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Abstract 
Quercus ilex may be considered the queen tree of the Mediterranean Basin, dominating coastal forest areas up to 2000 m above sea level at 
some sites. However, an increase in holm oak decline has been observed in the last decade. In this review, we analysed the current literature 
to answer the following questions: what are the traits that allow holm oak to thrive in the Mediterranean environment, and what are the main 
factors that are currently weakening this species? In this framework, we attempt to answer these questions by proposing a triangle as a graph-
ical summary. The first vertex focuses on the main morpho-anatomical, biochemical and physiological traits that allow holm oak to dominate 
Mediterranean forests. The other two vertices consider abiotic and biotic stressors that are closely related to holm oak decline. Here, we discuss 
the current evidence of holm oak responses to abiotic and biotic stresses and propose a possible solution to its decline through adequate forest 
management choices, thus allowing the species to maintain its ecological domain.
Keywords: Climate change; dieback; Mediterranean basin; Phytophthora cinnamomi; Quercus ilex decline.

Introduction
Climate change refers to variations in the mean values and 
properties of the climate that persist over an extended period, 
typically decades or longer (Pachauri and Reisinger 2007). 
Extreme weather events, increasing drought spells and heat 
waves are causing forest dieback and tree mortality in areas 
where tree species are not generally subjected to drought 
stress (tropical environments or boreal forests) and in 
Mediterranean ecosystems where aridity already limits plant 
performances (Galmés et al. 2007; Reyer et al. 2013).

The Mediterranean Basin is characterized by high climatic 
variability and includes the highest number of Mediterranean-
type ecosystems. The peculiarity of Mediterranean climate 
is the seasonality of temperature and rainfall that generates 
cold and wet winters, opposed to warm and dry summers 
(Mitrakos 1980; Walter 1985; Lionello et al. 2006).

Quercus ilex L. (holm oak) may be considered the queen of 
the Mediterranean Basin and is one of the most widespread 
arboreal sclerophylls in Mediterranean forests (Ogaya and 
Peñuelas 2021). This species covers a wide geographical range 
in the Mediterranean Basin and thrives in both semi-arid and 
peri-humid habitats (Niinemets 2015; Martín-Sánchez et al. 
2022). However, prolonged, and intense drought events due 

to climate change are forcing holm oak phenotypic plasticity 
to its maximum (Matesanz and Valladares 2014).

Holm oak decline has been mainly reported in Southern 
Europe (e.g. in the Iberian Peninsula and Italy Fig. 1), and 
roughly consists of a loss of vigour by trees, identified by

(i) Shoot death and leaf detachment.
(ii) Production of epicormic shoots.
(iii) Fine root loss.
(iv) Decreased growth and increased mortality (Lloret et 

al. 2004a, b; Adams et al. 2009; Williams et al. 2013; 
Colangelo et al. 2017; Sánchez-Salguero et al. 2017a, b).

Forest dieback has been attributed to increased temperatures, 
reduced soil moisture and increased vapour pressure deficit 
(Peñuelas et al. 2001; Gaylord et al. 2013; Ruehr et al. 2014). 
This is often accompanied by attacks by pests and pathogens, 
including insects, fungi and oomycetes (Boyd et al. 2013; 
Liebhold et al. 2017; Jung et al. 2018; Contreras-Cornejo et 
al. 2023). Indeed, climate change affects the life cycle and bio-
logical synchrony of many forest trees and pathogens, leading 
to changes in disease impact and distribution (Tubby and 
Webber 2010; Bosso et al. 2016; San-Eufrasio et al. 2021a).
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In this review, we discuss the characteristics that allow 
holm oak to thrive in the Mediterranean Basin and the main 
factors that have weakened this species during the last dec-
ades. We try to discuss the phenomenon of holm oak de-
cline by studying the complex network between the abiotic 
and biotic factors threatening the holm oak domain in the 
Mediterranean Basin through a triangle figure (Fig. 2).

The first vertex of the triangle focuses on the holm oak 
and its morpho-anatomical, biochemical, and physiological 
traits that allow this species to be considered the queen of 
the Mediterranean Basin, at least until today. The other two 
vertices consider the climatic and biotic factors closely related 
to holm oak decline. Finally, we propose that adequate forest 
management choices constitute a possible solution to prevent 
Q. ilex from losing its domain.

Key Attributes Enabling Holm Oak Dominance 
in the Mediterranean Basin
Quercus ilex is an evergreen broad-leaved sclerophyll spe-
cies that covers more than 6 million ha in the Mediterranean 
Basin, mostly in the western region (Ducrey 1992). Since 
holm oak dominates the Mediterranean landscape, the spe-
cies was thought to have a European origin; however, recent 
research strongly supports the East Asian/Himalayan origins 
of Quercus section ilex in subtropical-tropical humid forests 
of the Eocene (Jiang et al. 2019).

In Southern Europe, the holm oak presents high popula-
tion variability, and polymorphism is often associated with 
a high degree of genetic diversity (Lumaret et al. 2002; 
Valero-Galván et al. 2010). The high heterozygosity and al-
lelic richness reported for this species could potentially ex-
plain the wide ecological amplitude of the holm oak and its 
ecophysiological adaptability to water scarcity and thermal 
stresses (Soto et al. 2007; Gimeno et al. 2009; Ortego et al. 
2010; Guzmán et al. 2015). Previous studies have associated 
different holm oak provenances and morphotypes with dif-
ferent tolerances to abiotic (e.g. drought and O3) and biotic 
stresses (Alonso et al. 2014; Solla et al. 2016; Corcobado et 
al. 2017; San-Eufrasio et al. 2020, 2021; Rodríguez-Romero 
et al. 2022a). The high level of DNA variation in evergreen 
Mediterranean oaks could be due to the local persistence of 
very ancient genotypes with atavistic characters or hybrid-
ization and successive backcrossing that led to the transfer 
of genes from one species to another (Bellarosa et al. 2005; 
Lopez De Heredia et al. 2007, 2017; Burgarella et al. 2009). 
Further, holm oak genetic variability and population struc-
ture have been reported even at narrow geographical scale 
(<20 km), underlining the importance of environmental fea-
tures (i.e. eco-pedological, climatic, geological) rather than 
phylogeography in the shaping of holm oak genetic variation 
and differentiation (Lumaret et al. 2002; Vernesi et al. 2012).

Holm oak produced recalcitrant seed (i.e. damaged by 
the loss of water), that despite their sensitivity to water 

Figure 1. Panoramic (A) and ground view (B) of a declining holm oak forest in a Mediterranean forest stands in Southern Tuscany, Maremma Regional 
Reserve (Italy). Declining holm oaks in an agro-silvo-pastoral systems (dehesas) in Andalusia, Priego de Córdoba, (Southern Spain) (C, D).
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loss, possess a great chance of establishing thanks to their 
large size, large mass and extremely rich metabolome profile 
(Quero et al. 2007; Sghaier-Hammami et al. 2016; Romero-
Rodríguez et al. 2019).

Regarding the morpho-anatomical features, the holm oak 
possesses a deep root system that has access to profound soil 
layers that retain moisture during dry periods (David et al. 
2007; Padilla et al. 2007; Carrière et al. 2020). In addition, 
it has been reported that, during long periods of water stress, 
this species may lose lateral roots which, in turn, may induce 
downward root elongation and improve drought tolerance 
(Chiatante et al. 2005). Previous studies exploring the root–
shoot ratio revealed a conservative pattern of root mass al-
location for holm oak, as in the case of variation in mineral 
nutrient availability, which preferentially allocates biomass 
to the root system rather than to the aboveground biomass 
(Villar-Salvador et al., 2004).

Holm oak has sclerophyll leaves with a dense layer of stel-
late hairs hiding small and abundant stomata on the lower 
surface. Marked variation can be observed in leaf character-
istics according to their position within the canopy (Terradas 
and Savé 1992). The long lifespan of holm oak leaves is asso-
ciated with the high cost of construction necessary to allow 
leaves to overcome stressful Mediterranean conditions such 
as intense solar radiation, drought, and low nutrient avail-
ability (Montserrat-Martí et al. 2009; Sardans and Peñuelas 
2013; Alonso-Forn et al. 2021). Sclerophylly is a morpho-
logical trait traditionally associated with Mediterranean-type 

climates, with dry and hot summers and frequent salt depo-
sition (Mooney and Dunn 1970; Walter 1985; Bussotti et al. 
2000; Traiser et al. 2005). Sclerophyllous species are char-
acterized by high values of leaf density and leaf thickness, 
both contributing to increase the leaf mass per area (LMA) 
(Witkowsky and Lamont 1991; Ogaya and Penuelas 2006). 
However, leaf biochemistry can also increase the LMA. 
Previous studies have demonstrated a positive relationship 
between the LMA and leaf tannin content (Gratani et al. 
2018; Puglielli et al. 2019; Alderotti et al. 2020).

In general, phenolic compounds, such as tannins, range 
from 5% to 10% of leaf dry weight (Rossi et al. 2004; 
Barbehenn and Constabel 2011; Grauso et al. 2019). The im-
portance of tannins in holm oak leaves was also highlighted by 
Rodríguez-Romero et al. (2022b), who revealed a more stable 
level of tannins in leaves than in all other organs throughout 
the year. However, a large variety of secondary metabolites 
have been identified in holm oak leaves, such as tocopherols, 
benzenoids, flavonoids and isoprenoids, which play key roles 
in plant defence against biotic and abiotic stresses (Pasquini 
et al. 2021; Encinas-Valero et al. 2022a; Tienda-Parrilla et al. 
2022).

Another class of secondary metabolites produced by holm 
oak leaves are terpenes, among which monoterpenes are the 
most abundant (Kesselmeier et al. 1997; Simon et al. 2005; 
Pasquini et al. 2023). However, holm oak lacks structures 
for the storage of terpenes, and their emission and pro-
duction are strongly affected by environmental conditions 

Figure 2. The triangle of Q. ilex decline: the frame of the triangle is represented by forest management while the vertices are holm oak, environmental 
and biotic factors associated with holm oak decline.
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(Llusià et al. 2011). Indeed, terpenes favour plant defence 
against biotic (herbivores and pathogens) and abiotic stress 
factors, thus enhancing plant survival under environmental 
constraints (Copolovici et al. 2005; Tienda-Parrilla et al. 
2022). In general, moderate stress boosts terpene biosyn-
thesis (Staudt et al. 2017), while severe stress can greatly re-
duce their emissions (Loreto and Schnitzler 2010; Niinemets 
2010). Indeed, Lavoir et al. (2009) found an evident inhibi- 
tion of holm oak monoterpene emissions in severely water-
stressed plants (Ψw < −2 Mpa). Terpenes are also important 
during the recovery from drought, as reported by Peñuelas 
et al. (2009), who found that the recovery of monoterpene 
emissions in water-stressed holm oak seedlings was faster 
than that of photosynthesis, suggesting a protective role for 
these compounds. In particular, terpenes may display many 
protective effects, ranging from antioxidant activity to pro-
tection against high temperatures at the cellular level (Loreto 
et al. 2014).

Concerning wood traits, holm oak may adopt xylem ana-
tomical adjustments in response to dry conditions to avoid 
drought-induced hydraulics disfunctioning (De Micco et al. 
2007, 2016; Battipaglia et al. 2016). Modifications in xylem 
anatomy (e.g. vessel area and density) have been reported 
to fluctuate during the growing season in response to envi-
ronmental conditions (Corcuera et al. 2004; Campelo et al. 
2010). In particular, wood intra-annual density fluctuations 
contribute to the plasticity of holm oak xylem (Zalloni et al. 
2018; Balzano et al. 2021). These modifications allow the 
species to ensure safer control of water transport and better 
exploitation of water derived from sporadic rain events fol-
lowing periods of summer droughts (Campelo et al. 2007; 
Zalloni et al. 2019; Balzano et al. 2020). However, few studies 
have not revealed changes in holm oak xylem structure 
during dry periods (Limousin et al. 2009). Notably, xylem ad-
justments are induced by climatic conditions occurring only 
when the cambium is active, which can limit xylem plasti-
city to sudden extreme climatic events (Martínez-Vilalta et 
al. 2002).

