc was slightly higher at
the D site than at the ND site in 2017 (+36 %) (Fig. 7B). Resilience (Rs)
levelled off at the ND site, while it significantly reduced at site D from
2012 to 2017 (Fig. 7C), leading to a significant difference between D and
ND in 2017 (Fig. 7C).

Furthermore, despite the lack of differences in Rt(613C) between
Q. ilex at D and ND in the years investigated, Rt (5'3C) was significantly
reduced at site D from 2012 to 2017 (Fig. 7D). Rc (8*3C) did not vary
considering the drought years and the two sites (Fig. 7E). Rs (5'3C) did
not differ between D and ND site, however, Rs 63C) was significantly
lower in 2017 than 2012 in both the sites (Fig. 7F).

3.5. Genotyping

The use of 11 SSR loci for genotyping allowed for the generation of a
distinct genotypic profile for each sample. The genotype accumulation
curves reached a plateau, confirming that the use of 11 markers was
sufficient for complete genotyping (Fig. 8A). The overall mean number
of detected alleles per locus was 10.91 (ranging from 4 to 23 observed
alleles; the number of effective alleles, Ne, from 1238 to 8336), and the
overall unbiased Nei’s gene diversity (uh) per locus ranged from 0.183
to 0.885, with an average value of 0.683 (+ 0.069) (Table S10). PCoA on
a pairwise matrix of Nei’s genetic identity showed two distinct groups,
one mainly comprising individuals from the D site, and the other
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Fig. 4. Seasonal Vapour Pressure Deficit (VPD): spring (A) and summer VPD (B) from 1980 to 2020 for the Regional Natural Park of Maremma (Alberese, Grosseto,
Italy). The Mann-Kendall test was applied to estimate significance of long-term trends (p < 0.05). Shades represent 90 % confidence intervals.
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Fig. 5. Tree-ring width indices chronology of Q. ilex trees at declining (D) and non-declining (ND) sites. Bars indicate standard errors. The Mann-Whitney U test was
performed to compare D and ND growth patterns (n = 5). Asterisks represent significant differences between the two chronologies (p < 0.05).

including individuals from the ND site (Fig. 8B). Samples from Elba Is-
land were clustered between the two groups, with a few exceptions
(Fig. 8B). The first two axes of the PCoA explained 22.94 % of the
variability, suggesting close relationships within the samples. No sig-
nificant correlation was detected between pairwise genetic distance and
geographical distance among sites (Mantel test between geographical

and genetic distance matrices; p > 0.05). Based on the STRUCTURE
analysis, the optimal number of populations (K), as inferred by evalu-
ating AK, was three (Fig. 8C). Trees from the ND site comprised in-
dividuals from two populations as well as trees from Elba Island. Trees
from site D were assigned to two populations, one also detected at the
ND and Elba sites, and one detected at the D site only (Fig. 8C).
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Fig. 6. 5!3C-chronologies of Q. ilex trees at declining (D) and non-declining
(ND) sites. Bars indicate standard errors. The Mann-Whitney U test was per-
formed to compare the growth patterns of trees at the D and ND sites (n = 4).
Asterisks represent significant differences between the two chronologies (p
< 0.05).

4. Discussion
4.1. Relationship of tree-ring growth and §'3C with climate

The SPEI analysis revealed a long and intense dry period from 1980
to 2004 and several dry years after 2005 in the study area. Previous
investigations have highlighted that the dry period from 1980 to 2000
was concomitant with Q. ilex dieback and a reduction in its growth rates
in Spain and Italy (Penuelas et al., 2000; Lloret and Siscart, 2004;
Gentilesca et al., 2017).

