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Dehesas, human-shaped savannah-like ecosystems, where the overstorey is mainly dominated by the evergreen holm
oak (Quercus ilex L. subsp. ballota (Desf.) Samp.), are classified as a global conservation priority. Despite being Q. ilex a
species adapted to the harsh Mediterranean environmental conditions, recent decades have witnessed worrisome trends
of climate-change-induced holm oak mortality. Holm oak decline is evidenced by tree vigour loss, gradual defoliation and
ultimately, death. However, before losing leaves, trees undergo leaf-level physiological adjustments in response to stress
that may represent a promising field to develop biochemical early markers of holm oak decline. This study explored
holm oak photoprotective responses (pigments, tocopherols and photosynthetic performance) in 144 mature holm oak
trees with different health statuses (i.e., crown defoliation percentages) from healthy to first-stage declining individuals.
Our results indicate differential photochemical performance and photoprotective compounds concentration depending
on the trees’ health status. Declining trees showed higher energy dissipation yield, lower photochemical efficiency and
enhanced photoprotective compounds. In the case of total violaxanthin cycle pigments (VAZ) and tocopherols, shifts in
leaf contents were significant at very early stages of crown defoliation, even before visual symptoms of decline were
evident, supporting the value of these biochemical compounds as early stress markers. Linear mixed-effects models
results showed an acute response, both in the photosynthesis performance index and in the concentration of foliar
tocopherols, during the onset of tree decline, whereas VAZ showed a more gradual response along the defoliation
gradient of the crown. These results collectively demonstrate that once a certain threshold of leaf physiological damage
is surpassed, that leaf cannot counteract oxidative stress and progressive loss of leaves occurs. Therefore, the use of
both photosynthesis performance indexes and the leaf tocopherols concentration as early diagnostic tools might predict
declining trends, facilitating the implementation of preventive measures to counteract crown defoliation.
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Introduction
An increasing number of reports highlight that climate-change-
induced tree decline and mortality events represent a worldwide
phenomenon of global importance (Allen et al. 2010, Hartmann
et al. 2018). Potential consequences of tree decline and sub-
sequent mortality on ecosystem functioning (Curiel Yuste et al.
2019, Rodríguez et al. 2019, García-Angulo et al. 2020), land–
atmosphere interactions (Anderegg et al. 2013, Bonan 2016)
and ecosystem services (Breshears et al. 2011, Xiong et al.
2011) are large and difficult to disentangle. Therefore, it is of
utmost importance to identify the early events and physiological
causes of tree decline, aiming to improve and develop predictive
tools for early diagnosis.

The Mediterranean basin, a biodiversity hotspot of global
conservation priority (Bellard et al. 2014, Matesanz and Val-
ladares 2014), is one of the regions of the world where
the number of climate-change-induced tree decline and mor-
tality events has increased the most during the last decades
(Carnicer et al. 2011, Martínez-Vilalta et al. 2012, Natalini
et al. 2016, Gazol et al. 2020). Within the Mediterranean
region, the dehesas (Spain) or montados (Portugal), which are
human-shaped savannah-like ecosystems, are among the most
threatened ecosystems (Pulido et al. 2001, Herguido-Sevillano
et al. 2017). The causes that underlie the phenomenon of tree
decline are complex, varying from purely climatic ones (Natalini
et al. 2016, Hereş et al. 2018, García-Angulo et al. 2020)
to the occurrence of soil-borne pathogen outbreaks, mainly of
Phytophthora spp. (Brasier 1996, Solla et al. 2009, Martín-Gar-
cía et al. 2015). However, in most cases, the interactions of
different factors explain better the declining trend than a single
stressor (Thomas 2008, de Sampaio e Paiva Camilo-Alves et al.
2013, Gómez et al. 2019)

The dominant tree species in dehesas ecosystems are ever-
green broadleaf species from the Quercus genus, especially
the holm oak (Quercus ilex L. subsp. ballota (Desf.) Samp.)
and the cork oak (Quercus suber L.) (Pulido et al. 2001,
Moreno and Pulido 2009). Holm oak is a tree species that
is well-adapted to the harsh conditions of the Mediterranean
continental climate, and it thrives well in hot and dry summers
and cold winters (Canadell et al. 1992, Ramírez-Valiente et al.
2020). During the last decades, holm oak has started to show
a worrisome symptomatic declining trend (i.e., root rot, carbon
starvation, hydraulic failure, leaves wilting, stem mortality, defo-
liation reduced carbon gain potential) followed by high mortality
rates (Pollastrini et al. 2019, Ogaya et al. 2020). The oomycete
Phytophthora cinnamomi Rands has been considered as the main
factor responsible for the loss of its vigour, decline and mortality
in Southern Europe (Brasier 1996, Sánchez et al. 2002) and
especially in the western part of the Iberian Peninsula. Pathogen-
induced symptoms resemble those of drought (de Sampaio e
Paiva Camilo-Alves et al. 2013) and occur primarily due to a
loss of fine roots and ectomycorrhizal root tips (Corcobado

et al. 2014). The immediate consequence is a loss in tree water
uptake ability (hydraulic failure) in combination with a reduction
in non-structural carbohydrates that lead to carbon starvation
(Ogaya et al. 2020), which results in a rapid wilting of leaves of
one part of the canopy and/or in a gradual loss of foliage (crown
defoliation), followed by tree death after one or two growing
seasons (Brasier 1996, Gallego et al. 1999, Corcobado et al.
2013). Besides, Q. ilex species showed higher stem mortality
than other Mediterranean species (Ogaya et al. 2020), which
leads to ecosystem composition alteration. Therefore, crown
defoliation in holm oaks, which is the consequence of the
physiological loss of tree vigour, is generally attributed to the
activity of this soil-borne pathogen (i.e., Phytophthora spp.),
drought stress or, more realistically, to the interaction of both
factors (Gómez-Aparicio et al. 2012, Poyatos et al. 2013,
Esteban et al. 2014).

Before crown defoliation occurs, a set of fine-tuning biochem-
ical adjustments are triggered at leaf level (Fernández-Marín
et al. 2017), reflecting profound modifications of the photo-
synthetic apparatus (Esteban et al. 2015a). These adjustments
involve a variety of photoprotective mechanisms, mainly regu-
lated by specialized metabolites, which may include: pigment
concentration adjustments, the activation of xanthophyll cycles
(both violaxanthin, VAZ and lutein epoxide-lutein, LxL; Esteban
and García-Plazaola 2014) and the antioxidant network (Fer-
nández-Marín et al. 2017), such as the tocopherols that act as
scavengers of reactive oxygen species (Munné-Bosch 2005,
Nogués et al. 2014). Enhancement of these metabolites, trig-
gered under moderate stress, may be good predictors of plant
fitness (Fernández-Marín et al. 2017). For this reason, metabo-
lites are widely employed as early stress markers to evaluate and
predict plant physiological status (García-Plazaola and Becerril
2001, Tausz et al. 2004, Munné-Bosch and Lalueza 2007,
Esteban et al. 2009a, Fenollosa and Munné-Bosch 2018). In
the case of Quercus spp., the photosynthetic efficiency (Bussotti
2004, Holland et al. 2014) and the pigment (i.e., chlorophylls
and carotenoids; Nogués et al. 2014, Ramírez-Valiente et al.
2015) or tocopherols content (Camarero et al. 2012) have
been employed to evaluate photoprotective responses under a
wide variety of environmental conditions. However, unlike the
huge body of knowledge currently available on early markers
(Bussotti 2004, Camarero et al. 2012, Holland et al. 2014,
Nogués et al. 2014, Ramírez-Valiente et al. 2015), their use as
a crown defoliation warning indicator under Mediterranean for-
est decline scenarios has been poorly studied (García-Plazaola
and Becerril 2001).