Currently, isohydricity and anisohydricity are reported in 
the literature as water strategies distinguished based on the 
extent of water potential variation and stomatal closure to 
preserve leaf water status on a daily timescale or in water-
stressed plants compared to controls. Isohydric plants are 
thought to be more vulnerable to carbon starvation mortality 
mechanisms, whereas anisohydric plants are more vulnerable 
to hydraulic failure (McDowell et al. 2008). Holm oak water 
strategy has been described both as anisohydric (e.g. when 
compared to Mediterranean Pinus spp.) as well as isohydric 
(e.g. when compared to other co-occurring angiosperms 
such as Phillyrea latifolia L.) (Baquedano and Castillo 2006; 
Aguadé et al. 2015; Trifilò et al. 2015; Garcia-Forner et al. 
2017; Vicente et al. 2022). However, despite the difficulty in 
defining its water strategy, holm oak emerges as a drought-
tolerant species, employing a strict stomatal control mech-
anism to prevent both leaf dehydration and the formation of 
xylem embolisms (Peguero-Pina et al. 2008, 2018; Alonso-
Forn et al. 2021).

Resprouting is a reproductive strategy in drought-prone 
ecosystems with high fire frequencies that enables plants 
to recover immediately after destructive natural damage or 
management practices (e.g. forest fires, exceptional drought 
periods, intensive grazing and thinning) (Zeppel et al. 2015). 
Holm oak can resprout owing to its underground reserves in 

specialized organs (lignotubers) containing concealed buds, 
non-structural carbohydrates (NSC) (mainly starch), and nu-
trients that support growth after disturbances (James 1984; 
Broncano et al. 2005; Walters et al. 2005; Konstantinidis 
et al. 2006; López et al. 2009). Furthermore, unlike basal 
resprout, post-fire and post-drought epicormic resprouting 
allows retention of the arborescent skeleton, ensuring quick 
recovery after fire/drought stress (Pausas and Keeley 2017). 
Holm oak has shown full canopy recovery within a year 
after an extreme drought that induced extensive branch des-
iccation (Ogaya et al. 2014; Liu et al. 2015). Moreover, the 
resprouted leaves showed a higher tolerance to severe and 
moderate drought in terms of gas exchange performances, 
water relations and photosystem integrity (Peña-Rojas et al. 
2004). Thus, carbon reserves play a key role in holm oak re-
covery from disturbance (and, consequently, in its resilience). 
Indeed, carbon reserve depletion has been associated with de-
terioration of crown conditions in earlier studies (Bréda et 
al. 2006; Galiano et al. 2012; Rosas et al. 2013). However, 
plants that have already resprouted could be more vulnerable 
to disturbance and dieback phenomena due to temporary de-
pletion of carbohydrate reserves (Díaz-Delgado et al. 2002).

Threats to the Holm Oak Dominance
Within our conceptual framework, we have examined the 
morpho-anatomical, biochemical, and physiological charac-
teristics that have enabled the holm oak to establish its dom-
inance in the Mediterranean Basin to date. However, several 
factors such as increased infestation by P. cinnamomi, intensi-
fied occurrence of extreme climatic events (such as heat waves 
and droughts), and reductions in precipitation associated 
with climate change are likely to undermine the holm oak’s 
domain. Notably, recent assessments in Italy, Portugal, and 
Spain have elevated the holm oak’s status to threatened, with 
its conditions deemed unfavourable or inadequate (U1) in 
accordance with the Habitats Directive—Article 17 (https://
www.eionet.europa.eu/article17/habitat/summary/?period=
5&group=Forests&subject=9340&region=/). Consequently, 
given the observed instances of holm oak dieback, the spe-
cies has been classified as moderately tolerant to mild drought 
(Limousin et al. 2022). In light of this, the question arises: 
What explains the progressive loss of resilience in holm oak?

Environmental factors associated with the holm 
oak decline
Drought and fire are two of the main environmental hazards 
threatening holm oak health and the Mediterranean forests 
ecosystem functioning. Despite the reduction in the total an-
nual burned area in Mediterranean Europe during the period 
1985–2011 (Turco et al. 2016; Urbieta et al. 2019), an in-
crease in fire season (March–September period in Europe) se-
verity has been observed (Venäläinen et al. 2014). Even with 
short fire exposure periods, crowns, stumps and roots can be 
severely damaged (Bond and Van Wilgen 2012; Chiatante et 
al. 2015). Furthermore, wildfires affect soil fertility which is 
already low in Mediterranean forests (Sardans and Peñuelas 
2013; Hinojosa et al. 2021). It is worth noting that wildfire ig-
nition and spread are more challenging in agro-silvo-pastoral 
ecosystems, such as dehesas and montados, compared to dense 
holm oak forests. This is primarily due to the lower forest bio-
mass productivity, as well as the reduced fuel and stem density 

https://www.eionet.europa.eu/article17/habitat/summary/?period=5&group=Forests&subject=9340&region=/
https://www.eionet.europa.eu/article17/habitat/summary/?period=5&group=Forests&subject=9340&region=/
https://www.eionet.europa.eu/article17/habitat/summary/?period=5&group=Forests&subject=9340&region=/
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in these ecosystems, typically characterized by approximately 
20–40 trees per hectare. Furthermore, the presence of cattle, 
sheep, and pigs plays a crucial role in controlling shrubs and 
herbs while also contributing to soil fertilization. However, it 
is important to note that livestock activities can have adverse 
effects, such as soil compaction and the accumulation of urea 
(Brasier 1996; Pinto-Correia and Mascarenhas 1999; Ortega 
et al. 2012; Rolo et al. 2012; López-Sánchez et al. 2021).

Drought strongly reduces holm oak carbon uptake due 
to stomatal closure and plants must rely on their own and 
finite resources to sustain metabolism (Peguero-Pina et al. 
2008; Galle et al. 2011; Rivas-Ubach et al. 2014; Forner et al. 
2020). Hence, the likelihood of experiencing losses in drought 
resilience significantly increases when forests are subjected to 
prolonged and recurrent stress with limited recovery periods 
(Magno et al. 2018; Senf et al. 2020).

Hydraulic failure may occur in cases of intense droughts 
that exceed the xylem resistance to embolism of the species. In 
particular, the hydraulic vulnerability of holm oak was previ-
ously linked to its relatively high cuticular conductance which 
leads to water losses even when stomata are close (Garcia-
Forner et al. 2017; Peguero-Pina et al. 2018). However, the 
hydraulic threshold for embolism formation in holm oak 
is still ambiguous because the sampling procedure for this 
species is particularly complex due to its long-xylem vessels 
(Cochard and Tyree 1990; Wheeler et al. 2013; Torres-Ruiz 
et al. 2015). In addition, it is important to mention that hy-
draulic conductivity loss may also be accompanied by carbon 
reserve depletion (Sala et al. 2012; Gori et al. 2023). Resco 
de Dios et al. (2020) assigned to holm oak’s stored carbon an 
important role in recovery from drought, however, NSC de-
pletion resulted to limit resprouting only when co-occurring 
with hydraulic dysfunction. In contrast, a study by Galiano et 
al. (2012) revealed that holm oak experienced depletions in 
carbohydrate reserves even seven years after a drought event, 
highlighting the extended duration required for carbon re-
serves replenishment.

Under stressful environmental conditions, holm oak pref-
erentially allocates carbohydrates to root branching rather 
than to foliage maintenance (Encinas-Valero et al. 2022b). 
Encinas-Valero et al. (2022b) hypothesized that there is a 
trade-off between root phenotype plasticity and crown fo-
liage, which may result in a negative feedback loop, leading 
to tree death. Furthermore, defoliation may result from 
the failure of leaves to counteract oxidative stress through 
photoprotective mechanisms, leading to a reduction in the 
photosynthetic surface and a reduction in carbon uptake, 
which could enable holm oaks to meet the demands of me-
tabolism and growth (Encinas-Valero et al. 2022a). In this 
regard, Heres et al. (2018) highlighted the potential role of 
crown vigour in secondary growth, detecting chronic lower 
growth in defoliated holm oaks compared to low-defoliated 
neighbour trees. These are clear examples of the so-called 
‘drought legacy effects’; where drought conditions may 
continue to negatively affect vegetation although they are 
alleviated (Kannenberg et al. 2020). These effects are usu-
ally attributed to ecophysiological memory, although the 
frequency of drought events and the overlapping recovery 
periods between different episodes of drought could also 
contribute to such legacies (Szejner et al. 2020). However, 
trees may also suffer from land use legacy, as shown by Gea-
Izquierdo et al. (2021) in declining Spanish dehesas obtained 

from the conversion of a closed forest to agro-silvo-pastoral 
use. Nevertheless, slow or a retarded response to a stress 
agent could both indicate continued impairment or acclima-
tion (Gessler et al. 2020). Indeed, plants can acclimate to 
persistent changes in the environment, preventing long-term 
impairment of plant function from adaptation to a new equi-
librium, thus predicting the fate of holm oak in the long term 
is very complex.

Notably, temperature increments induced by climate change 
could reduce the temperature limitation on winter photosyn-
thesis and evergreen oaks may take advantage of the recovery 
of carbon reserves (Crescente et al. 2002; Gea-Izquierdo et 
al.2011). Previous studies have reported positive photosyn-
thetic activity in winter, comparable to that of spring and 
autumn seasons, in various Mediterranean species, including 
the holm oak (Gulías et al. 2009). This was linked to the 
downregulation of summer photosynthesis and the higher 
sensitivity of the photosynthetic system in early autumn, as 
revealed by Vaz et al. (2010), who showed a recovery of the 
maximum carboxylation rate and the light-saturated rate of 
photosynthetic electron transport in evergreen Mediterranean 
oaks after the first autumnal rain events. However, the bene-
ficial effect of temperature increases on winter gas exchanges 
could be counteracted by winter dry spells (Hacke and Sperry 
2001). Indeed, in drought-prone ecosystems, winter ground-
water recharge is fundamental for meeting the high summer 
demand. Therefore, winter dryness can significantly affect the 
resilience of the Mediterranean forests (Rodriguez-Puebla et 
al. 2007; Pumo et al. 2008). Climate model simulations fore-
cast an increase in the frequency, persistence, and extension of 
very long dry spells in winter over the Mediterranean Basin 
(Raymond et al. 2019). From the period 1957-2013, Raymond 
et al. (2016) detected seventy-six very long dry spells over the 
Mediterranean basin during the wet season. Furthermore, 
Brunetti et al. (2002) reported an increase in drought condi-
tions in Italy during winter, which was particularly evident in 
southern regions (Brunetti et al. 2012; Caloiero et al. 2015). 
Despite the large number of studies on drought and heat stress 
in holm oaks (Sperlich et al. 2019; Peguero-Pina et al. 2020; 
Martín-Sánchez et al. 2022; Gori et al. 2023), as far as we 
know, there is a limited number of studies dealing with the im-
pact of winter drought on holm oak ecophysiology (Nardini 
et al. 2000). Besides, dry winters negatively affect gross and 
net primary production in evergreen oak species (including Q. 
ilex), increasing the risk of embolism formation due to freeze-
thaw events and drought (Allard et al. 2008; Costa-e-Silva et 
al. 2015; Forner et al. 2018). When water freezes, air comes 
out of the solution, but it should redissolve in the water when 
the ice melts; however, in the case of only a small xylem ten-
sion, bubbles would expand, determining xylem dysfunction 
due to embolism (Tyree and Cochard 1996).

Biotic factors associated with holm oak decline
The increased dieback of holm oak in Mediterranean forests 
has also been associated with the presence of pests and patho-
gens (Peñuelas and Sardans 2021). The soilborne pathogen 
Phytophthora cinnamomi is considered one of the main 
drivers of holm oak decline in Europe, especially in Portugal, 
Spain, Southern France and Southern Italy (De Sampaio et al. 
2013; Corcobado et al. 2013, 2015; Linaldeddu et al. 2010, 
2014; Jung et al. 2016, 2018; Fernandez-Habas et al. 2019).
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Phytophthora cinnamomi, is a polyphagous pathogen able 
to grow saprophytically on dead organic matter as well as 
parasitically on a huge range of susceptible hosts (Hardham 
and Blackman 2018; Vitale et al. 2019). Phytophthora 
cinnamomi is a root pathogen which caused necrosis, can-
kers, losses of fine and lateral roots. In some cases, the infec-
tion can develop up to the collar causing lesioned cankers, 
often with black exudates (Redondo et al. 2015). Pathogen 
infection interferes with plant water uptake and transport, 
thus leading to wilting, chlorosis and defoliation. However, 
plants can die quickly or survive without showing disease 
symptoms for many years (Denman et al. 2009; Hardham 
and Blackman 2018; Jung et al. 2018).