Accordingly, our study revealed significantly lower growth rates in
trees at the D site compared to those at the ND site, especially in the
years immediately after the dry period of 1980-2000 and after 2016

Science of the Total Environment 904 (2023) 166809

(Fig. 5). The steep increase in vapour pressure deficit (VPD) observed in
the study area suggest that the drought period before 2004 was mainly
characterized by low precipitations, by contrast, the most recent
drought episodes were heat-driven drought (as mainly characterized by
high temperatures) (Figs. 2; 3) (Park Williams et al., 2013). Although,
previous studies have shown that “compounds events”, characterized by
low precipitation and high VPD, can trigger local and intense tree
mortality episodes (Gazol and Camarero, 2022), in our study, it was
likely that Q. ilex crown mortality was mainly imposed by the increment
in temperatures regimes resulting in higher VPD values (Fig. 4; Fig. S1).
Indeed, increment in VPD can be particularly stressful for plants, espe-
cially during the growing season, as VPD is the main driver for forest and
soil evaporation (Grossiord et al., 2020; McDowell et al., 2020;
Schwarzel et al., 2020). Accordingly, in the considered stands, differ-
ences in tree vigour among trees appeared only after 2017, when a loss
of synchrony in growth rate between trees at D and ND sites was
observed (Figs. 1; 5).

Quercus ilex at the Maremma Regional Park did not show a strong
sensitivity to climate, as only few significant correlations were reported
for trees at ND site and meteorological parameters (Table S8A).

In semi-arid ecosystems, water is the main limiting factor for plant
growth (Cherubini et al., 2003; Martinez-vilalta et al., 2008; Pasho et al.,
2012), and we expected that spring precipitation would have promoted
an increase in RWI in the period 1988-2004 (Campelo et al., 2007,
2021; Granda et al., 2013; Camarero et al., 2021). Conversely, the in-
crease in autumn and winter precipitation in the study area may have
enhanced the positive effect of warm spring temperatures on tree growth
(Campelo et al., 2009; Gea-Izquierdo et al., 2011; Abrantes et al., 2013)
(Fig. 2; Table S2). Therefore, we suppose that precipitation plays a major
role in Q. ilex radial growth after a period of limited water availability
(Zalloni et al., 2018). Changes in the climate-growth relationship over
time have been reported for several species (Carrer and Urbinati, 2006;
Andreu et al., 2007; Gea-Izquierdo et al., 2009), including Q. ilex, whose
growth response increment is linked to rising mean temperatures once it
exceeds a threshold of approximately 600 mm of precipitation (Gea-
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Izquierdo et al., 2011). In contrast to Q. ilex trees at the ND site, radial
growth at the D site appeared to be unresponsive to climatic variation. A
similar behaviour was previously reported for Pinus sylvestris L. growing
at an extremely dry site (Castellaneta et al., 2022). The authors have
associated the reduced climatic responsiveness of the species to a long-
term deterioration of hydraulic performance imposed by an unsafe
water strategy and raising VPD in the study area. However, the relative
influence of specific climate parameters on forest dieback is still poorly
understood and several additional non-climatic factors may have
potentially interfered with the climate signal recorded in tree-rings (i.e.
massive defoliation through periodical outbreaks of herbivorous insects,
oak masting) (Di Filippo et al., 2007; Biintgen et al., 2009; Black et al.,
2016; Peltier and Ogle, 2020; Hacket-Pain and Bogdziewicz, 2021;
Fuchs et al., 2021). The influence of such sporadic factors on radial
growth was not tested in our study. Furthermore, the deep root-system
of Mediterranean oaks, enabling them to access to deep ground water
reserves, may have contributed to the weak responsiveness of radial
growth to precipitation regime (Zadworny et al., 2019; Carriere et al.,
2020; Ripullone et al., 2020). In addition, previous studies have shown
that higher temperatures in the last decades led to non-linear patterns of

tree growth responses to climatic variations in Mediterranean species
(Lebourgeois et al., 2012).