As stated above, the functioning of the antioxidant and
photoprotection mechanisms in holm oaks have been relatively
well studied and described. This knowledge could therefore
be used to develop biochemical markers of environmental
stress in native holm oak trees, which would be of paramount
importance for the early diagnosis of tree decline. Therefore, the
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aims of the present study were (i) to identify plant performance
markers that precede crown defoliation in holm oak trees
with contrasting health status using chlorophyll a fluorescence
induction, pigments and tocopherols, and (ii) to link these plant
performance markers with tree defoliation, using a wide range
of tree defoliation rates, to identify the physiological thresholds
that may be used to predict tree decline. We hypothesized that
before holm oak defoliation occurs, leaves undergo different
physiological adjustments of their photoprotective compounds
in line with the photochemical efficiency loss determined by
an external mild perturbation. The stress markers proposed in
this study may be considered as tools of high capacity for the
diagnosis of early vigour losses at the plant and even ecosystem
level. The results from this study therefore represent a data and
theoretical baseline for the future applicability of tools able to
predict in advance potential tree mortality events that may occur
locally and even globally.

Materials and methods

Study sites

We considered eight holm oak dehesa sites, i.e., ecosystems
characterized by a low density of trees (Pulido et al. 2001),
as independent study sites. All these study sites were located
in the central–western part of the Iberian Peninsula (Figure 1),
at 430 ± 6 m above sea level. The plant community of these
sites is defined as Pyro bourgaeanae-Querceto rotundifoliae
sigmentum Rivas Mart. (Rivas-Martínez 1987). Here, scattered
holm oak trees, with a low canopy cover (10–25%), grow in
native permanent pastures dominated by annual species such as
Agrostis pourretii Wild., Xolantha guttata (L.) Raf., Plantago lago-
pus L., Vulpia myuros (L.) C.C.Gmel., Trifolium subterraneum L.,
Hordeum leporinum Link, etc. Most of these dehesas have been
traditionally used for livestock rearing and grazing, their average
livestock being estimated at 0.4 units ha−1 year−1. The pH of the
soil varies from 4 to 7.7. The climate is Mediterranean, is char-
acterized by hot and dry summers and mild winters. The mean
monthly temperatures and rainfall in January and August 2019
were 6.96 ◦C, 29.88 mm, and 25 ◦C and 10.48 mm, respec-
tively (CRU TS v.4; Harris et al. 2020, reference period 2019).

The selection of sites was performed based on a previous
study (Corcobado et al. 2013), in which a combination of
drought and P. cinnamomi were identified as the main tree
decline causes. Specifically, for the final selection, we followed
these criteria: (i) representative forests of the southwestern
part of Spain, where dehesas abound; (ii) sites with trees at
different stages of decline, from healthy to symptomatic (0 to
40% defoliation, respectively); (iii) sites were selected to define
two distinctive situations, including plots with trees prominently
healthy and plots in which healthy and affected trees coexisted;
and (iv) sites with permission to conduct research and sampling
(most of them are private properties).

Experimental design

Within each of the eight study sites (Figure 1), we identified
and considered two areas of study, as in Corcobado-Sánchez
(2013): one ‘healthy’ area, where the whole population of holm
oak trees showed no evident signs of crown defoliation; and one
‘declining’ area, where both healthy and declining (i.e., defoli-
ated) holm oak trees coexisted. From each of the healthy areas,
we selected six healthy holm oak trees (hereinafter referred to
as control trees). From each of the declining area, we selected
12 holm oak trees, as it follows: 6 healthy holm oak trees
(asymptomatic with no signs of defoliation, hereinafter referred
to as non-declining trees) and 6 holm oak trees with signs of
defoliation and evidenced in higher crown transparency than
asymptomatic trees and/or sparser foliage in small branches
(Corcobado-Sánchez 2013) (hereinafter referred to as declin-
ing trees). Accordingly, within each study site, we selected 18
holm oak trees, with the total number of holm oak trees selected
for the eight sites being 144 individuals. In each individual,
crown-condition assessment, chlorophyll a fluorescence induc-
tion, and sampling for pigments and tocopherols determinations
were performed during July 2019.

Crown assessment

In the field, we categorized individuals in healthy and declining
holm oak trees based on their crown condition, as explained
above. A posteriori, the quantitative crown condition was esti-
mated using two independent methods: crown transparency
(i.e., hereinafter referred to as crown defoliation), and relative
irradiance at the floor level (i.e., the quantity of solar radiation
below each selected holm oak tree). To estimate the crown
defoliation, we took photographs of each selected holm oak tree
(i.e., 144). These photographs were always taken south facing
at a distance of 20 m from the holm oaks’ trunks and at 1.65 m
above ground using a digital camera in automatic mode (Canon
Eos 1200D, Amstelveen, The Netherlands). Then, we developed
a metric to quantify the crown condition processing images by
estimating the total tree crown area and the defoliated areas
within the crowns (i.e., branches with no leaves). Final crown
defoliation was represented by the percentage of the total area
occupied by the defoliated branches relative to the total crown
area of the tree. This analysis was made with the Java-based
image processing program ImageJ (1.52p; Ferreira and Ras-
band 2019, http://rsbweb.nih.gov/ij/). To estimate the relative
irradiance at the floor level, we took hemispheric photographs
below each selected holm oak tree. These photographs were
always taken at a distance of 50 cm from the trunks of the
trees and 2 m above ground using a Nikon Coolpix 4500
digital camera, mounted on a tripod and equipped with a Nikon
Fisheye Converter. Photographs were then analyzed using the
Gap Light Analyser (version 2.0; Frazer et al. 1999), which
transforms the colours of the photographs into black and white
to estimate their pixels and separated into the sky or non-sky
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Figure 1. Location of the eight dehesa study sites (indicated with blue circles) within the central–western area of the Iberian Peninsula (the location
within Europe is indicated in the upper map). The sampling design included 18 holm oak individuals per each study site: six control holm oak trees
from healthy areas (marked with green points), six non-declining holm oak trees from diseased areas (marked with yellow points) and six declining
holm oak trees from diseased areas (marked with red points). Google Earth Pro 7.3.3.7786 (July 21, 2020) Spain. 39◦ 40’ 44” N , 5◦ 25’40”W,
Eye alt 419 km. Landsat/Copernicus. Google 2020. https://www.google.com/intl/es/earth/ [February 2020].

classes to determine canopy openness. Final relative irradiance
values were expressed in percentages (Esteban et al. 2007).