Despite the dry summers of the Mediterranean ecosystem, 
relatively warm and humid winter and spring conditions are 
ideal for this pathogen (De Sampaio et al. 2013). Additionally, 
P. cinnamomi infection during the rainy season makes plants 
even more vulnerable to drought-induced mortality, because 
of their already compromised root and vascular systems 
(Corcobado et al. 2014; Burgess et al. 2017).

Recent studies have highlighted the occurrence of several 
previously unrecovered Phytophthora species that inhabit 
declining holm oak forests, suggesting their involvement 
in these declining events (Corcobado et al. 2010; Pérez-
Sierra et al. 2013; Scanu et al. 2015). The high diversity of 
Phytophthora species in the soil of declining trees has also 
been supported by metagenomic approaches based on high-
throughput sequencing (Ruiz-Gómez et al. 2019; Català et 
al. 2017; Mora-Sala et al. 2019). The presence of multiple 
Phytophthora species (i.e. P. gonapodyides, P. quercina and 
P. cinnamomi) on the same site or even on the same tree can 
result in a more rapid decline of holm oak forests (Corcobado 
et al. 2017). Therefore, it would be important to study the 
potential interactions among different Phytophthora species 
that affect the same individuals.

In the last 60 years, an increase in the spread of Phytophthora 
spp. has been reported in European Mediterranean forests, 
and a further increase is expected in the next decades because 
of the predicted warmer and drier conditions and more fre-
quent extreme climatic events of drought and waterlogging 
(Lindner et al. 2010; Contreras-Cornejo et al. 2023). Recent 
studies have identified Phytophthora spp. and drought as the 
main cause of oak death in southwest Spain, however, even 
more intense, an unprecedented holm oak mortality is ex-
pected in infected soils areas subjected to drought-flood al-
ternation stress (Marcais et al. 2004; Moralejo et al. 2009; 
Corcobado et al. 2014; Gallardo et al. 2019). However, it is 
difficult to identify the precise cause of holm oak forest de-
cline, as it is challenging to distinguish between the impacts 
of drought, increased temperature, and P. cinnamomi infest-
ation. This is because P. cinnamomi infestation can trigger 
biochemical defenses and metabolomic shifts that are similar 
to those induced by drought (Sena et al. 2018; Domínguez‐
Begines et al. 2020; San-Eufrasio et al. 2021a).

In addition, P. cinnamomi infection may reduce holm oak 
natural regeneration, further complicating Mediterranean 
forests and agro-silvo-pastoral system conservation, which 
are already degraded due to inadequate management prac-
tices (Pérez-Sierra et al. 2013; Štraus et al. 2023). In these 
areas, a decrease in acorns availability for holm oak’s nat-
ural regeneration can also be observed due to the presence of 
wild animals and livestock feeding activities. This highlights 
the existence of conflicting forces that select acorns for the 

offspring generation of holm oak (Gómez 2004). In add-
ition, seedling survival rate and plant architecture may also 
be altered by animal feeding and overgrazing (in the case of 
dehesas) (Gea-Izquierdo et al. 2006; Pausas et al. 2009a, b; 
López-Sánchez et al. 2021).

It is worth to note that Phytophthora infections can pave 
the way for other opportunistic pathogens (e.g. fungus of 
the genus Armillaria, Diplodia corticola and Biscognauxia 
mediterranea) and attack of secondary insects (e.g. Lymantria 
dispar) (Linaldeddu et al. 2014; Milanovic et al. 2015; Keča et 
al. 2016; Jung et al. 2018). Indeed, holm oak decline may also 
involve contributing factors such as secondary subcortical in-
sect pests (e.g. Scolytus spp. (Curculionidae), Xylotrechus spp. 
(Cerambycidae) or Agrilus spp. (Buprestidae)) whose attacks 
on already weakened plants are usually difficult to prevent 
(Macháčová et al. 2022).

Root rot disease has been associated not only with 
Phytophthora infection but also with Armillaria spp., an op-
portunistic pathogen probably contributing to holm oak de-
cline (Luisi et al. 1996; Marçais and Bréda 2006).

Effective Forest Management Strategies for 
the Conservation of Holm Oak Dominance
In recent decades, disruptive events, such as disease, drought 
and fire, have forced the adoption of forest management 
practices aimed at facilitating successional processes and 
increasing water availability (Troendle et al. 2001; Ganatsios 
et al. 2010; Doblas-Miranda et al. 2017; Del Campo et al. 
2019a). Particularly, unmanaged high-density forests with 
low surface biomass, such as abandoned oak coppices, are 
prone to climate-related disturbances, underscoring the need 
to define adaptive treatments to increase oak coppice resili-
ence (Sturrock et al. 2011).

Adaptive silviculture methods aimed at regulating competi-
tion and the derived effects of density facilitate the functional 
diversity of forest communities and promote their complexity 
(Aquilué et al. 2021; Borghetti et al. 2021). One of the most 
common practices of adaptive silviculture is selective thin-
ning, which consists of reduction of stem density (Chang et al. 
2016) to improve forest health and productivity by increasing 
the solar radiation reaching soil, soil organic matter, water and 
nutrient availability for the remaining trees (Tang et al. 2005; 
Roberts and Harrington 2008; Selig et al. 2008; Sullivan and 
Sullivan 2016). Selective thinning may alleviate holm oak 
water stress, especially summer water stress, extending the 
growing season and increasing stem growth rate as shown by 
Cabon et al. (2018). Thus, selective thinning may have a bene-
ficial effect on stress response and restoration time, especially 
in mixed forests (Jones et al. 2019). Mediterranean coppices 
thinned with the removal of 30% of holm oak basal area had 
successfully reduced the mortality rate of this species at an ex-
perimental site of rainfall exclusion in the long term (Gavinet 
et al. 2019). However, many drought-resistant shrub species 
could take advantage of holm oak mortality or basal area 
reduction highlighting the need for accurate management of 
undergrowth shrubs, whose cover reduction can result in a 
higher water availability for trees, thus improving the holm 
oak conservation (Ogaya and Peñuelas 2003; Barbeta et al. 
2013; Cabon et al. 2018; Del Campo et al. 2019a, b; Moreno-
Fernández et al. 2019).

Although selective thinning may be a valid management 
solution for dense and declining forests, this choice seems 
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less valuable to control holm oak decline, in dehesas or 
montados of Iberia Peninsula, where due to the low density 
the plants do not compete for resources acquisition (Pulido 
et al. 2014). By contrast, tree isolation of dehesas, together 
with increased mechanization, increased loading rates and 
changes in grazing practices, contribute to holm oak dieback 
concurrently with difficulties of tree natural regeneration, dis-
persal and post-dispersal survival rates (Alejano et al. 2008; 
Moreno and Pulido 2009; Pulido et al., 2010; Carmona et 
al., 2013). Therefore, some authors have concluded that the 
recovery of transhumant-based seasonal grazing regimes can 
help improve dehesas conservation status and natural oak re-
generation by alleviating the impact of grazers and browsers 
(Cierjacks & Hensen, 2004; Ramírez and Díaz 2008; 
Carmona et al., 2013; Leal et al. 2022).

Practices aimed at controlling Phythoptora spp. in-
clude encouraging soil drainage, lime fertilization, the use 
of biofumigant crops, the elimination of alternative host 
herbaceous species, and the avoidance and soil movements 
(Serrano et al. 2012; Rios et al. 2017; San-Eufrasio et al. 
2021b). In addition to integrated control, chemical control 
can be used to mitigate root rot disease, although its applic-
ability may change depending on forest type. Chemical con-
trol of P. cinnamomi infections generally relies on the use of 
resistance inducers such as potassium phosphite (K2HPO3) 
or fosetyl-aluminium (aluminium tris-O-ethyl phosphonate, 
fos-al) that reduce disease by implementing the host plant’s 
natural defence mechanisms to arrest pathogen development 
(Berkowitz et al. 2013). Resistance inducers can be applied 
at the individual tree level, either through trunk inception or 
trunk spray or on a larger scale via leaf spray (San-Eufrasio 
et al. 2021b; Solla et al. 2021). However, caution should be 
used when applying these chemical products on a large scale. 
Previous field studies conducted on holm oak trees infected 
by P. cinnamomi showed that the most promising results were 
obtained through individual tree trunk injection of trees not 
stressed by drought (Romero et al. 2019; San-Eufrasio et al. 
2021b).

The use of P. cinnamomi -tolerant genotypes provides an 
alternative to chemical control of the disease. Long-term 
conventional breeding programs aimed at producing P. 
cinnamomi-tolerant genotypes have not yet been conducted 
(Martínez et al. 2020), P. cinnamomi-tolerant genotypes 
may be vegetatively propagated from surviving adult trees 
in declining oaks through micropropagation techniques (i.e. 
axillary shoot proliferation and somatic embryogenesis), des-
pite the difficulties of clonal propagation of oaks (Martínez 
et al. 2020). Nevertheless, the restoration of P. cinnamomi-
affected areas using tolerant holm oak plant material has 
greater applicability, as previous greenhouse and field experi-
ments have highlighted that P. cinnamomi tolerance can vary 
according to plant provenance and plant constitutive defences 
(Corcobado et al. 2017; Rodríguez-Romero et al. 2022a; 
2022b). Furthermore, Vivas et al. (2021) found that the off-
spring of non-infected trees have a higher mortality rate than 
those of infected trees. Thus, the transgenerational effects of 
P. cinnamomi infection on Q. ilex progeny provide opportun-
ities for the long-term natural recovery of holm oaks.

Furthermore, proteomic approaches have addressed 
various aspects of holm oak resistance to both biotic and 
abiotic stresses. Therefore, the inclusion of drought-tolerant 
provenances, in addition to P. cinnamomi-tolerant genotypes, 

should be considered when selecting seed-bearing plants for 
the conservation of holm oak forests in agro-silvo-pastoral 
settings (Gimeno et al. 2009; Valero-Galvan et al. 2013; San-
Eufrasio et al. 2021a).

Conclusion
Despite the morpho-anatomical, biochemical, and physio-
logical traits that allow the holm oak to dominate the 
Mediterranean basin, many dieback episodes have been re-
ported for this species in southern Europe. Extreme events 
such as wildfires, heat waves and droughts, pose a serious 
threat to holm oak domain and have been reported to cause 
holm oak dieback through both carbon starvation and mas-
sive xylem hydraulic dysfunction. However, the progressive 
loss of resilience revealed for holm oak might have to deal with 
the timing of drought events. Because holm oak is adapted to 
summer heat and drought stress, we hypothesized that an in-
crease in winter drought spells might have contributed signifi-
cantly to the loss of resilience of this species. In this context, 
despite the high number of studies dealing with drought and 
heat stress in holm oak, there are a limited number of studies 
on the impact of winter drought on its physiology, which de-
serves further investigation.

Among the biotic factors threatening holm oak, root rot 
induced by P. cinnamomi can directly result in tree mortality 
when the infection is sufficiently high. Furthermore, the pos-
sibility of multiple Phytophthora species living on the same 
site or plant, difficulties in the detection of early stages of the 
disease, and the increase in the spread of Phytophthora spe-
cies expected in the next decades, make Phytophthora man-
agement very difficult. However, in the case of non-lethal 
infections, P. cinnamomi can make holm oak even more vul-
nerable to drought-induced mortality or pave the way for 
other opportunistic pathogens and attacks by secondary in-
sects involved in the decline phenomenon.

Mitigation practices that control holm oak decline include 
adaptive silviculture, integrated pest management and chem-
ical control. Furthermore, the use of holm oak genotypes tol-
erant to drought stress and P. cinnamomi provides a valuable 
opportunity to restore declining holm oak forests. Finally, 
accurate management of understory vegetation, grazers and 
browsers would improve natural oak regeneration thus 
improving holm oak forests and agro-silvo-pastoral forest 
conservation.