Tree-ring 5'3C can be used to investigate variations in plant WUE;
between different species and genotypes, and their responses to climatic
pressures (Shestakova and Martinez-Sancho, 2021). We observed a
declining §'3C trend at both sites, which could be partly related to the
precipitation pattern, indicating a reduction in drought stress conditions
(Fig. 6; Table S2). Indeed, when higher precipitation occurs, as in our
study area after 2004, trees’ ability to discriminate against 3C is
improved (Francey and Farquhar, 1982; McCarroll & Loader, 2004).
Furthermore, previous studies have shown that the low values of tree-
ring 8!3C in the current year may be associated with the mobilization
of starch reserves (Jaggi et al., 2002; Helle and Schleser, 2004a; Shes-
takova et al., 2014). Thus, we did not exclude that the low inter-annual
variability of the 8'°C signal may be due to tree consumption of car-
bohydrate reserves, instead of the utilization of fresh assimilated carbon
or a mixing of stored and fresh carbon pools (Keel et al., 2007). How-
ever, 8'3C at ND significantly exceeded that observed at site D over
almost the entire study period, revealing a more conservative use of
water for Q. ilex at the ND site than D site (Puchi et al., 2021). Thus, the
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less conservative use of water for Q. ilex at D site supports the hypoth-
esized long-term deterioration of hydraulic performance, as previously
mentioned (Castellaneta et al., 2022). In addition, the negative corre-
lation observed between 513C-cronology, and annual and winter Ty, at
the ND site may suggest an alleviation of low-temperature limitations
(Table S2, Table S10). In detail, warmer temperatures in the cold season
may have induce an increase in photosynthetic rates and stomatal
conductance in Mediterranean evergreens during winter, when the low
values of VPD and the grate variability of precipitations guarantee to
Q. ilex a safe use of water (Prieto et al., 2009; Klein et al., 2013). On the
other hand, 5'3C is also affected by changes in photosynthetic activity,
which may be affected by nutritional or irradiance stress (Yakir and
Israeli, 1995; Livingston et al., 1998). Thus, higher 5!3C values could be
linked to a safer use of water, higher photosynthetic capacity, or both in
combination (Scheidegger et al., 2000; Ferrio et al., 2003). This second
interpretation would attribute a higher photosynthetic capacity to
Q. ilex at the ND site, which may potentially explain the negative cor-
relation between annual and summer Tyean, Tmax, and autumn Tpax With
613C—chronology (Table S10) (Montserrat-Marti et al., 2009). This is also
consistent with the higher growth rates observed at the ND site in some
years. After all, Q. ilex at the ND site exhibited dependence on the iso-
topic signal in the temperature regime rather than in the precipitation
regime, as previously observed by Shestakova et al. (2014). Overall,
Q. ilex tree-ring 5'3C at the Maremma Regional Park showed a weak
climate signal, as already observed for RWI. A further potential factor
that may have reduced tree-ring 5'3C sensitivity environmental signals
concern Q. ilex multi-stemmed growth form (Table S4). Thus, both intra-
and inter- plant competitions may have weakened §'3C climatic signals
in our study (Farahat et al., 2022; Pasquini et al., 2023). However, the
two stands showed similar 5'3C only in 2018 when §'3C increased only
at the D site, thus suggesting that the drought in 2017 may have had a
stronger impact on D trees compared to ND trees.

4.2. Resistance, recovery and resilience of Q. ilex to drought

The intense drought in 2017 significantly impaired Q. ilex growth at
the D site, which was less resistant (Rt) and resilient (Rs) to drought
stress compared to trees at the ND site. Loss of resilience after severe dry
spells (i.e., in 2017) is associated with an increased risk of tree mortality
(DeSoto et al., 2020). Further, the hypothesis of the presence of a trade-
off between tree-ring-growth resistance and recovery after drought was
partially confirmed in our study, as the highest growth recovery (Rc)
was recorded concomitantly with the lowest Rs value only in 2017 at the
D site (Galiano et al., 2011; Leite et al., 2019) (Fig. 7 A, C). A recent
meta-analysis reported that trees that died due to water shortages are
not as capable of recovering from previous non-lethal droughts as other
trees of the same species (DeSoto et al., 2020). These findings support
the hypothesis that the ability of trees to recover from drought is an
important factor that determines their overall resilience (DeSoto et al.,
2020). However, D and ND trees did not differ for the radial growth
resistance, recovery and resilience considering the mild drought in 2012
(Fig. 7 A, B, C). Therefore, we may consider 2017 as the starting year for
Q. ilex dieback in our study area. Indeed, 2017 was a peculiar year for
the meteorology of Tuscany and of the entire Italian peninsula, in which
episodes of forest dieback and intense defoliation strongly increased at a
regional and national level (Pollastrini et al., 2019; Puletti et al., 2019;
Bussotti et al., 2022). Similar to the drought response indices based on
radial growth, no differences emerged between the D and ND sites
considering the indices calculated using 5'3C data in 2012 (Fig. 7 D, E,
F). Nonetheless, the intense drought in 2017 significantly affected Q. ilex
physiology in the study area because negative values of resistance
indices calculated from §'3C data (Rt (8'3C)) suggest lower discrimina-
tion against '3C (Shestakova et al., 2014). Although we did not apply a
dual isotope approach, it is unlikely that such an increase in tree-ring 3¢
in 2017 could be associated with an increase in photosynthetic capacity,
as reductions in the maximum carboxylation rate and stomatal and
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mesophyll conductance are often observed in Q. ilex subjected to
drought stress (Limousin et al., 2010; Alonso-Forn et al., 2021). None-
theless, only trees at the D site showed a significant decrease in Rt(6'3C)
from 2012 to 2017, highlighting the greater impact of drought on trees
located at the D site (Fig. 7 D). The alteration in stomatal regulation
imposed by drought in 2017 lasted for at least three years at both sites,
as suggested by the significant reduction in (Rs(8'3C)) from 2012 to
2017 at both sites (Fig. 7 F). Therefore, intense drought can alter tree
physiology for several years or cause permanent changes in tree per-
formance (Galiano et al., 2012; Gessler et al., 2020). Despite the similar
impact of drought 2017 on Rs(613C) at the D and ND sites, significant
differences emerged in 5'3C-chronologies of trees at both sites could
partially be explained by the analysis of the population structure.