Chlorophyll a fluorescence induction analyses

In July 2019, from each selected healthy and declining holm oak
tree, we sampled branches with 2 to 3-year-old fully expanded
mature leaves. This was a criterion to make uniform and stan-
dardize the response, because holm oaks may retain their leaves
for up to 3 years (Montserrat-Martí et al. 2009), and photo-
synthetic capacity is strongly affected by leaf age (Niinemets
et al. 2005). We analyzed their photochemical efficiency and
chlorophyll a fluorescence induction (OJIP). Specifically, four
branches were sampled from the four cardinal directions, at
approximately 3 m height, and one fully expanded leaf from was
randomly collected. They were immediately stored in hermetic
plastic bags, where relative humidity and temperatures were
maintained constant, and kept in darkness for 6 h. This ‘artificial
predawn’ (Tausz et al. 2003, Esteban et al. 2007) allowed the
complete relaxation of the photosynthetic reaction centres and
provided comparable conditions (due to logistics, more details

in photosynthetic pigments and tocopherols analysis), a process
needed to correctly determine the minimum level of fluores-
cence (Fo). Measurements were then performed in darkness,
at room temperature (20 ◦C), using a fluorimeter (FluorPen
FP 100; Photon Systems Instruments, Drasov, Czech Republic).
This technique estimates the flow of energy through the photo-
system II (PSII), being a highly sensitive signature of the linear
electron transport flow and the photosynthetic efficiency (for
detailed reviews see Strasser et al. 2000, Stirbet and Govindjee
2011). Excitation via blue light-emitting diodes (455 nm), opti-
cally filtered to provide a light intensity of 3000 μmol photons
m−2 s−1, allow to record fluorescence transients during 2 s
at a frequency of 10 μs, 100 μs, 1 ms and 10 ms for time
intervals of 10–600 μs, 0.6–14 ms, 14–100 ms and 0.1–2 s,
respectively. The fluorescence values at 40 μs (Fo, step O, all
reaction centres of the PSII are open), 100 μs (F100), 300 μs
(F300), 2 ms (step J), 30 ms (step I) and maximal (maximum
level of fluorescence, Fm, step P, closure of all reaction centres)
were taken into consideration for further analyses. We further
calculate the chlorophyll a fluorescence induction parameters
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(energy fluctuations and yields; more details below) from Fo and
Fm and the fluorescence intensities selected at 40 μs, 100 μs,
300 μs, 2 m and 30 ms. These parameters were: (i) the relative
variable chlorophyll fluorescence derived from steps I and J
(i.e., V j and V i); (ii) specific energy fluxes per primary quinone
acceptor reducing PSII centre (i.e., ABS/RC, DIo/RC, TRo/RC,
ETo/RC). In detail, ABS refers to the photon flux absorbed by the
chlorophyll antenna pigments of the PSII. Part of this energy is
dissipated, mainly as heat (DIo). Another part of this absorbed
energy is funnelled to the Reaction Centre (RC), as trapping flux
(TRo). In the reaction centre, the excitation energy is converted
into redox energy by reducing the electron acceptor QA to QA–,
which is then reoxidized to QA, creating an electron transport
(ETo; Strasser et al. 2000, Hermans et al. 2003). (iii) Quantum
yields and efficiencies (i.e., ϕPo, �o, ϕEo, ϕDo and ϕPav).
These yields are directly related to the energetic fluctuations
obtained from the specific fluxes per RC (Strasser et al. 2000,
Hermans et al. 2003). In detail, ϕPo, the maximum quantum
yield of primary photochemistry: represents the probability that
an absorbed photon is trapped by the RC and used for primary
photochemistry (it is calculated as TRo/ABS); �o, the efficiency
with which a trapped exciton can move an electron into the elec-
tron transport chain further than QA (it is calculated as ETo/TRo).
ϕEo, the quantum yield of electron transport, represents the
probability that an absorbed photon moves an electron into the
electron transport chain (it is calculated as ETo/ABS); ϕDo is the
quantum yield for energy dissipation. (iv) Finally, we calculated
the performance index (PiAbs), which allows in vivo evaluation
of plant performance (in terms of biophysical parameters that
quantify photosynthetic energy conservation; Strasser et al.
2000). This parameter summarizes three important events: the
light trapping, the quantum efficiency of reduction of QA and the
efficiency of electron transport from quinone to the intersystem
carriers of the electron chain (Hermans et al. 2003). Thus, this
index is a useful tool to screen photosynthetic performance and
characterize plant vitality under stress conditions as is sensitive
to changes in antenna properties, light trapping efficiency and
electron transport (Strasser et al. 2000, Hermans et al. 2003).
The formulas used to calculate the above parameters plus
more detailed information are provided in Table S1 available as
Supplementary data at Tree Physiology Online.

Photosynthetic pigments and tocopherols analyses

In July 2019, from each of the 144 holm oak trees, we
also sampled branches with 2 to 3-year-old fully expanded
mature leaves, from the four cardinal directions, and at approx.
3 m height. These samples were used to quantify the pho-
tosynthetic pigments (carotenoids and chlorophylls) and the
lipophilic antioxidants (tocopherols). Due to logistics (i.e., the
eight selected dehesas were spread over a large area and
were thus sampled in different days and at different hours)

and to the fact that these compounds (i.e., pigments and
tocopherols) exhibit a high degree of environment modulation
(Esteban et al. 2015b), the sampled branches were kept at
constant temperature and in darkness for 6 h. This pre-treatment
avoided circadian effects, facilitating the comparison among
different sampling study sites and dates (Fernández-Marín et al.
2019). To obtain homogenized samples at the tree level, all
the leaves collected from each holm oak were pooled. Then,
from each leaf, we cut four discs (hereinafter referred to as
plant material for simplicity), each of them having a diameter
of 3 mm. This plant material was further stored in plastic bags
filled with silica gel (<10% RH; Esteban et al. 2009a). This
is a standardized methodology, specifically designed to collect
and preserve plant material, that will be used for biochemical
(pigment and antioxidant) analyses from remote locations where
there is no close access to liquid nitrogen or to a −80 ◦C freezer
(Esteban et al. 2009a).