Acknowledgements
The authors acknowledge the Ente Parco Regionale della 
Maremma, especially Lorenzo Chelazzi and Laura Tonelli for 
giving us access to the Natural Reserve. The authors express 
their gratitude to Dr Cecilia Brunetti of the National Research 
Council, Institute for Sustainable Plant Protection (IPSP), 
Sesto Fiorentino (Florence, IT) and to Dr Antonella Gori 
of the University of Florence, Department of Agricultural, 
Food, Environmental and Forestry Sciences (DAGRI), Sesto 
Fiorentino (Florence, IT) for assistance in the manuscript 
outline and for the revision of the final version of the art-
icle. Further, the authors acknowledge Prof. Bruno Scanu 
from University of Sassari (Sassari IT) for his support on 
the part related to biotic stresses. Finally, the authors thank 
Prof. Antonio del Campo from the Research Group in Forest 



8 AoB PLANTS, 2023, Vol. 15, No. 5 

Science and Technology (Re-ForeST), Universitat Politecnic 
de Valencia (Valencia, ES) for providing us pictures of the 
declining holm oak stand and trees in Spain.

Sources of Funding
None.

Data Availability
No new data were generated for this article.

Conflict of Interest Statement
None declared.

References
Adams HD, Guardiola-Claramonte M, Barron-Gafford GA, Villegas 

JC, Breshears DD, Zou CB, Troch PA, Huxman TE. 2009. Tem-
perature sensitivity of drought-induced tree mortality portends 
increased regional die-off under global-change-type drought. Pro-
ceedings of the National Academy of Sciences of the United States 
of America 106:7063–7066.

Aguadé D, Poyatos R, Rosas T, Martínez-Vilalta J. 2015. Comparative 
drought responses of Quercus ilex L. and Pinus sylvestris L. in 
a montane forest undergoing a vegetation shift. Forests 6:2505–
2529.

Alderotti F, Brunetti C, Marin G, Centritto M, Ferrini F, Giordano C, 
Tattini M, Moura BB, Gori A. 2020. Coordination of morpho-
physiological and metabolic traits of Cistus incanus L. to over-
come heatwave-associated summer drought: a two-year on-site 
field study. Frontiers in Ecology and Evolution 8:576296.

Alejano R, Tapias R, Fernández M, Torres E, Alaejos J, Domingo J. 
2008. Influence of pruning and the climatic conditions on acorn 
production in holm oak (Quercus ilex L.) dehesas in SW Spain. 
Annals of Forest Science 65:209–209.

Allard V, Ourcival JM, Rambal S, Joffre R, Rocheteau A. 2008. Sea-
sonal and annual variation of carbon exchange in an evergreen 
Mediterranean forest in southern France. Global Change Biology 
14:714–725.

Alonso R, Elvira S, González‐Fernández I, Calvete H, García‐Gómez H, 
Bermejo V. 2014. Drought stress does not protect Quercus ilex L. 
from ozone effects: results from a comparative study of two sub-
species differing in ozone sensitivity. Plant Biology 16:375–384.

Alonso-Forn D, Peguero-Pina JJ, Ferrio JP, Mencuccini M, Mendoza-
Herrer O, Sancho-Knapik D, Gil-Pelegrín E. 2021. Contrasting 
functional strategies following severe drought in two Mediterra-
nean oaks with different leaf habit: Quercus faginea and Quercus 
ilex subsp. rotundifolia. Tree Physiology 41:371–387.

Aquilué N, Messier C, Martins KT, Dumais-Lalonde V, Mina M. 2021. 
A simple-to-use management approach to boost adaptive capacity 
of forests to global uncertainty. Forest Ecology and Management 
481:118692–118692.

Balzano A, Battipaglia G, Cherubini P, De Micco V. 2020. Xylem plas-
ticity in Pinus pinaster and Quercus ilex growing at sites with 
different water availability in the Mediterranean region: relations 
between intra-annual density fluctuations and environmental 
conditions. Forests 11:379.

Balzano A, Čufar K, De Micco V. 2021. Xylem and phloem formation 
dynamics in Quercus ilex L. at a dry site in southern Italy. Forests 
12:188.

Baquedano FJ, Castillo FJ. 2006. Comparative ecophysiological effects 
of drought on seedlings of the Mediterranean water-saver Pinus 
halepensis and water-spenders Quercus coccifera and Quercus ilex. 
Trees 20:689–700.

Barbehenn RV, Constabel CP. 2011. Tannins in plant–herbivore inter-
actions. Phytochemistry 72:1551–1565.

Barbeta A, Ogaya R, Peñuelas J. 2013. Dampening effects of long-term 
experimental drought on growth and mortality rates of a Holm 
oak forest. Global Change Biology 19:3133–3144.

Battipaglia G, Campelo F, Vieira J, Grabner M, De Micco V, Nabais C, 
Cherubini P, Carrer M, Bräuning A, Čufar K, et al. 2016. Structure 
and function of intra–annual density fluctuations: mind the gaps. 
Frontiers in Plant Science 7:595.

Bellarosa R, Simeone MC, Papini A, Schirone B. 2005. Utility of ITS 
sequence data for phylogenetic reconstruction of Italian Quercus 
spp. Molecular Phylogenetics and Evolution 34:355–370.

Berkowitz O, Jost R, Kollehn DO, Fenske R, Finnegan PM, O’Brien PA, 
Lambers H. 2013. Acclimation responses of Arabidopsis thaliana 
to sustained phosphite treatments. Journal of Experimental Botany 
64:1731–1743.

Bond WJ, Van Wilgen BW. 2012. Fire and plants (Vol. 14). Springer 
Science & Business Media.

Borghetti M, Colangelo M, Ripullone F, Rita A. 2021. Ondate di 
siccità e calore, spunti per una selvicoltura adattativa. Forest 
18:49–57.

Bosso L, Russo D, Di Febbraro M, Cristinzio G, Zoina A. 2016. Poten-
tial distribution of Xylella fastidiosa in Italy: a maximum entropy 
model. Phytopathologia Mediterranea  55:62–72.

Boyd IL, Freer-Smith PH, Gilligan CA, Godfray HCJ. 2013. The con-
sequence of tree pests and diseases for ecosystem services. Science 
342:1235773.

Brasier CM. 1996. Phytophthora cinnamomi and oak decline in south-
ern Europe. Environmental constraints including climate change. 
Annales des sciences forestières 53:347–358. EDP Sciences

Bréda N, Huc R, Granier A, Dreyer E. 2006. Temperate forest trees 
and stands under severe drought: a review of ecophysiological re-
sponses, adaptation processes and long-term consequences. Annals 
of Forest Science 63:625–644.

Broncano MJ, Retana J, Rodrigo A. 2005. Predicting the recovery of 
Pinus halepensis and Quercus ilex forests after a large wildfire in 
Northeastern Spain. Plant Ecology 180:47–56.

Brunetti M, Maugeri M, Nanni T, Navarra A. 2002. Droughts and 
extreme events in regional daily Italian precipitation series. Inter-
national Journal of Climatology: A Journal of the Royal Meteoro-
logical Society 22:543–558.

Brunetti M, Caloiero T, Coscarelli R, Gullà G, Nanni T, Simolo C. 
2012. Precipitation variability and change in the Calabria region 
(Italy) from a high resolution daily dataset. International Journal 
of Climatology 32:57–73.

Burgarella C, Lorenzo Z, Jabbour-Zahab R, Lumaret R, Guichoux E, 
Petit RJ, Soto A, Gil L. 2009. Detection of hybrids in nature: appli-
cation to oaks (Quercus suber and Q. ilex). Heredity 102:442–452.

Burgess TI, Scott JK, McDougall KL, Stukely MJC, Crane C, Dunstan 
WA, Brigg F, Andjic V, White D, Rudman T, et al. 2017. Current 
and projected global distribution of Phytophthora cinnamomi, 
one of the world’s worst plant pathogens. Global Change Biology 
23:1661–1674.

Bussotti F, Borghini F, Celesti C, Leonzio C, Bruschi P. 2000. Leaf 
morphology and macronutrients in broadleaved trees in central 
Italy. Trees 14:361–368.

Cabon A, Moullot F, Lempereur M, Jean-Marc O, Simioni G, Limousin 
J-M. 2018. Thinning increases tree growth by delaying drought-
inducet growth cessation in a Mediterranean evergreen oak cop-
pice. Forest Ecology and Management 249:333–342.

Caloiero T, Coscarelli R, Ferrari E, Sirangelo B. 2015. Analysis of dry 
spells in southern Italy (Calabria). Water 7:3009–3023.

Campelo F, Gutiérrez E, Ribas M, Nabais C, Freitas H. 2007. Rela-
tionships between climate and double rings in Quercus ilex from 
northeast Spain. Canadian Journal of Forest Research 37:1915–
1923.

Campelo F, Nabais C, Gutiérrez E, Freitas H, García-González I. 2010. 
Vessel features of Quercus ilex L. growing under Mediterranean 



9Alderotti and Verdiani – The triangle of Q. ilex decline

climate have a better climatic signal than tree-ring width. Trees 
24:463–470.

Carmona CP, Azcárate FM, Oteros-Rozas E, González JA, Peco B. 
2013. Assessing the effects of seasonal grazing on holm oak re-
generation: implications for the conservation of Mediterranean 
dehesas. Biological Conservation 159:240–247.

Carrière SD, Ruffault J, Cakpo CB, Olioso A, Doussan C, Simioni G, 
Konstantinos Chalikakis K, Patris N, Davi H, MartinSt-Paul NK. 
2020. Intra-specific variability in deep water extraction between 
trees growing on a Mediterranean karst. Journal of Hydrology 
590:125428.

Català S, Berbegal M, Pérez-Sierra A, Abad-Campos P. 2017. 
Metabarcoding and development of new real time specific assays 
reveal Phytophthora species diversity in holm oak forest in eastern 
Spain. Plant Pathology 66:115–123.

Chang CT, Sperlich D, Sabaté S, Sánchez-Costa E, Cotillas M, Espelta 
JM, Gracia C. 2016. Mitigating the stress of drought on soil res-
piration by selective thinning: contrasting effects of drought on soil 
respiration of two oak species in a Mediterranean forest. Forests 
7:263.

Chiatante D, Di Iorio A, Scippa GS. 2005. Root responses of Quercus 
ilex L. seedlings to drought and fire. Plant Biosystems-An Inter-
national Journal Dealing with all Aspects of Plant Biology 
139:198–208.

Chiatante D, Tognetti R, Scippa GS, Congiu T, Baesso B, Terzaghi M, 
Montagnoli A. 2015. Interspecific variation in functional traits of 
oak seedlings (Quercus ilex, Quercus trojana, Quercus virgiliana) 
grown under artificial drought and fire conditions. Journal of Plant 
Research 128:595–611.

Cierjacks A, Hensen I. 2004. Variation of stand structure and regener-
ation of Mediterranean holm oak along a grazing intensity gradi-
ent. Plant Ecology 173:215–223.

Cochard H, Tyree MT. 1990. Xylem dysfunction in Quercus: vessel 
sizes, tyloses, cavitation and seasonal changes in embolism. Tree 
Physiology 6:393–407.

Colangelo M, Camarero JJ, Borghetti M, Gazol A, Gentilesca T, 
Ripullone F. 2017. Size matters a lot: drought-affected Italian oaks 
are smaller and show lower growth prior to tree death. Frontiers in 
Plant Science 8:135.

Contreras-Cornejo HA, Larsen J, Fernández-Pavía SP, Oyama K. 2023. 
Climate change, a booster of disease outbreaks by the plant patho-
gen Phytophthora in oak forests. Rhizosphere 27:100719–100719.

Copolovici LO, Filella I, Llusià J, Niinemets U, Peñuelas J. 2005. The 
capacity for thermal protection of photosynthetic electron trans-
port varies for different monoterpenes in Quercus ilex. Plant Physi-
ology 139:485–496.

Corcobado T, Cubera E, Pérez-Sierra A, Jung T, Solla A. 2010. First 
report of Phytophthora gonapodyides involved in the decline of 
Quercus ilex in xeric conditions in Spain. New Disease Reports 
22:2044–0588.