4.3. Genotyping provides evidence that dieback is genetically determined

The population structure analysis based on genotyping outcomes
suggested the presence of three Q. ilex sub-populations within the ana-
lysed samples: a first detected at Elba Island, D and ND sites; a second at
ND site and in Elba Island; and the last found exclusively at D site
(Fig. 8). Diversity indices demonstrated that the three populations had
high genetic diversity, as high values of unbiased allelic diversity per
locus were detected. The main factor that may have contributed to the
increase in allele and genotype diversity was probably gene flow among
the D, ND, and Elba sites. These outcomes might be the result of pollen
movement that over time caused gene flow between trees on Maremma
and those on Elba Island. Studies on pollen from Quercus spp. have
shown that it may travel by wind across significant distances, for
example >100 km, reaching the upper layers of the atmosphere (Kremer
etal., 2010). In addition, cumulative rotational grazing has been used in
Italian forests, particularly in the oak forests of Maremma, to provide
charcoal and timber for pasture (Manetti et al., 2009). Past forest
management practices, environmental and climatic disturbances may
promote Q. ilex resprouting over sexual reproduction, thus contributing
to the maintenance of genetic variability between the two stands (Val-
buena-Carabana et al., 2008; Ortego et al., 2010). Since Maremma
Regional Park was designated a protected area in 1975, less anthropic
activity has impacted the area in the last 50 years, enabling plants to
grow and reproduce freely and promoting an increase in genetic vari-
ability throughout the range. However, we cannot rule out the possi-
bility that the population structure of Q. ilex at the sites could be the
result of Q. ilex hybridization with other Quercus species, as previously
reported (Burgarella et al., 2009; Backs et al., 2016). This aspect, beyond
the purpose of the current study, which aimed to assess the presence of a
link between genotypes and phenotypes with drought-induced crown
damage, will be further explored using dedicated molecular approaches
(Maldonado-Alconada et al., 2022).

By analyzing the results from the SSR genotyping and §'3C analysis,
it is worth noting that all the samples collected at D and ND used for 5'3C
analysis were assigned to two distinct sub-populations (one detected
only at D and the other found at D, ND, and Elba Island) (Tables S12,
S13), supporting the hypothesis that the observed differences in 5!C-
chronologies may have a genetic basis (Roussel et al., 2009).