Once in the laboratory (UPV/EHU laboratory, Basque Country,
Spain), we used the plant material to extract pigments and
tocopherols following the protocol described by Fernández–
Marín et al. (2018). Specifically, the extractions were made
using 95% acetone and the resulting liquid was homogenized
(Tissue Tearor model 965670) and then centrifuged at 16,100
g and 4 ◦C. Further on, the pellet was then resuspended in
pure acetone, mixed in a vortex, and centrifuged again. Both
supernatants were pooled and syringe filtered through a 0.22-
μm PTFE filter (Whatman, Maidstone, UK). The extractions
were performed under cold conditions (4 ◦C) and protecting
the samples against direct light. The final quantification of
the pigments and tocopherols was made using the ultra-rapid
uHPLC method (Lacalle et al. 2020). For this, the extracted
samples were injected into the system AcquityTM uHPLC H-Class
(Waters ®, Milford, MA, USA) using a reversed-phase column
(Acquity UPLC® HSS C18 SB, 100Å, 1.8 μm, 2.1 ×100 mm)
and a VanguardTM pre-column (Acquity UPLC HSS C18 SB, 1.8
μm). The photodiode detector (Acquity PDA uHPLC; Waters)
was then used to detect pigments, while the tocopherols were
detected by fluorescence (FLR; uHPLC Acquity, Waters). The
retention times and conversion factors for carotenoids were the
same as those described by Lacalle et al. (2020).

This study was focused on compounds that indicate the
level of photoprotection in holm oak leaves (Esteban et al.
2015a). For this reason, in figures and tables, the following
compounds are shown: the total chlorophyll pool expressed
on leaf area basis (Chl a + b, μmol m−2) and the a to b
chlorophyll ratio (Chl a/b, mol mol−1). Additionally, the rest of
the compounds were expressed on a chlorophyll basis (mmol
mol−1 Chl): lutein (L); lutein epoxide (Lx); β-carotene (β-Car);
total xanthophyll pool (VAZ = V + A + Z); total carotenoids
(t-Car = neoxanthin + V + Lx + A + L + Z + α-carotene + β-
Car); and total tocopherols (t-Toc, the sum of the tocopherols
isomers, i.e., β - γ + α).
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Statistical analyses

To analyze how the crown condition of the trees (i.e., crown
defoliation and relative irradiance) and the chlorophyll a
fluorescence induction (V i, V j, ϕPo, �o, ϕEo, ϕDo, ϕPav, PiAbs,
ABS/RC, TRo/RC, DIo/RC, EToRC), pigments (Chl a + b, Chl
a/b, VAZ, Lx, L, β-Car) and tocopherols (t-Toc), measured
on their leaves, differed between the three health statuses
(i.e., control, non-declining and declining holm oaks), we
performed linear mixed-effects models (LMEs). Prior to LMEs,
we checked the normality (Kolmogorov–Smirnoff test) and the
homoscedasticity (Levene’s test) of all response variables.
When these assumptions were not met, we logarithmically
transformed them. We performed individual LMEs for each
response variable using the ‘lme’ function from the ‘nlme’ R
package (Pinheiro et al. 2020). The fixed part of the LMEs
included one of the above-mentioned response variables and
the crown condition of the trees. ‘Sites’ were introduced as
random effects. We then performed ANOVAs of either type II
(when dealing with a balanced design; i.e., crown defoliation,
relative irradiance, pigments, and tocopherols) or type III
(when dealing with an unbalanced design; i.e., chlorophyll a
fluorescence induction parameters) using the ‘car’ R package
(Fox and Weisberg 2019). To further look for differences
between the three health statuses, we used the ‘emmeans’ R
package (Lenth 2020) using the Tukey correction. The residuals
of the models fulfilled the normality assumption. The final
coefficients of the models were estimated using the restricted
maximum likelihood method (REML).

For the radar plot, we calculated the average values of the
chlorophyll a fluorescence induction parameters for each health
status and we standardized them using the control group, for
which we used a value of 1, as a reference. We then plotted
these values using the ‘radarchart’ function from the ‘fmsb’ R
package (Nakazawa 2019). Deviations from the 1 value denote
an effect in each of the chlorophyll a fluorescence induction
parameter due to health status.

We performed Spearman correlations matrix to see how
crown defoliation and relative irradiance correlated with the
parameters more affected by environmental modulation, ϕPo,
PiAbs, Chl a + b, Chl a/b, VAZ, L, β-Car, t-Car, and t-Toc,
using the ‘rcorr’ function from the ‘Hmisc’ R package (Harrell
2019). The results of these preliminary analyses showed that
crown defoliation was the variable that best correlated with
most of the considered variables (i.e., ϕPo, PiAbs, VAZ, t-Car
and t-Toc).

Based on the above-mentioned Spearman correlation results,
we conducted LMEs considering PiAbs, VAZ and t-Toc as a
function of crown defoliation. Note that no LMEs were run
considering ϕPo since this parameter strongly covariates with
PiAbs, the latter being a more integrative parameter of the
photosynthetic performance (Strasser et al. 2000). Likewise,

the t-Car parameter was not considered either to conduct LMEs
as its relationship with crown defoliation was weak comparing
with the correlation between crown defoliation and VAZ. Prior to
analyses, we log transformed the PiAbs, VAZ and t-Toc variables
as they did not meet the normality assumption. The fixed part
of the LMEs included PiAbs, VAZ or t-Toc and crown defoliation,
while the random part of the LMEs accounted for ‘sites’. For
each response variable (i.e., PiAbs, VAZ and t-Toc), we run
three different LMEs: lineal, logarithmic and polynomial. We
did so in order to see which of these three functions better
explained the fit of the PiAbs, VAZ and t-Toc variables as a
function of crown defoliation. We selected the best models
(i.e., lineal, logarithmic or polynomial) based on the Akaike
Information Criterion (AIC) and Bayesian Information Criterion
(BIC). When we failed to choose the best models based on
either AIC or BIC (i.e., due to no significant differences), the
most parsimonious model was selected. We quantified the
fit of the final selected LMEs with a pseudo-R2 (R2

p; Naka-
gawa et al. 2017), whose values represent the coefficient of
determination based on the likelihood-ratio test (‘r.squaredLR’
function from the ‘MuMIn’ R package; Barton 2020). The
residuals of the models fulfilled the normality assumption.
The final coefficients of the models were estimated using the
REML.

Based on the results of the previous described LMEs, we
looked for break-point values that may be used to estimate
thresholds (i.e., values that mark a significant trend change;
Toms and Lesperance 2003, Vito 2008) for the fit of PiAbs,
VAZ and t-Toc as a function of crown defoliation. For this,
we run segmented regressions using the ‘segmented’ func-
tion from the ‘segmented’ R package (Vito 2008). Break
points were calculated using the ‘confint.segmented’ function
from the ‘segmented’ R package (Vito 2008). As we did
not find significant break-points for the PiAbs and VAZ vari-
ables, we only show the results corresponding to the t-Toc
variable.