Corcobado T, Cubera E, Moreno G, Solla A. 2013. Quercus ilex forests 
are influenced by annual variations in water table, soil water deficit 
and fine root loss caused by Phytophthora cinnamomi. Agricultural 
and Forest Meteorology 169:92–99.

Corcobado T, Cubera E, Juárez E, Moreno G, Solla A. 2014. Drought 
events determine performance of Quercus ilex seedlings and in-
crease their susceptibility to Phytophthora cinnamomi. Agricultural 
and Forest Meteorology 192-193:1–8.

Corcobado T, Moreno G, Azul AM, Solla A. 2015. Seasonal variations 
of ectomycorrhizal communities in declining Quercus ilex forests: 
interactions with topography, tree health status and Phytophthora 
cinnamomi infections. Forestry 88:257–266.

Corcobado T, Miranda-Torresa JJ, Martın-Garcıacd J, Jungef T, Solla 
A. 2017. Early survival of Quercus ilex subspecies from differ-
ent populations after infections and co-infections by multiple 
Phytophthora species. Plant Pathology 66:792–804.

Corcuera L, Camarero JJ, Gil-Pelegrin E. 2004. Effects of a severe 
drought on Quercus ilex radial growth and xylem anatomy. Trees 
18:83–92.

Costa-e-Silva F, Correia AC, Piayda A, Dubbert M, Rebmann C, Cuntz 
M, Werner C, David JS, Pereira JS. 2015. Effects of an extremely 
dry winter on net ecosystem carbon exchange and tree phenology 
at a cork oak woodland. Agricultural and Forest Meteorology 
204:48–57.

Crescente MF, Gratani L, Larcher W. 2002. Shoot growth efficiency 
and production of Quercus ilex L. in different climates. Flora-
Morphology, Distribution, Functional Ecology of Plants 197:2–
9.

David TS, Henriques MO, Kurz-Besson C, Nunes J, Valente F, Vaz 
M, Pereira JS, Siegwolf R, Chaves MM, Gazarini LC, et al. 2007. 
Water-use strategies in two co-occurring Mediterranean evergreen 
oaks: surviving the summer drought. Tree Physiology 27:793–803.

Del Campo AD, Gonzalez-Sanchis M, Garcia-Prats A, Ceacero CJ, Lull 
C. 2019a. The impact of adaptive forest management on water 
fluxes and growth dynamics in a water-limited low-biomass oak 
coppice. Agricultural and Forest Meteorology 264:266–282.

Del Campo AD, González-Sanchis M, Molina AJ, García-Prats A, 
Ceacero CJ, Bautista I. 2019b. Effectiveness of water-oriented thin-
ning in two semiarid forests: the redistribution of increased net 
rainfall into soil water, drainage and runoff. Forest Ecology and 
Management 438:163–175.

De Micco V, Saurer M, Aronne G, Tognetti R, Cherubini P. 2007. Vari-
ations of wood anatomy and δ13C within-tree rings of coastal Pinus 
pinaster showing intra-annual density fluctuations. IAWA Journal 
28:61–74.

De Micco V, Campelo F, De Luis M, Bräuning A, Grabner M, Battipaglia 
G, Cherubini P. 2016. Intra-annual density fluctuations in tree 
rings: how, when, where, and why? IAWA Journal 37:232–259.

Denman S, Kirk SA, Moralejo E, Webber JF. 2009. Phytophthora 
ramorum and Phytophthora kernoviae on naturally infected 
asymptomatic foliage. EPPO Bulletin 39:105–111.

De Sampaio C, Camilo-Alves P, Da Clara MIE, De Almeida Ribeiro 
NMC. 2013. Decline of Mediterranean oak trees and its associ-
ation with Phytophthora cinnamomi: a review. European Journal 
of Forest Research 132:411–432.

Díaz-Delgado R, Lloret F, Pons X, Terradas J. 2002. Satellite evidence 
of decreasing resilience in Mediterranean plant communities after 
recurrent wildfires. Ecology 83:2293–2303.

Doblas-Miranda E, Alonso R, Arnan X, Bermejo V, Brotons L, De Las 
Heras J, Estiarte M, Hódar JA, Lorens P, Lloret F, et al. 2017. A 
review of the combination among global change factors in forest, 
shrublands and pastures of the Mediterranean Region: beyond 
drought effects. Global and Planetary Change 148:42–54.

Domínguez‐Begines J, Avila JM, García LV, Gómez‐Aparicio L. 2020. 
Soil‐borne pathogens as determinants of regeneration patterns 
at community level in Mediterranean forests. New Phytologist 
227:588–600.

Ducrey M. 1992. Quelle sylviculture et quel avenir pour les taillis de 
chêne vert (Quercus ilex L.) de la Région méditerranéenne fran-
çaise. Revue forestière française 44:12–34.

Encinas-Valero M, Esteban R, Hereş AM, Becerril JM, García-Plazaola 
JI, Artexe U, Curiel Yuste J. 2022a. Photoprotective compounds as 
early markers to predict holm oak crown defoliation in declining 
Mediterranean savannahs. Tree Physiology 42:208–224.

Encinas‐Valero M, Esteban R, Hereş AM, Vivas M, Fakhet D, Aranjuelo 
I, Curiel Yuste J. 2022b. Holm oak decline is determined by shifts 
in fine root phenotypic plasticity in response to belowground stress. 
New Phytologist 235:2237–2251.

Fernandez-Habas J, Fernandez-Rebollo P, Casado MR, Moreno AMG, 
Abellanas B. 2019. Spatio-temporal analysis of oak decline process 
in open woodlands: a case study in SW Spain. Journal of Environ-
mental Management 248:109308.

Forner A, Valladares F, Bonal D, Granier A, Grossiord C, Aranda I. 
2018. Extreme droughts affecting Mediterranean tree species’ 
growth and water-use efficiency: the importance of timing. Tree 
Physiology 38:1127–1137.

Forner A, Morán-López T, Flores-Rentería D, Aranda I, Valladares 
F. 2020. Fragmentation reduces severe drought impacts on tree 



10 AoB PLANTS, 2023, Vol. 15, No. 5 

 functioning in holm oak forests. Environmental and Experimental 
Botany 173:104001.

Galiano L, Martínez-Vilalta J, Sabaté S, Lloret F. 2012. Determinants 
of drought effects on crown condition and their relationship with 
depletion of carbon reserves in a Mediterranean holm oak forest. 
Tree Physiology 32:478–489.

Gallardo A, Morcuende D, Solla A, Moreno G, Pulido F, Quesada A. 
2019. Regulation by biotic stress of tannins biosynthesis in Quercus 
ilex: Crosstalk between defoliation and Phytophthora cinnamomi 
infection. Physiologia Plantarum 165:319–329.

Galle A, Florez-Sarasa I, El Aououad H, Flexas J. 2011. The Mediterra-
nean evergreen Quercus ilex and the semi-deciduous Cistus albidus 
differ in their leaf gas exchange regulation and acclimation to re-
peated drought and re-watering cycles. Journal of Experimental 
Botany 62:5207–5216.

Galmés J, Medrano H, Flexas J. 2007. Photosynthetic limitations in 
response to water stress and recovery in Mediterranean plants with 
different growth forms. New Phytologist 175:81–93.

Ganatsios HP, Tsiorasb PA, Pavlidisa T. 2010. Water yield changes as a 
result of silvicultural treatments in an oak ecosystem. Forest Ecol-
ogy and Management 260:1367–1374.

Garcia-Forner N, Biel C, Savé R, Martínez-Vilalta J. 2017. Isohydric 
species are not necessarily more carbon limited than anisohydric 
species during drought. Tree Physiology 37:441–455.

Gavinet J, Ourcival JM, Limousin JM. 2019. Rainfall exclusion and 
thinning can alter the relationships between forest functioning and 
drought. New Phytologist 223:1267–1279.

Gaylord ML, Kolb TE, Pockman WT, Plaut JA, Yepez EA, Macalady 
AK, Pangle RE, McDowell NG. 2013. Drought predisposes piñon–
juniper woodlands to insect attacks and mortality. New Phytologist 
198:567–578.

Gea-Izquierdo G, Cañellas I, Montero G. 2006. Acorn production in 
Spanish holm oak woodlands. Investigación Agraria Sistemas y 
Recursos Forestales 15:339–354.

Gea-Izquierdo G, Cherubini P, Cañellas I. 2011. Tree-rings reflect the 
impact of climate change on Quercus ilex L. along a temperature 
gradient in Spain over the last 100 years. Forest Ecology and Man-
agement 262:1807–1816.

Gea-Izquierdo G, Natalini F, Cardillo E. 2021. Holm oak death is ac-
celerated but not sudden and expresses drought legacies. Science of 
the Total Environment 754:141793.

Gessler A, Bottero A, Marshall J, Arend M. 2020. The way back: recov-
ery of trees from drought and its implication for acclimation. New 
Phytologist 228:1704–1709.

Gimeno TE, Pias B, Lemos-Filho JP, Valladares F. 2009. Plasticity and 
stress tolerance override local adaptation in the responses of Medi-
terranean holm oak seedlings to drought and cold. Tree Physiology 
29:87–98.

Gómez JM. 2004. Bigger is not always better: conflicting selective pres-
sures on seed size in Quercus ilex. Evolution 58:71–80.

Gori A, Moura BB, Sillo F, Alderotti F, Pasquini D, Balestrini R, 
Ferrini F, Centritto M, Brunetti C. 2023. Unveiling resilience 
mechanisms of Quercus ilex seedlings to severe water stress: 
Changes in non-structural carbohydrates, xylem hydraulic func-
tionality and wood anatomy. Science of the Total Environment 
878:163124.

Gratani L, Varone L, Crescente MF, Catoni R, Ricotta C, Puglielli 
G. 2018. Leaf thickness and density drive the responsiveness of 
photosynthesis to air temperature in Mediterranean species ac-
cording to their leaf habitus. Journal of Arid Environments 
150:9–14.

Grauso L, Zotti M, Sun W, de Falco B, Lanzotti V, Bonanomi G. 2019. 
Spectroscopic and multivariate data‐based method to assess the 
metabolomic fingerprint of Mediterranean plants. Phytochemical 
Analysis 30:572–581.

Gulías J, Cifre J, Jonasson S, Medrano H, Flexas J. 2009. Seasonal and 
inter-annual variations of gas exchange in thirteen woody species 
along a climatic gradient in the Mediterranean island of Mallorca. 

Flora-Morphology, Distribution, Functional Ecology of Plants 
204:169–181.

Guzmán B, Rodríguez-López CM, Forrest A, Cano E, Vargas P. 2015. 
Protected areas of Spain preserve the neutral genetic diversity of 
Quercus ilex L. irrespective of glacial refugia. Tree Genetics & 
Genomes 11:1–18.

Hacke UG, Sperry JS. 2001. Functional and ecological xylem anat-
omy. Perspectives in Plant Ecology Evolution and Systematics 
4:97–115.

Hardham AR, Blackman LM. 2018. Phytophthora cinnamomi. Mo-
lecular Plant Pathology 19:260–285.

Heres AM, Kaye MW, Granda E, Benavides R, Lázaro-Nogal A, Rubio-
Casal AE, Valladares F, Yuste JC. 2018. Tree vigour influences sec-
ondary growth but not responsiveness to climatic variability in 
Holm oak. Dendrochronologia 49:68–76.

Hinojosa MB, Albert-Belda E, Gómez-Muñoz B, Moreno JM. 2021. 
High fire frequency reduces soil fertility underneath woody plant 
canopies of Mediterranean ecosystems. Science of the Total Envir-
onment 752:141877.

James S. 1984. Lignotubers and burls—their structure, function and 
ecological significance in Mediterranean ecosystems. The Botanical 
Review 50:225–266.

Jiang XL, Hipp AL, Deng M, Su T, Zhou ZK, Yan MX. 2019. East 
Asian origins of European holly oaks (Quercus section ilex 
Loudon) via the Tibet-Himalaya. Journal of Biogeography 
46:2203–2214.

Jones SM, Bottero A, Kastendick DN, Palik BJ. 2019. Managing red pine 
stand structure to mitigate drought impacts. Dendrochronologia 
57:125623.