The successful genotyping of all analysed trees was achieved thanks
to the use of a novel set of 11 nuclear and chloroplast SSR markers,
coupled with HRM analysis. The application of HRM was an efficient
alternative of electrophoresis-based method for SSR scoring, as previ-
ously reported in other population genetic studies on trees (Distefano
et al., 2012). Because a limited number of SSR may affect the resolution
of genotyping in Q. ilex, it is crucial to analyse a large number of mo-
lecular markers to optimize the genotyping step (Savi et al., 2019).
Genetic studies using a large number of molecular markers, including
Single Nucleotide Polymorphisms (SNPs; Fasanella et al., 2021) and
Inter Simple Sequence Repeats (ISSRs; Shamari et al., 2018), have pre-
viously proven to be effective in detecting a link between phenotypic
and genetic variations related with drought response in different tree
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species. The importance of using an appropriate number of genetic
molecular markers in genotyping studies of forest species was further
underlined by our findings, which demonstrated that the use of SSR
markers can reveal changes in population structure between D and ND
trees (Venegas-Gonzalez et al., 2022). In our case, genetic differences fit
with 8'3C-chronologies, which revealed the presence of high and low
WUE; phenotypes at ND and D sites, respectively. Notably, different
genotypes of sessile oak have been associated with different phenotypes,
with high and low WUE; values (Le Provost et al., 2022).

Although the divergence between &3C-chronologies may be
partially explained by different water/nutrient availability understory
composition between the two sites (Table S1) (Pasquini et al., 2023), our
results strongly support the hypothesis that different Q. ilex sub-
populations may have had different physiological responses to envi-
ronmental stresses. The genetic control of the isotopic signature was also
highlighted by Roussel et al. (2009), who found important differences in
stomatal density and diurnal courses of stomatal conductance
comparing Quercus robur L. genotypes with “high” and “low” 8'°C in
bulk leaf matter, wood, and cellulose in wood. The combination of tree-
ring 5'3C with genetic data has already proven to be a promising
approach to investigate the prospects of artificial stands for ex situ
conservation (Santini et al., 2020); therefore, we suggest its use in the
selection of drought-tolerant genotypes of seed-bearing plants to pre-
serve Mediterranean holm oak ecosystem types. It should be noted that
the association of drought with pathogenic infections may have a
destructive impact on Mediterranean oak forest ecosystems (Corcobado
et al., 2014). In particular, the interaction of pathogens such as P.
cinammonni or Biscogniauxia spp. with drought events can make Q. ilex
particularly susceptible to dieback, even in the case of non-lethal in-
fections (Corcobado et al., 2013; Ruiz-Gomez et al., 2019; San-Eufrasio
et al., 2021; Encinas-Valero et al., 2022). In this context, further studies
are needed to assess whether SSR genotyping can also be applied to
select trees putatively tolerant to biotic stressors.

5. Conclusion

In conclusion, the growth rate of Q. ilex at D site was lower than that
at ND site, but significant differences were observed only in few years,
thus only partially confirming the first hypothesis. Our results strongly
support the hypothesized difference in tree-ring 53¢ signals between
the D and ND trees. Indeed, the substantial divergence in §!3C signals
between the two stands suggests a water-saving behaviour for Q. ilex at
the ND site as opposed to a less conservative use of water for Q. ilex at the
D site, which helps ND trees survive under these harsh conditions.
Despite the proximity of the stands, significant correlations with cli-
matic parameters, ring-width patterns, and 5!3C chronology were found
only at the ND site. Therefore, we conclude that trees at D site are less
responsive to seasonal climatic variations than trees at the ND site.
Nonetheless, the divergence in 6'3C signals between trees at the D and
ND sites is in accordance with the presumed different susceptibility of
the two stands to drought-induced mortality based on genetic bias, thus
confirming our third hypothesis. Q. ilex at ND resulted more resistant
and resilient to drought than trees at the D site, probably because of its
conservative water use. To the best of our knowledge, this is the first
study showing intraspecific differences in the genotypic and phenotypic
levels of drought response in Q. ilex trees grown in the same environ-
ment. Future research could examine whether the genetic differences
observed between Q. ilex at the D and ND sites would correspond to
physiological differences in the offspring. Furthermore, it would be
interesting to deepen the study of the relationship between specific
microenvironmental factors of the D and ND sites and the spatial genetic
structure of Q. ilex in the study area. This study underlines the potential
of combining 5!3C analysis with SSR genotyping as a powerful tool for
identifying trees putatively tolerant to water deficit. Such a method may
also be used in the selection of genotypes for seed-bearing plants to
preserve Mediterranean holm oak ecosystem types.
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