Finally, we also run a Structural Equation Model (SEM) based
on the results of the PiAbs, VAZ and t-Toc LMEs. For this, we
used the ‘psem’ function (‘piecewiseSEM’ R package; Lefcheck
2016), which allowed us to introduce random effects (i.e., in
order to have a similar structure as the one used for LMEs).
We run SEM to look for all possible causal-effect relationships
between PiAbs, VAZ, t-Toc and crown defoliation. Prior to anal-
yses, we log transformed the PiAbs, VAZ and t-Toc variables as
they did not meet the normality assumption. We checked the
goodness of fit of the SEM based on Fisher’s C statistic, which
follows a chi-squared distribution and tests if the model fits the
data (P-value >0.05) or not (P < 0.05).

All statistical analyses were performed in R (v. 4.0.0, 2020,
R Development Core Team 2020). Statistical relationships were
considered significant at P < 0.05.
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Results

Defining crown defoliation and relative irradiance
to the categorized trees

Crown defoliation was found to be significantly higher for
declining trees than for non-declining and control trees (P <

0.05) (Figure 2A). As for the relative irradiance, this variable
varied significantly between all health status groups (P < 0.05),
the declining trees having again the highest values, while the
control trees showing the lowest values (Figure 2B). According
to these results, the control holm oaks were the least affected
by leaf loss (i.e., crown defoliation estimated to vary around
4.3 ± 0.5%; relative irradiance estimated to vary around 24.0
± 1.0%), while the declining trees were the most affected by
leaf loss (i.e., crown defoliation estimated to vary around 18.8
± 1.7%; relative irradiance estimated to vary around 35.6 ±
1.5%).

Comparing chlorophyll a fluorescence induction response
between health status

Declining holm oak trees differed significantly from the control
holm oak trees in (i) the specific energy flux related with
the energy dissipation (DIo/RC), (ii) in the following quantum
yields: ϕPo, ϕEo and ϕDo and (iii) in the PiAbs (i.e., chlorophyll
a fluorescence induction parameters; Figure 3, Table 1). No
such significant differences were found between control trees
and non-declining trees, or between non-declining trees and
declining trees (Figure 3, Table 1). No significant differences
were found between the control, non-declining and declining
holm oak trees regarding the rest of the chlorophyll a fluo-
rescence induction parameters (Figure 3, Table 1). Overall, this
indicates that the most affected processes affected in declining
trees were the excitation energy dissipation (DIo/RC and ϕDo),
the maximum quantum yield of primary photochemistry (ϕPo),
the probability that an absorbed photon moves an electron
into the electron transport chain (ϕEo) and the integrative
parameter PiAbs that indicates that declining trees showed lower
energy conservation from photons absorbed to the reduction of
intersystem electron acceptors.

Pigments and tocopherols responses as a function
of health status

The content of chlorophylls, carotenoids and tocopherols were
analyzed in the three health status categories (Table 1). Declin-
ing trees showed a lower total chlorophyll content than the
control trees, while the non-declining trees showed intermediate
values for this variable. The decrease in the total chlorophyll
content registered by the declining trees was not reflected by
the changes in the antenna size, since no significant differences
regarding the Chl a/b were found between the health statuses.
As regarding the xanthophylls implicated in the LxL cycle (Lx
and L), declining trees showed a significantly higher content

of L and a significantly lower content of Lx than control trees.
However, the overall Lx + L pool did not differ significantly
between health statuses (data not shown). The content of total
xanthophylls from the VAZ cycle differed significantly between
the trees from the diseased areas (i.e., declining and non-
declining) and the trees from the healthy areas (i.e., control),
with lower values in the latter group. The content of t-Toc was
significantly higher for the trees from the diseased areas (i.e.,
declining and non-declining) than for the trees from the healthy
areas (i.e., control).

The performance index, total xanthophylls and tocopherols
as a function of crown defoliation

Crown defoliation showed a more significant relationship
with the chlorophyll a fluorescence induction parameters, the
pigments and the tocopherols than the relative irradiance
(Figure 4). In detail, crown defoliation was negatively correlated
with ϕPo (r = −0.18; P < 0.05) and PiAbs (r = −0.17; P <

0.05) and positively correlated with relative irradiance (r =
0.22; P < 0.01), t-Car (r = 0.24; P < 0.01), total VAZ (r =
0.31; P < 0.001) and t-Toc (r = 0.35; P < 0.001) (Figure 4).
As for the relative irradiance, it was only positively correlated
with PiAbs (r = 0.24; P < 0.05) (Figure 4). Furthermore,
negative correlations were also found between PiAbs and VAZ (r
= −0.24; P < 0.05), and between PiAbs and t-Toc (r = −0.19;
P < 0.005).

The results of the LMEs (i.e., where PiAbs, VAZ and t-Toc
were modelled as a function of crown defoliation based on
the Spearman correlations’ results) showed that the model that
best fitted the response of PiAbs to crown defoliation, was the
logarithmic model (Figure 5A, Table 2). Specifically, we found
higher PiAbs values for the holm oaks that showed a lower
than 10% crown defoliation (i.e., mainly control trees) than
for the holm oaks that showed a higher than 10% crown
defoliation (i.e., mainly declining trees) (Figure 5A). The model
that best fitted the response of VAZ (expressed on chlorophyll
bases) to crown defoliation, was the linear one. Accordingly, VAZ
increased gradually along with crown defoliation (Figure 5B,
Table 2). In the case of the t-Toc variable (Figure 5C, Table 2),
the model that best fitted its response to crown defoliation was
the polynomial model. Furthermore, the predicted values of the
segmented regression model (Figure 5C, blue line) indicated
that t-Toc increased at the first defoliation phases (<8.9%
crown defoliation). At this crown defoliation stage, t-Toc reached
its maximum value (i.e., 344.4 mmol mol−1 Chl). Accordingly, we
established this value as a threshold.

According to the results of the SEM (Figure 6), the decrease
of PiAbs would affect the increase in VAZ and t-Toc levels due to
the negative effect of PiAbs on the photoprotective compounds.
The antioxidant t-Toc had a positive effect on defoliation. Simul-
taneously, VAZ increased t-Toc. Eventually, these three variables
(PiAbs, VAZ and t-Toc) were predictive of crown defoliation.
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Figure 2. Boxplots showing crown defoliation (%; A) and relative irradiance (%; B) for each health status: control holm oak trees from healthy areas,
non-declining holm oak trees from diseased areas, and declining holm oak trees from diseased areas. Each box represents 50% of data (n = 48 trees
per each health status) distribution between the first and the third quartile; the central line represents the median; the upper and below whiskers cover
the 1.5 interquartile range; empty circles represent outliers. Different letters indicate significant differences (P < 0.05) among control, non-declining
and declining holm oak trees based on a Tukey multiple pairwise comparisons test.