Jung T, Orlikowski L, Henricot B, Abad-Campos P, Aday AG, Aguin 
Casal O, Bakonyi J, Cacciola SO, Cech T, Chavarriaga D, et al. 
2016. Widespread Phytophthora infestations in European nur-
series put forest, semi-natural and horticultural ecosystems 
at high risk of Phytophthora diseases. Forest Pathology 46: 
134–163.

Jung T, Pérez-Sierra A, Durán A, Jung MH, Balci Y, Scanu B. 2018. Can-
ker and decline diseases caused by soil-and airborne Phytophthora 
species in forests and woodlands. Persoonia-Molecular Phylogeny 
and Evolution of Fungi 40:182–220.

Kannenberg SA, Schwalm CR, Anderegg WR. 2020. Ghosts of the past: 
how drought legacy effects shape forest functioning and carbon 
cycling. Ecology Letters 23:891–901.

Keča N, Koufakis I, Dietershagen J, Nowakowska JA, Oszako T. 2016. 
European oak decline phenomenon in relation to climatic changes. 
Folia Forestalia Polonica, Serie A – Forestry 58:170–177.

Kesselmeier J, Bode K, Hofmann U, Mueller H, Schaefer L, Wolf A, 
Ciccioli, Brancaleoni E, Cecinato A, Frattoni M, et al. 1997. Emis-
sion of short chained organic acids, aldehydes and monoterpenes 
from Quercus ilex L. and Pinus pinea L. in relation to physiological 
activities, carbon budget and emission algorithms. Atmospheric 
Environment 31:119–134.

Konstantinidis P, Tsiourlis G, Xofis P. 2006. Effect of fire season, aspect 
and pre-fire plant size on the growth of Arbutus unedo L. (straw-
berry tree) resprouts. Forest Ecology and Management 225:359–
367.

Lavoir AV, Staudt M, Schnitzler JP, Landais D, Massol F, Rocheteau 
A, Rodriguez R, Zimmer I, Rambal, S. 2009. Drought reduced 
monoterpene emissions from the evergreen Mediterranean oak 
Quercus ilex: results from a throughfall displacement experiment. 
Biogeosciences 6:1167–1180.

Leal AI, Bugalho MN, Palmeirim JM. 2022. Effects of ungulates on oak 
regeneration in Mediterranean woodlands: a meta-analysis. Forest 
Ecology and Management 509:120077.

Liebhold AM, Brockerhoff EG, Kalisz S, Nuñez MA, Wardle DA, 
Wingfield MJ. 2017. Biological invasions in forest ecosystems. Bio-
logical Invasions 19:3437–3458.

Limousin JM, Rambal S, Ourcival JM, Rocheteau A, Joffre R, Ro-
driguez‐Cortina R. 2009. Long‐term transpiration change with 



11Alderotti and Verdiani – The triangle of Q. ilex decline

 rainfall decline in a Mediterranean Quercus ilex forest. Global 
Change Biology 15:2163–2175.

Limousin JM, Roussel A, Rodríguez‐Calcerrada J, Torres‐Ruiz JM, 
Moreno M, Garcia de Jalon L, Ourcival JM, Simioni G, Cochard 
H, Martin-StPaul N. 2022. Drought acclimation of Quercus ilex 
leaves improves tolerance to moderate drought but not resist-
ance to severe water stress. Plant, Cell & Environment 45:1967–
1984.

Linaldeddu BT, Sirca C, Spano D, Franceschini A. 2010. Variation of 
endophytic cork oak-associated fungal communities in relation to 
plant health and water stress. Forest Pathol 41:193–201.

Linaldeddu BT, Scanu B, Maddau L, Franceschini A. 2014. Diplodia 
corticola and Phytophthora cinnamomi: the main pathogens in-
volved in holm oak decline on Caprera Island (Italy). Forest Path-
ology 44:191–200.

Lindner M, Maroschek M, Netherer S, Kremer A, Barbati A, Garcia-
Gonzalo J, Seidl R, Delzon S, Corona P, Kolström M, et al. 2010. Cli-
mate change impacts, adaptive capacity, and vulnerability of European 
forest ecosystems. Forest Ecology and Management 259:698–709.

Lionello P, Malanotte-Rizzoli P, Boscolo R, Alpert P, Artale V, Li L, 
Luterbacher J, May W, Trigo R, Tsimplis M, et al. 2006. The Medi-
terranean climate: an overview of the main characteristics and 
issues. In: Lionello P, Malanotte-Rizzoli P, Boscolo R, eds. Mediter-
ranean Climate Variability: Amsterdam: Elsevier, 1–26.

Liu D, Ogaya R, Barbeta A, Yang X, Peñuelas J. 2015. Contrasting im-
pact of continuous moderate drought and episodic severe droughts 
on the aboveground-biomass increment and litterfall of three 
coexisting Mediterranean woody species. Global Change Biology 
21:4196–4209.

Lloret F, Peñuelas J, Ogaya R. 2004a. Establishment of co-existing 
Mediterranean tree species under a varying soil moisture regime. 
Journal of Vegetation Science 15:237–244.

Lloret F, Siscart D, Dalmases C. 2004b. Canopy recovery after drought 
dieback in holm-oak Mediterranean forests of Catalonia (NE 
Spain). Global Change Biology 10:2092–2099.

Llusià J, Peñuelas J, Alessio GA, Ogaya R. 2011. Species-specific, sea-
sonal, inter-annual, and historically-accumulated changes in foliar 
terpene emission rates in Phillyrea latifolia and Quercus ilex sub-
mitted to rain exclusion in the Prades Mountains (Catalonia). Rus-
sian Journal of Plant Physiology 58:126–132.

López BC, Gracia CA, Sabaté S, Keenan T. 2009. Assessing the resili-
ence of Mediterranean holm oaks to disturbances using selective 
thinning. Acta Oecologica 35:849–854.

López de Heredia U, Carrion JS, Jimenez P, Collada C, Gil L. 2007. Mo-
lecular and palaeoecological evidence for multiple glacial refugia 
for evergreen oaks on the Iberian Peninsula. Journal of Biogeog-
raphy 34:1505–1517.

López de Heredia U, Vázquez FM, Soto Á. 2017. The role of hybrid-
ization on the adaptive potential of Mediterranean sclerophyllous 
oaks: the case of the Quercus ilex x Q. suber complex. In: Gil-
Pelegrín E, Peguero-Pina JJ, Sancho-Knapik D, eds. Oaks physio-
logical ecology. Exploring the functional diversity of genus Quercus 
L. Cham: Springer, 239–260.

López-Sánchez A, Roig S, Dirzo R, Perea R. 2021. Effects of domestic 
and wild ungulate management on young oak size and architecture. 
Sustainability 13:7930.

Loreto F, Schnitzler JP. 2010. Abiotic stresses and induced BVOCs. 
Trends in Plant Science 15:154–166.

Loreto F, Pollastri S, Fineschi S, Velikova V. 2014. Volatile isoprenoids 
and their importance for protection against environmental con-
straints in the Mediterranean area. Environmental and Experimen-
tal Botany 103:99–106.

Luisi N, Sicoli G, Lerario P. 1996. Observations on Armillaria oc-
currence in declining oak woods of southern Italy. Ann Sci For 
53:389–394.

Lumaret R, Mir C, Michaud H, Raynal V. 2002. Phylogeographical 
variation of chloroplast DNA in holm oak (Quercus ilex L). Mo-
lecular Ecology 11:2327–2336.

Macháčová M, Nakládal O, Samek M, Baťa D, Zumr V, Pešková V. 
2022. Oak decline caused by biotic and abiotic factors in Central 
Europe: a case study from the Czech Republic. Forests 13:1223.

Magno R, De Filippis T, Di Giuseppe E, Pasqui M, Rocchi L, Gozzini B. 
2018. Semi-automatic operational service for drought monitoring 
and forecasting in the Tuscany region. Geosciences 8:49.

Marçais B, Bréda N. 2006. Role of an opportunistic pathogen in the 
decline of stressed oak trees. Journal of Ecology 94:1214–1223.

Marcais B, Bergot M, Perarnaud V, Levy A, Desprez-Loustau ML. 
2004. Prediction and mapping of the impact of winter temperature 
on the development of Phytophthora cinnamomi-induced cankers 
on red pedunculate oak in France. Phytopathology 94:826–831.

Martínez MT, Vieitez FJ, Solla A, Tapias R, Ramírez-Martín N, 
Corredoira E. 2020. Vegetative propagation of Phytophthora 
cinnamomi-tolerant holm oak genotypes by axillary budding and 
somatic embryogenesis. Forests 11:841.

Martínez-Vilalta J, Prat E, Oliveras I, Piñol J. 2002. Xylem hydraulic 
properties of roots and stems of nine Mediterranean woody spe-
cies. Oecologia 133:19–29.

Martín-Sánchez R, Peguero-Pina JJ, Alonso-Forn D, Ferrio JP, Sancho-
Knapik D, Gil-Pelegrín E. 2022. Summer and winter can equally 
stress holm oak (Quercus ilex L.) in Mediterranean areas: a physio-
logical view. Flora 290:152058.

Matesanz S, Valladares F. 2014. Ecological and evolutionary responses 
of Mediterranean plants to global change. Environmental and Ex-
perimental Botany 103:53–67.

McDowell N, Pockman WT, Allen CD, Breshears DD, Cobb N, Kolb 
T, Plaut J, Sperry J, West A, Williams DG, et al. 2008. Mechan-
isms of plant survival and mortality during drought: why do some 
plants survive while others succumb to drought? New Phytologist 
178:719–739.

Milanovic S, Lazarević J, Karadžić D, Milenković I, Jankovský L, 
Vuelta A, Solla A. 2015. Belowground infections of the invasive 
Phytophthora plurivora pathogen enhance the suitability of red oak 
leaves to the generalist herbivore Lymantria dispar. Ecological En-
tomology 40:479–482.

Mitrakos KA. 1980. A theory for Mediterranean plant life. Acta 
Oecologica 1:245–252.

Montserrat-Martí G, Camarero JJ, Palacio S, Pérez-Rontomé C, Milla 
R, Albuixech J, Maestro M. 2009. Summer-drought constrains the 
phenology and growth of two co-existing Mediterranean oaks with 
contrasting leaf habit: implications for their persistence and repro-
duction. Trees 23:787–799.

Mooney HA, Dunn EL. 1970. Convergent evolution of Mediterranean-
climate evergreen sclerophyll shrubs. Evolution 24:292–303.

Moralejo E, Garcia-Muñoz JA, Descals E. 2009. Susceptibility of Iber-
ian trees to Phytophthora ramorum and P. cinnamomi. Plant Path-
ology 58:271–283.

Mora-Sala B, Gramaje D, Abad-Campos P, Berbegal M. 2019. Diversity 
of Phytophthora species associated with Quercus ilex L. in three 
Spanish regions evaluated by NGS. Forest 10:979.

Moreno G, Pulido FJ. 2009. The functioning, management and persist-
ence of dehesas. In: Rigueiro-Rodríguez A, McAdam J, Mosquera-
Losada MR, eds. Agroforestry in Europe, current status and future 
prospects. The Netherlands: Springer, 127–160.

Moreno-Fernández D, Ledo A, Martín-Benito D, Cañellas I, Gea-
Izquierdo G. 2019. Negative synergistic effects of land-use legacies 
and climate drive widespread oak decline in evergreen Mediterranean 
open woodlands. Forest Ecology and Management 432:884–894.

Nardini A, Salleo S, Gullo MAL, Pitt F. 2000. Different responses to 
drought and freeze stress of Quercus ilex L. growing along a latitu-
dinal gradient. Plant Ecology 148:139–147.

Niinemets U. 2010. Mild versus severe stress and BVOCs: thresholds, 
priming and consequences. Trends in Plant Science 15:145–153.

Niinemets U. 2015. Is there a species spectrum within the world-wide 
leaf economics spectrum? Major variations in leaf functional traits 
in the Mediterranean sclerophyll Quercus ilex. New Phytologist 
205:79–96.



12 AoB PLANTS, 2023, Vol. 15, No. 5 

Ogaya R, Peñuelas J. 2003. Comparative seasonal gas exchange and 
chlorophyll fluorescence of two dominant woody species in a holm 
oak forest. Flora 198:132–141.

Ogaya R, Penuelas J. 2006. Contrasting foliar responses to drought in 
Quercus ilex and Phillyrea latifolia. Biologia Plantarum 50:373–
382.