Discussion

Early crown defoliation biochemical markers

Drought and pathogen infection elicit a cascade of physiological
mechanisms, beginning with the oxidative stress-related sig-
nalling followed by an acclimation process or modification of a
plant phenotype (decreasing the number of leaves; Ogaya and
Peñuelas 2006), finally ending in crown defoliation and plant

death (Vranova et al. 2002, Baier and Dietz 2005, Niinemets
2010). Crown defoliation represents just a snapshot of a decline
process (de Sampaio e Paiva Camilo-Alves et al. 2013). When
P. cinnamomi infects non-declining holm oak, trees decline rela-
tively fast (i.e., in a few years; de Sampaio e Paiva Camilo-Alves
et al. 2013), not only because this species is highly susceptible
to the oomycete, but also because root rot and drought damage
may act in a synergistic way. This study showed that holm oak
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Figure 3. (A) Simplified representation of the model of energy transfer from solar light to photosynthetic electron transport in the photosynthetic
apparatus (adapted from Strasser et al. 2000, Hermans et al. 2003) for control and declining trees. ABS refers to the flux of photons absorbed
by the antenna complex. Part of this excitation energy is dissipated, mainly as heat (DIo), and another part is canalized as trapping flux (TRo) to
the reaction centre (RC) and converted to redox energy and creating an electron transport (ETo). The size of the triangles and arrows are directly
proportional to the change. We only depicted significant changes based on Table 1. (B) Radar plot depicting the main chlorophyll a fluorescence
induction parameters derived from the OJIP test (n = 41−47): control holm oak trees from healthy areas (marked in green), non-declining holm oak
trees from diseased areas (marked in yellow) and declining holm oak trees from diseased areas (marked in red). Where (i) relative variable chlorophyll
fluorescence as V j and V i; (ii) specific energy fluxes per primary quinone acceptor reducing PSII centres as ABS/RC, TRo/RC, ETo/RC and DIo/RC,
(iii) quantum yields as ϕPo, �o, ϕEo, ϕDo and ϕPav; and (iv) potential performance index for energy conservation (PiAbs). Note that standard error is
not shown on the figure for clarity, but the coefficient of data variation was <0.7 in all cases. For further details on how the radar plot was built, refer
to the section Materials and methods (cf. Statistical analyses). Definitions and formulae for all variables are given in the Materials and methods, and
Table S1 available as Supplementary data at Tree Physiology Online.

vigour losses resulting from the stress caused by drought and/or
P. cinnamomi root rot damage was associated with chlorophyll
a fluorescence induction parameters (i.e., higher energy dissi-
pation yield, ϕDo, DIo/RC; lower photochemical efficiency, ϕPo

and lower electron transport yield, ϕEo; Figure 3, Table 1). This
specific regulation of the photosynthetic apparatus function is
in line with the specific adjustments showed by leaf-associated
photoprotection compounds (i.e., Chl a + b, VAZ, Lx, L, t-
Toc; Table 1). Similar upregulations in lipophilic photoprotec-
tive defences, such as the xanthophyll pool pigments (VAZ
and LxL) (Hormaetxe et al. 2007, Peguero-Pina et al. 2008,
Esteban et al. 2015a) and the tocopherols (Munné-Bosch and
Alegre 2000, Hormaetxe et al. 2007, García-Plazaola et al.
2008, Fernández-Marín et al. 2017), have been previously
reported for Mediterranean evergreen species. Our results thus
reinforce the idea that such reactions at the leaf level are
common acclimation responses to the harsh summer cocktail
of unfavourable conditions that characterize the Mediterranean
regions by thylakoid stabilization (Havaux et al. 2005), energy
dissipation (indicated by ϕDo) by the operation of VAZ and LxL
cycles (Demmig-Adams et al. 1999, Li et al. 2009, Esteban

et al. 2015a) and/or antioxidant activity (Havaux et al. 2005,
Dall’osto et al. 2006, Havaux and García-Plazaola 2014).

A stress marker may be any variable that correlates with plant
stress (Fenollosa and Munné-Bosch 2018). Accordingly, any of
the biochemical compounds implicated in the holm oak leaf-
level reactions explained above fit within the definition of stress
markers, which could indicate deeper damages in the plant
physiological performance that may lead to irreversible defo-
liation processes and ultimately to the death of the individual.
According to our results, the parameters that correlated well with
crown defoliation could be considered as markers (i.e., mainly
VAZ and t-Toc) of early decline since their response, triggered
by drought stress, preceded crown defoliation. In this sense, the
visually non-declining holm oaks from the diseased areas may
give us important clues regarding tolerance strategies and may
further serve to define early stress biomarkers. In this regard, at
the early stages of tree vigour losses, when rates of defoliation
are low (≈10%; Figure 2), we found significant differences in
the VAZ and t-Toc pools (expressed on a chlorophyll basis;
Table 1) between the holm oak trees from the diseased areas
(with no differences between declining and non-declining trees)
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Table 1. Physiological variables for each health status: control holm oak trees from healthy areas, non-declining holm oak trees from diseased areas
and declining holm oak trees from diseased areas: (i) chlorophyll a fluorescence induction parameters derived from the OJIP test (n = 42–47 ± SE):
relative variable chlorophyll fluorescence (V j and V i); quantum yields (ϕPo, �o, ϕEo and ϕDo, and ϕPav); specific energy fluxes per primary quinone
acceptor reducing PSII centres (ABS/RC, TRo/RC, ETo/RC and DIo/RC); potential performance index for energy conservation (PiAbs); (ii) pigments
and tocopherols (n = 48 ± SE): total chlorophyll pool (Chl a + b, μmol m−2), a to b chlorophyll ratio (Chl a/b, mol mol−1), lutein epoxide (Lx,
mmol mol−1 Chl), β-carotene (β-Car, mmol mol−1 Chl), total xanthophyll cycle pool (VAZ, mmol mol−1 Chl), and total tocopherols (t-Toc, mmol
mol−1 Chl). Asterisks (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001) represent statistically significant differences according to the LMEs results. Different
letters indicate significant differences (P < 0.05) between the three health status based on the post hoc estimated marginal means test using the
Tukey correction.

Health status P-value

Variables Control Non-declining Declining

Chlorophyll a fluorescence induction parameters
V i 0.76±0.01 0.76±0.01 0.77±0.01 0.869
V j 0.63±0.01 0.65±0.01 0.66±0.01 0.113
ABS/RC 1.43±0.03 1.40±0.06 1.55±0.05 0.089
TRo/RC 0.98±0.02 0.99±0.02 1.02±0.02 0.304
DIo/RC 0.45±0.02a 0.5±0.04ab 0.53±0.03b 0.032∗

ETo/RC 0.36±0.01 0.34±0.01 0.34±0.01 0.453
ϕPo 0.69±0.01a 0.68±0.01ab 0.67±0.01b 0.048∗

�o 0.37±0.01 0.35±0.01 0.34±0.01 0.113
ϕEo 0.25±0.01a 0.24±0.01ab 0.23±0.01b 0.038∗

ϕPav 958.54±1.65 957.22±1.6 958.36±1.59 0.663
ϕDo 0.31±0.01a 0.32±0.01ab 0.33±0.01b 0.021∗