Ogaya R, Peñuelas J. 2021. Climate change effects in a Mediterranean 
forest following 21 consecutive years of experimental drought. For-
ests 12:306.

Ogaya R, Llusià J, Barbeta A, Asensio D, Liu D, Alessio GA, Penuelas 
J. 2014. Foliar CO2 in a holm oak forest subjected to 15 years of 
climate change simulation. Plant Science 226:101–107.

Ortega M, Saura S, González-Ávila S, Gómez-Sanz V, Elena-Rosselló R. 
2012. Landscape vulnerability to wildfires at the forest-agriculture 
interface: half-century patterns in Spain assessed through the 
SISPARES monitoring framework. Agroforestry Systems 85:331–
349.

Ortego J, Bonal R, Muñoz A. 2010. Genetic consequences of habitat 
fragmentation in long-lived tree species: the case of the Mediterra-
nean holm oak (Quercus ilex L.). Journal of Heredity 101:717–726.

Pachauri RK, Reisinger A. 2007. Climate change 2007: synthesis re-
port. Contribution of working groups I, II and III to the Fourth 
Assessment Report of the Intergovernmental Panel on Climate 
Change. Geneva, Switzerland: IPCC.

Padilla FM, de Dios Miranda J, Pugnaire FI. 2007. Early root growth 
plasticity in seedlings of three Mediterranean woody species. Plant 
and Soil 296:103–113.

Pasquini D, Detti C, Ferrini F, Brunetti C, Gori A. 2021. Polyphenols 
and terpenes in Mediterranean plants: an overview of their roles 
and possible applications. Italus Hortus 28:3.

Pasquini D, Gori A, Pollastrini M, Alderotti F, Centritto M, Ferrini F, 
Brunetti C. 2023. Effects of drought-induced holm oak dieback on 
BVOCs emissions in a Mediterranean forest. Science of the Total 
Environment 857:159635.

Pausas JG, Keeley JE. 2017. Epicormic resprouting in fire-prone ecosys-
tems. Trends in Plant Science 22:1008–1015.

Pausas J, Marañón T, Caldeira MC, Pons J. 2009a. Natural regener-
ation. Cork Oak Woodlands on the edge: ecology, adaptive man-
agement and restoration In: Aronson J, Pereira JS & Pausas JG, eds. 
Washington: Island Press, 115–124.

Pausas JG, Marañón T, Caldeira M, Pons J. 2009b. Natural regener-
ation. In: Aronson J, Pereira JS, Pausas JG, eds. Cork oak wood-
lands on the edge, ecology, adaptive management, and restoration. 
Washington (DC): Island Press, 115–28. Return to ref 2009 in art-
icle

Peguero-Pina JJ, Morales F, Flexas J, Gil-Pelegrín E, Moya I. 2008. 
Photochemistry, remotely sensed physiological reflectance index 
and de-epoxidation state of the xanthophyll cycle in Quercus 
coccifera under intense drought. Oecologia 156:1–11.

Peguero-Pina JJ, Mendoza-Herrer O, Gil-Pelegrín E, Sancho-Knapik D. 
2018. Cavitation limits the recovery of gas exchange after severe 
drought stress in holm oak (Quercus ilex L.). Forests 9:443.

Peguero-Pina JJ, Vilagrosa A, Alonso-Forn D, Ferrio JP, Sancho-Knapik 
D, Gil-Pelegrín E. 2020. Living in drylands: Functional adaptations 
of trees and shrubs to cope with high temperatures and water scar-
city. Forests 11:1028.

Peña-Rojas K, Aranda X, Fleck I. 2004. Stomatal limitation to CO2 as-
similation and down-regulation of photosynthesis in Quercus ilex 
resprouts in response to slowly imposed drought. Tree Physiology 
24:813–822.

Peñuelas J, Sardans J. 2021. Global change and forest disturbances in 
the Mediterranean: breakthroughs, knowledge gaps and recom-
mendations. Forests 12:603.

Peñuelas J, Lloret F, Montoya R. 2001. Severe drought effects on Medi-
terranean woody flora in Spain. Forest Science 47:214–218.

Peñuelas J, Filella I, Seco R, Llusia J. 2009. Increase in isoprene and 
monoterpene emissions after re-watering of droughted Quercus 
ilex seedlings. Biologia plantarum 53:351–354.

Pérez-Sierra A, López-García C, León M, García-Jiménez J, Abad-
Campos P, Jung T. 2013. Previously unrecorded low-temperature 
Phytophthora species associated with Quercus decline in a Medi-
terranean forest in eastern Spain. Forest Pathology 43:331–339.

Pinto-Correia T, Mascarenhas J. 1999. Contribution to the 
extensification/intensification debate: new trends in the Portuguese 
montado. Landscape and Urban Planning 46:125–131.

Puglielli G, Varone L, Gratani L. 2019. Diachronic adjustments of func-
tional traits scaling relationships to track environmental changes: 
revisiting Cistus species leaf cohort classification. Flora 254:173–
180.

Pulido F, García E, Obrador JJ, Moreno G. 2010. Multiple pathways 
for tree regeneration in anthropogenic savannas: incorporating bi-
otic and abiotic drivers into management schemes. Journal of Ap-
plied Ecology 47:1272–1281.

Pulido F, Moreno G, García E, Obrador JJ, Bonal R, Díaz M. 2014. Re-
source manipulation reveals flexible allocation rules to growth and 
reproduction in a Mediterranean evergreen oak. Journal of Plant 
Ecology 7:77–85.

Pumo D, Viola F, Noto LV. 2008. Ecohydrology in Mediterranean areas: 
a numerical model to describe growing seasons out of phase with 
precipitations. Hydrology and Earth System Sciences 12:303–316.

Quero JL, Villar R, Marañón T, Zamora R, Poorter L. 2007. Seed‐mass 
effects in four Mediterranean Quercus species (Fagaceae) grow-
ing in contrasting light environments. American Journal of Botany 
94:1795–1803.

Ramírez JA, Díaz M. 2008. The role of temporal shrub encroachment 
for the maintenance of Spanish holm oak Quercus ilex dehesas. 
Forest Ecology and Management 255:1976–1983.

Raymond F, Ullmann A, Camberlin P, Drobinski P, Smith CC. 2016. 
Extreme dry spell detection and climatology over the Mediterra-
nean Basin during the wet season. Geophysical Research Letters 
43:7196–7204.

Raymond F, Ullmann A, Tramblay Y, Drobinski P, Camberlin P. 2019. 
Evolution of Mediterranean extreme dry spells during the wet 
season under climate change. Regional Environmental Change 
19:2339–2351.

Redondo MA, Pérez-Sierra A, Abad-Campos P, Torres L, Solla A, Reig-
Armiñana J, García-Breijo F. 2015. Histology of Quercus ilex roots 
during infection by Phytophthora cinnamomi. Trees 29:1943–
1957.

Resco de Dios V, Arteaga C, Peguero‐Pina JJ, Sancho‐Knapik D, Qin H, 
Zveushe OK, Gil‐Pelegrín E. 2020. Hydraulic and photosynthetic 
limitations prevail over root non‐structural carbohydrate reserves 
as drivers of resprouting in two Mediterranean oaks. Plant, Cell & 
Environment 43:1944–1957.

Reyer CP, Leuzinger S, Rammig A, Wolf A, Bartholomeus RP, Bonfante 
A, de Lorenzi F, Dury M, Gloning P, Jaoudé RA, et al. 2013. A 
plant’s perspective of extremes: terrestrial plant responses to chan-
ging climatic variability. Global Change Biology 19:75–89.

Rios P, Gonzalez M, Obregon S, Carbonero MD, Leal JR, Fernan-
dez P, De-Haro A, Sanchez, ME. 2017. Brassica-based seedmeal 
biofumigation to control Phytophthora cinnamomi in the Spanish 
“dehesa” oak trees. Phytopathologia Mediterranea 56:392–399.

Rivas-Ubach A, Gargallo-Garriga A, Sardans J, Oravec M, Mateu-
Castell L, Pérez-Trujillo M, Parella T, Ogaya R, Urban O, 
Peñuelas J. 2014. Drought enhances folivory by shifting foliar 
metabolomes in Quercus ilex trees. New Phytologist 202:874–
885.

Roberts SD, Harrington CA. 2008. Individual tree growth response to 
variable density-thinning in coastal Pacific Northwest forests. For-
est Ecology and Management 255:2771–2781.

Rodriguez-Puebla C, Ayuso SM, Frias MD, Garcia-Casado LA. 2007. 
Effects of climate variation on winter cereal production in Spain. 
Climate Research 34:223–232.

Rodríguez-Romero M, Gallardo A, Pérez A, Pulido F. 2022a. Inter-
active effects of biotic stressors and provenance on chemical de-
fence induction by holm oak (Quercus ilex). Trees 36:227–240.



13Alderotti and Verdiani – The triangle of Q. ilex decline

Rodríguez-Romero M, Cardillo E, Santiago R, Pulido F. 2022b. Suscep-
tibility to Phytophthora cinnamomi of six holm oak (Quercus ilex) 
provenances: are results under controlled vs. natural conditions 
consistent? Forest Systems 31:e011–e011.

Rolo V, López-Díaz ML, Moreno G. 2012. Shrubs affect soil nutrients 
availability with contrasting consequences for pasture understory 
and tree overstory production and nutrient status in Mediterra-
nean grazed open woodlands. Nutrient Cycling in Agroecosystems 
93:89–102.

Romero MA, González M, Serrano MS, Sánchez ME. 2019. Trunk in-
jection of fosetyl‐aluminium controls the root disease caused by 
Phytophthora cinnamomi on Quercus ilex woodlands. Annals of 
Applied Biology 174:313–318.

Romero-Rodríguez MC, Jorrín-Novo JV, Castillejo MA. 2019. Toward 
characterizing germination and early growth in the non-orthodox 
forest tree species Quercus ilex through complementary gel and 
gel-free proteomic analysis of embryo and seedlings. Journal of 
Proteomics 197:60–70.

Rosas T, Galiano L, Ogaya R, Peñuelas J, Martínez-Vilalta J. 2013. 
Dynamics of non-structural carbohydrates in three Mediterranean 
woody species following long-term experimental drought. Fron-
tiers in Plant Science 4:400.

Rossi AM, Stiling, P, Moon DC, Cattell MV, Drake BG. 2004. In-
duced defensive response of myrtle oak to foliar insect herbivory 
in ambient and elevated CO2. Journal of Chemical Ecology 
30:1143–1152.

Ruehr NK, Law BE, Quandt D, Williams M. 2014. Effects of heat and 
drought on carbon and water dynamics in a regenerating semi-
arid pine forest: a combined experimental and modeling approach. 
Biogeosciences 11:4139–4156.

Ruiz-Gómez FJ, Pérez-de-Luque A, Navarro-Cerrillo RM. 2019. The 
involvement of Phytophthora root rot and drought stress in holm 
oak decline: from ecophysiology to microbiome influence. Current 
Forestry Reports 5:251–266.

Sala A, Woodruff DR, Meinzer FC. 2012. Carbon dynamics in trees: 
feast or famine? Tree Physiology 32:764–775.

Sánchez-Salguero R, Camarero JJ, Grau JM, De la Cruz A, Gil PM, 
Minaya M, Fernández-Cancio A. 2017a. Analysing atmospheric 
processes and climatic drivers of tree defoliation to determine for-
est vulnerability to climate warming. Forests 8:13–13.

Sánchez-Salguero R, Camarero JJ, Gutiérrez E, González Rouco F, 
Gazol A, Sangüesa-Barreda G, Andreu-Hayles L, Linares JC, 
Seftigen K. 2017b. Assessing forest vulnerability to climate warm-
ing using a process-based model of tree growth: bad prospects for 
rear-edges. Global Change Biology 23:2705–2719.

San-Eufrasio B, Sánchez-Lucas R, López-Hidalgo C, Guerrero-
Sánchez VM, Castillejo MA, Maldonado-Alconada AM, Jorrín-
Novo JV, Rey MD. 2020. Responses and differences in tolerance 
to water shortage under climatic dryness conditions in seedlings 
from Quercus spp. and Andalusian Q. ilex populations. Forests 
11:707.