PiAbs 1.08±0.11a 0.91±0.09ab 0.78±0.07b 0.023∗

Pigments and tocopherols
Chl a + b 692.28±28.35a 626.89±19.29ab 604.21±23.43b 0.005∗∗

Chl a/b 2.52±0.03 2.5±0.03 2.46±0.04 0.190
VAZ 25.33±1.18a 29.1±1.41b 32.22±1.94b < 0.001∗∗∗

Lx 1.57±0.22a 0.81±0.11b 0.74±0.10b < 0.001∗∗∗

L 132.89±2.23a 137.47±1.54ab 139.06±2.13b 0.035∗

β-Car 89.46±1.79 92.47±1.8 94.44±1.93 0.073
t-Car 292.85±4.31a 304.18±3.09b 310.73±4.11b < 0.001∗∗∗

t-Toc 185.74±15.8a 298.41±22.16b 357.25±24.67b < 0.001∗∗∗

∗Definitions and formulae for chlorophyll a fluorescence induction parameters are shown in the Materials and methods section and in Table S1
available as Supplementary data at Tree Physiology Online.

Table 2. Results of the LMEs (i.e., the ANOVA table) in which PiAbs, VAZ and t-Toc were fitted as a function of crown defoliation. Asterisks (∗P < 0.05;
∗∗∗P < 0.001) indicate statistically significant relationships. R2

p values represent the coefficient of determination based on the likelihood-ratio test
(more details on the calculation in the Materials and methods section) (degrees of freedom, Df; standard error, SE; potential performance index for
energy conservation, PiAbs; total xanthophyll cycle pool, VAZ; total tocopherols, t-Toc).

Fixed effects Df (numerator) Df (denominator) Estimate SE F P-value R2
p

PiAbs as function of defoliation
Intercept
Log (defoliation)

1
1

121
121

−0.112
−0.077

0.122
0.038

5.51
3.98

0.025∗
0.048∗

0.168

VAZ as function of defoliation
Intercept
Defoliation

1
1

135
135

3.225
0.007

0.094
0.002

1277.25
12.72

<0.001∗∗∗

<0.001∗∗∗

0.439

t-Toc as function of defoliation
Intercept
Defoliation√Defoliation

1
1
1

134
134
134

4.659
−0.052

0.464

0.209
0.018
0.126

2909.13
4.47
13.56

<0.001∗∗∗

0.036∗
<0.001∗∗∗

0.206

and the holm oak trees from the healthy areas (i.e., control
trees). These findings suggest that the compounds induced
in the leaves of the non-declining trees (i.e., both VAZ and t-

Toc) could be assessed as early indicators of defoliation as
they appear before the characteristic tipping points of crown
defoliation that define the onset of holm oak decline and death.
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Figure 4. Spearman’s rank correlation matrix plot showing the relationship between: (i) crown assessment variables (defoliation (%) and relative
irradiance (%)); (ii) chlorophyll a fluorescence induction parameters derived from the OJIP test (photochemical efficiency (ϕPo) and potential
performance index for energy conservation (PiAbs); (iii) pigments (total chlorophyll pool (Chl a + b, μmol m−2), a to b chlorophyll ratio (Chl
a/b, mol mol−1), lutein (L, mmol mol−1 Chl), β-carotene (β-Car, mmol mol−1 Chl), total xanthophyll pool (VAZ, mmol mol−1 Chl), total carotenoid
pool (t-Car, mmol mol−1 Chl); and (iv) total tocopherols (t-Toc, mmol mol−1 Chl). Negative and positive correlations are indicated in red and
blue, respectively. The strength of the correlation is indicated by dot size and colour saturation. Note that only significant correlations are shown
(P < 0.05).

The physiological threshold to predict plant performance

As both t-Toc and VAZ pigments are subjected to environmental
modulation, we found a positive correlation between them
(Figure 4), suggesting that both act synergistically to prevent
damages at the leaf-level caused by stress factors. Changes of
both pools of photoprotective compounds, under environmental
stress, seem to usually display a highly synchronized mode
(Garcia-Plazaola et al. 2004, Munné-Bosch 2005, Havaux and
García-Plazaola 2014). This synchrony indicates a synergistic
and complementary function as controllers of membrane flu-
idity and photoprotection (Havaux et al. 2005, Esteban et al.
2009b). However, when modelling t-Toc and VAZ as a function
of crown defoliation, we found a continuous rise of VAZ content
and a non-linear saturated curve for t-Toc (Figure 5). These
reactions respond to their differential role in the biochemi-
cal adjustments that the photosynthetic apparatus undergoes
(Anderson et al. 2008, Esteban et al. 2015a). Explicitly, in
the case of the xanthophylls (VAZ pigments), and considering
the PSII antenna proteins constricted composition, the linear
fit as a function of crown defoliation (Figure 5B) supports the
presence of a free pool of VAZ xanthophylls in the thylakoid

membranes (Havaux and García-Plazaola 2014, Esteban et al.
2015a) and/or indicates that this extra pool of VAZ pigments is
bound to stress proteins such as early light-induced proteins that

are upregulated in response to unfavourable conditions (Alamillo
and Bartels 2001, Zarter et al. 2006). Conversely, at the onset
of the crown defoliation process, a quick rise in t-Toc occurred,
reaching its maximum threshold level when declining symptoms
(crown defoliation) were already evident (8.9% defoliation)
and descending afterword along with the increase of crown
defoliation. Most of this newly formed t-Toc pool is probably
sequestered in plastoglobules (Vidi et al. 2006), dynamically

exchanging with the thylakoid t-Toc pool. This ‘A-shaped’ curve
resulted from an initial activation phase to counteract the

damage, followed by a decreasing second phase when the
oxidative stress was too severe and t-Toc degradation exceeded

the rate of recycling and synthesis de novo (Munné-Bosch
2005, Havaux and García-Plazaola 2014). Similar trends of

tocopherols have been reported in previous studies (Juvany et al.
2012, 2013). Stress-tolerant plants only exhibit the initial t-Toc
phase, similar to that observed for our control holm oak trees
(Figure 5C, green circles). Stress-sensitive plants instead exhibit
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Figure 5. LME results showing PiAbs (i.e., potential performance index for
energy conservation; A), VAZ (total xanthophyll pool expressed on total
chlorophyll, mmol mol−1 Chl; B) and t-Toc (total tocopherols expressed
on total chlorophyll, mmol mol−1 Chl; C) fits as a function of crown
defoliation. Solid black lines represent fitted data, while dotted upper
and lower lines represent the 95% confidence interval. In the case of t-
Toc (C), the ‘A-shaped’ segmented regression is also represented with a
blue bold line, on which the highest point represents the break point. This
break point value depicts the maximum level reached by t-Toc (i.e., its
threshold value) and its trend change along with crown defoliation (see
Table 2 for statistics parameters). Empty circles in each plot represent
the different health status: control holm oak trees from healthy areas
(marked in green), non-declining holm oak trees from diseased areas
(marked in yellow) and declining holm oak trees from diseased areas
(marked in red). For each variable, we show the R2

p; measuring the
fraction of variation explained by the model (Nakagawa et al. 2017).