San-Eufrasio B, Bigatton ED, Guerrero-Sánchez VM, Chaturvedi P, 
Jorrín-Novo JV, Rey MD, Castillejo MA. 2021a. Proteomics data 
analysis for the identification of proteins and derived proteotypic 
peptides of potential use as putative drought tolerance markers 
for Quercus ilex. International Journal of Molecular Sciences 
22:3191.

San-Eufrasio B, Castillejo MÁ, Labella-Ortega M, Ruiz-Gómez FJ, 
Navarro-Cerrillo RM, Tienda-Parrilla M, Jorrín-Novo JV, Rey 
MD. 2021b. Effect and response of Quercus ilex subsp. ballota 
[Desf.] Samp. seedlings from three contrasting Andalusian popu-
lations to individual and combined Phytophthora cinnamomi and 
drought stresses. Frontiers in Plant Science 12:722802.

Sardans J, Peñuelas J. 2013. Plant–soil interactions in Mediterranean 
forest and shrublands: impacts of climatic change. Plant and Soil 
365:1–33.

Scanu B, Linaldeddu BT, Deidda A, Jung T. 2015. Diversity of 
Phytophthora species from declining Mediterranean maquis vege-

tation, including two new species, Phytophthora crassamura and P. 
ornamentata sp. nov. PLoS One 10:e0143234.

Selig MF, Seiler JR, Tyree MC. 2008. Soil carbon and CO2 efflux as 
influenced by the thinning of loblolly pine (Pinus taeda L.) plant-
ations on the Piedmont of Virginia. Forest Science 54:58–66.

Sena K, Crocker E, Vincelli P, Barton C. 2018. Phytophthora cinnamomi 
as a driver of forest change: implications for conservation and man-
agement. Forest Ecology and Management 409:799–807.

Senf C, Buras A, Zang C, Rammig A, Seidl R. 2020. Excess forest mor-
tality is consistently linked to drought across Europe. Nature Com-
munications 11:1–8.

Serrano MS, De Vita P, Carbonero MD, Fernández F, Fernández‐Rebollo 
P, Sánchez ME. 2012. Susceptibility to Phytophthora cinnamomi of 
the commonest morphotypes of holm oak in southern Spain. Forest 
Pathology 42:345–347.

Sghaier-Hammami B, Redondo-López I, Valero-Galvàn J, Jorrín-Novo 
JV. 2016. Protein profile of cotyledon, tegument, and embryonic 
axis of mature acorns from a non-orthodox plant species: Quercus 
ilex. Planta 243:369–396.

Simon V, Dumergues L, Solignac G, Torres L. 2005. Biogenic emissions 
from Pinus halepensis: a typical species of the Mediterranean area. 
Atmospheric Research 74:37–48.

Solla A, Milanović S, Gallardo A, Bueno A, Corcobado T, Cáceres Y, 
Morcuende D, Quesada A, Moreno G, Pulido F. 2016. Genetic de-
termination of tannins and herbivore resistance in Quercus ilex. 
Tree Genetics & Genomes 12:117.

Solla A, Moreno G, Malewski T, Jung T, Klisz M, Tkaczyk M, Oszako 
T. 2021. Phosphite spray for the control of oak decline induced 
by Phytophthora in Europe. Forest Ecology and Management 
485:118938.

Soto A, Lorenzo Z, Gil L. 2007. Differences in fine-scale genetic struc-
ture and dispersal in Quercus ilex L. and Q. suber L.: consequences 
for regeneration of Mediterranean open woods. Heredity 99:601–
607.

Sperlich D, Chang CT, Peñuelas J, Sabaté S. 2019. Responses of photo-
synthesis and component processes to drought and temperature 
stress: are Mediterranean trees fit for climate change? Tree Physi-
ology 39:1783–1805.

Staudt M, Bourgeois I, Al Halabi R, Song W, Williams J. 2017. New in-
sights into the parametrization of temperature and light responses 
of mono-and sesquiterpene emissions from Aleppo pine and rose-
mary. Atmospheric Environment 152:212–221.

Štraus D, Caballol M, Serradó F, Oliveras J, Ramis X, Oliva J. 2023. 
Distribution of Phytophthora species within recreational chest-
nut, beech and cork oak forests. Forest Ecology and Management 
529:120674.

Sturrock RN, Frankelb SJ, Brownc AV, Hennond PE, Kliejunasb JT, 
Lewise KJ, Worrallfand JJ, Woods AJ. 2011. Climate change and 
forest diseases. Plant Pathology 60:133–149.

Sullivan TP, Sullivan DS. 2016. Acceleration of old-growth structural 
attributes in lodgepole pine forest: tree growth and stand structure 
25 years after thinning. Forest Ecology and Management 365:96–
106.

Szejner P, Belmecheri S, Ehleringer JR, Monson RK. 2020. Recent in-
creases in drought frequency cause observed multi-year drought 
legacies in the tree rings of semi-arid forests. Oecologia 192:241–
259.

Tang J, Qi Y, Xu M, Misson L, Goldstein AH. 2005. Forest thinning 
and soil respiration in a ponderosa pine plantation in the Sierra 
Nevada. Tree Physiology 25:57–66.

Terradas J, Savé R. 1992. The influence of summer and winter stress 
and water relationships on the distribution of Quercus ilex L. In: 
Romane F, Terradas J, eds. Quercus ilex L. ecosystems: function, 
dynamics and management (Vol. 13). Springer, Dordrecht.

Tienda-Parrilla M, López-Hidalgo C, Guerrero-Sanchez VM, Infantes-
González A, Valderrama-Fernández R, Castillejo MA, Jorrín-Novo 
JV, Rey MD. 2022. Untargeted MS-based metabolomics analysis 
of the responses to drought stress in Quercus ilex L. leaf seedlings 



14 AoB PLANTS, 2023, Vol. 15, No. 5 

and the identification of putative compounds related to tolerance. 
Forests 13:551.

Torres-Ruiz JM, Jansen S, Choat B, McElrone AJ, Cochard H, Brodribb 
TJ, Badel E, Burlett R, Bouche PS, Brodersen CR, et al. 2015. Dir-
ect X-ray microtomography observation confirms the induction 
of embolism upon xylem cutting under tension. Plant Physiology 
167:40–43.

Traiser C, Klotz S, Uhl D, Mosbrugger V. 2005. Environmental signals 
from leaves – a physiognomic analysis of European vegetation. 
New Phytologist 166:465–484.

Trifilò P, Nardini A, Gullo MAL, Barbera PM, Savi T, Raimondo F. 
2015. Diurnal changes in embolism rate in nine dry forest trees: 
relationships with species-specific xylem vulnerability, hydraulic 
strategy and wood traits. Tree Physiology 35:694–705.

Troendle CA, Wilcox MS, Bevenger GS, Porth LS. 2001. The Coon 
Creek water yield augmentation project: implementation of timber 
harvesting technology to increase streamflow. Forest Ecology and 
Management 143:179–187.

Tubby KV, Webber JF. 2010. Pests and diseases threatening urban trees 
under a changing climate. Forestry 83:451–459.

Turco M, Bedia J, Di Liberto F, Fiorucci P, Von Hardenberg J, Koutsias 
N, Llasat MC, Xystrakis F, Provenzale A. 2016. Decreasing fires in 
Mediterranean Europe. PLoS One 11:e0150663.

Tyree MT, Cochard H. 1996. Summer and winter embolism in oak: 
impact on water relations. Annales des sciences forestières 53:173–
180. EDP Sciences

Urbieta IR, Franquesa M, Viedma O, Moreno JM. 2019. Fire activity 
and burned forest lands decreased during the last three decades in 
Spain. Annals of Forest Science 76:1–13.

Valero-Galván J, Navarro Cerrillo RM, Romero-Rodríguez MC, 
Ariza-Mateos D, Jorrín-Novo JV. 2010. Estudio de la respuesta al 
estrés hídrico en dos poblaciones de encina (Quercus ilex subsp. 
ballota (Desf.) Samp.) mediante una aproximación de proteómica 
comparativa basada en electroforesis bidimensional. In: Jorrín JV, 
Vázquez J, eds. SEPROT Proteómica (Vol. 5). Córdoba, Spain: 
Argos Press, 156–157.

Valero-Galvan J, Gonzalez-Fernandez R, Navarro-Cerrillo RM, Gil-
Pelegrin E, Jorrin-Novo JV. 2013. Physiological and proteomic ana-
lyses of drought stress response in Holm oak provenances. Journal 
of Proteome Research 12:5110–5123.

Vaz M, Pereira JS, Gazarini LC, David TS, David JS, Rodrigues A, 
Maroco J, Chaves, MM. 2010. Drought-induced photosynthetic 
inhibition and autumn recovery in two Mediterranean oak spe-
cies (Quercus ilex and Quercus suber). Tree Physiology 30:946–
956.

Venäläinen A, Korhonen N, Hyvärinen O, Koutsias N, Xystrakis F, 
Urbieta IR, Moreno JM. 2014. Temporal variations and change in 

forest fire danger in Europe for 1960–2012. Natural Hazards and 
Earth System Sciences 14:1477–1490.

Vernesi C, Rocchini D, Pecchioli E, Neteler M, Vendramin GG, Paffetti 
D. 2012. A landscape genetics approach reveals ecological-based 
differentiation in populations of holm oak (Quercus ilex L.) at the 
northern limit of its range. Biological Journal of the Linnean Soci-
ety 107:458–467.

Vicente E, Moreno-de las Heras M, Merino-Martín L, Nicolau JM, 
Espigares T. 2022. Assessing the effects of nurse shrubs, sink 
patches and plant water-use strategies for the establishment of 
late-successional tree seedlings in Mediterranean reclaimed mining 
hillslopes. Ecological Engineering 176:106538.

Villar-Salvador P, Planelles R, Enrıquez E, Rubira JP. 2004. Nursery 
cultivation regimes, plant functional attributes, and field perform-
ance relationships in the Mediterranean oak Quercus ilex L. Forest 
Ecology and Management 196:257–266.

Vitale S, Scotton M, Vettraino AM, Vannini A, Haegi A, Luongo L, 
Scarpari M, Belisario A. 2019. Characterization of Phytophthora 
cinnamomi from common walnut in Southern Europe environ-
ment. Forest Pathology 49:e12477.

Vivas M, Hernández J, Corcobado T, Cubera E, Solla A. 2021. 
Transgenerational induction of resistance to Phytophthora 
cinnamomi in holm oak. Forests 12:100.

Walter H. 1985. Vegetation of the Earth and ecological systems of the 
geo-biosphere, 3rd edn. Berlin: Springer

Walters JR, Bell TL, Read S. 2005. Intra-specific variation in carbo-
hydrate reserves and sprouting ability in Eucalyptus obliqua seed-
lings. Australian Journal of Botany 53:195–203.

Wheeler JK, Huggett BA, Tofte AN, Rockwell FE, Holbrook NM. 
2013. Cutting xylem under tension or supersaturated with gas can 
generate PLC and the appearance of rapid recovery from embol-
ism. Plant Cell Environment 36:1938–1949.

Williams AP, Allen CD, Macalady AK, Griffin D, Woodhouse CA, Meko 
DM, Swetnam TW, Rauscher SA, Seager R, Grissino-Mayer HD, et 
al. 2013. Temperature as a potent driver of regional forest drought 
stress and tree mortality. Nature Climate Change 3:292–297.

Witkowsky ETF, Lamont BB. 1991. Leaf specific mass confounds leaf 
density and thickness. Oecologia 88:486–493.

Zalloni E, Battipaglia G, Cherubini P, De Micco V. 2018. Site condi-
tions influence the climate signal of intra-annual density fluctu-
ations in tree rings of Q. ilex L. Annals of Forest Science 75:1–12.

Zalloni E, Battipaglia G, Cherubini P, Saurer M, De Micco V. 2019. 
Wood growth in pure and mixed Quercus ilex L. forests: drought in-
fluence depends on site conditions. Frontiers in Plant Science 10:397.

Zeppel MJ, Harrison SP, Adams HD, Kelley DI, Li G, Tissue DT, Dawson 
TE, Fensham R, Medlyn BE, Palmer A, et al. 2015. Drought and 
resprouting plants. New Phytologist 206:583–589.