Figure 6. SEM results. Path diagram representing hypothesized causal-
effect relationships between crown defoliation, photoprotective com-
pounds (i.e., total xanthophyll pool, VAZ, mmol mol−1 Chl; and total
tocopherols, t-Toc, mmol mol−1 Chl) and potential performance index for
energy conservation (i.e., PiAbs, formula available in Table S1 available
as Supplementary data at Tree Physiology Online). Note that all vari-
ables were logarithmically transformed prior to analyses. Causal-effect
relationships are indicated by arrows as follows: positive and negative
effects are indicated by solid and dashed lines, respectively, and the
line thickness represents the weakness or strength of the relationship.
Numbers indicate the standardized estimated regression weights. All the
relationships represented are significant. Asterisks represent statistically
significant differences (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001).

the decreasing collapse phase (Munné-Bosch 2005), similar to
the observed in the declining holm oak trees included in our
study (Figure 5C, red circles). This indicates that a senescence
non-reversible process (probably related to signalling role and
remobilization phase) may be occurring in declining holm oak
trees. Hence, our segmented regression model, which linked
early markers with a tree health status gradient (based on crown
defoliation; Figure 5C), provided us with the opportunity to find
a threshold t-Toc value (i.e., 344.4 mmol mol−1 Chl) that marks
the onset of the non-reversible declining phase.

The mechanistic model

We propose a mechanistic process that may predict crown
defoliation based on the causal-effect relationships that we
found between PiAbs and the photoprotective compounds (VAZ
and t-Toc), especially at the early stages of tree defoliation
(Figure 6). Specifically, at low crown defoliation levels (<10%),
we observed a down-regulation of the photochemical efficiency
(ϕPo≈ 0.7) associated with defoliation, since in declining trees,
ϕPo and PiAbs were significantly lower than in the control
holm oak trees from the healthy areas. Down-regulation of the
photochemical efficiency could be associated with a decrease in
carbon assimilation (Gratani and Bombelli 2000) as, during the
summertime, the diffusion of CO2 from the atmosphere to the

Tree Physiology Online at http://www.treephys.oxfordjournals.org

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/article/42/2/208/6145905 by guest on 13 June 2023



220 Encinas-Valero et al.

carboxylation sites in leaves may experience greater resistance
due to stomata closure (Nogués et al. 2014). However, the
lower values of photosynthetic efficiency found for the declining
trees (ϕPo < 0.68) could be explained by a lower electron
transport rate (Strasser et al. 2000, indicated by the param-
eter ϕEo) possibly leading to the activation of photoprotective
responses (Bussotti et al. 2011) triggered by the increase in
leaf concentration of LxL, VAZ and t-Toc (Table 1, Figure 5).

The question that now arises is whether the reactions of these
compounds (VAZ and t-Toc) are induced at the onset of the
tree decline process (‘damage response’) or are a part of the
photoacclimation process (‘tolerance response’) in response to
water stress. Based on our results (i.e., Figures 4 and 6) these
reactions may be interpreted more as a photoacclimation pro-
cess (‘tolerance response’) rather than as a ‘damage response’
(García-Plazaola et al. 2008). This photoacclimation process
agrees with literature that reports holm oak photoprotective
responses to drought stress (Canadell et al. 1992), which
seems to be part of a conservative resource-use strategy of this
species (i.e., low responsiveness to changes in environmental
conditions and scarce use of available resources). Similar pat-
terns have been found for other evergreen woody species and
seem to allow them to adapt and tolerate the harsh Mediter-
ranean conditions and avoid the use of deficient resources
once conditions reach stressful levels (Valladares et al. 2000).
Moreover, photoprotective responses acquired during stressful
conditions may confer them more tolerance and resistance to
face subsequent stressful factors and conditions not only at
the tree-level but also at within-population level (Matesanz and
Valladares 2014). Nevertheless, based on our results, we may
also take into consideration the presence of a photooxida-
tive damage in trees at advanced defoliation stages (‘damage
response’) where the t-Toc trend dropped down (Munné-Bosch
2005). This decrease may be attributed to the deficiency
of t-Toc recycling by ascorbate due to the possible lack of
carbohydrates for its synthesis (Tausz et al. 2004, García-Plaza-
ola et al. 2008). As biochemical and diffusion limitations of
photosynthesis-related with leaf age have been described for
Q. ilex (Niinemets et al. 2005), the declining process observed
in this study could be related to age-associated increased
biochemical limitation (Niinemets et al. 2005). Overall, the
reduction of leaf longevity, simulating premature aging, would
imply a decreasing number of leaves (Ogaya and Peñuelas
2006) and shifts in branching and shoot length (as has been
described for conifers; Niinemets and Lukjanova 2003), causing
shorter current-year shoots (Ogaya and Peñuelas 2006) that
may counteract for the overall canopy depletion in declining
holm oaks. Overall, further research will be needed to confirm
to what extent the observed leaf-level physiological adjustments
preceding defoliation could be a consequence of damage or of
acclimation and tolerance. Disentangling shoot bifurcation rates
(Niinemets and Lukjanova 2003) and canopy dynamics could

provide insights into the defoliation process at the whole-plant
level. Hence, controlled experiments in which trees’ health status
and their physiological responses to drought are monitored over
time are thus needed to address these complex questions.

Final remarks and conclusions

Early photoprotective responses to stress, reflected in the vari-
ations of the photoprotective compounds (mainly VAZ and t-
Toc), represent a conservative resource-use strategy that allows
holm oak to survive in the harsh Mediterranean conditions.
These responses preceded crown defoliation, the most radical
response to stress and a tipping point of no recovery for holm
oak. We identified early markers of stress that may be used
as a useful diagnostic tool given that drought and pathogen
incidence are expected to enhance holm oak decline (Brasier
1996, Resco De Dios et al. 2007, Lindner et al. 2010, Natalini
et al. 2016). Accordingly, the results presented in this study may
provide basic knowledge to elaborate preventive measures and
adaptive strategies (Pollastrini et al. 2016) intended to prevent
both the appearance and the propagation of declining foci in the
dehesa ecosystems. The early stress markers implemented here
could be more easily estimated by remote sensing techniques
(i.e., hyperspectral and thermal images), currently used to diag-
nose the health status of trees at a landscape level (Gamon et al.
2016, Zarco-Tejada et al. 2018, Ensminger 2020). Indeed,
the Earth Explorer Fluorescence Explorer mission that will map
fluorescence vegetation (our site 1 will be included) will greatly
expand the potential of these early markers in the near future
to track forest decline incidence (Hernández-Clemente et al.
2019) and to facilitate the adoption of preventive measures
that may counterbalance the effects of drought and pathogens
on trees.
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