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Abstract Summer 2003 was extremely hot in Europe.
High light in combination with heat and drought exacer-
bates the generation of photo-oxidative stress. Under these
conditions photoprotective responses can be critical for
plant survival. Photoprotection was analysed in 2003 in
several Mediterranean and Atlantic woody species. These
data were compared with previous summers (1998, 1999
and 2001) to evaluate the potential acclimation for each
species. A pattern of changes consisting on a decrease in
chlorophyll, ascorbate and Fv/Fm and an increase in
tocopherol, xanthophyll cycle pigments (VAZ) and de-
epoxidation index was regularly observed. Acclimation
potential was measured by the use of the plasticity index
for each parameter. Mediterranean species were more
plastic than Atlantic ones. The latter were unable to
increase antioxidant pools to the same extent or to down-
regulate the efficiency of light energy conversion. These
results indicate that most Mediterranean species are able to
perform an efficient acclimation to heat stress, whilst
Atlantic species will be more affected by climate warming.
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Introduction

Summer 2003 was the hottest in central and western
Europe in the last 180 years, and probably at least since the
1500 AC (Luterbarcher et al. 2004) with temperatures up to
6°C above long-term means and annual precipitation 50%
below average (Stott et al. 2004). Current climatic models
suggest that this episode was almost certainly a result of
climatic changes that are being observed in the last dec-
ades, and the occurrence of such heat-waves is expected to
increase in the next future as a consequence of an increase
in temperature variability (IPCC 2007; Schir et al. 2004).
The influence of such temperature oscillations in ecosys-
tems cannot be predicted only in the basis of mean
temperatures, since the impact of such unusual, but recur-
rent, extreme heat episodes can be more critical for plant
survival. Furthermore, leaf overheating caused by the lack
of evaporative cooling under water stress (as occurred in
2003) can exacerbate leaf damage at temperatures far
below lethal values.

Several long-term field studies on plant ecophysiology
that were in course during that summer in several locations
of Europe, took advantage of these unexpected weather
conditions to study the plants responses to climatic
alterations. Thus, these studies, partly summarised in
Rennenberg et al. (2006), have shown the alteration of
several physiological processes during the heat-wave:
water relations in trees and forest stands (Bréda et al. 20006),
nitrogen balance (Nahm et al. 2006a); pollen production
(Gehrig 2006); photoprotection mechanisms (Hormaetxe
et al. 2007) or natural regeneration (Czajkowski et al.
2005). Interactive effects with other factors such as ozone
exposition (Low et al. 2006); insect pests (Rouault et et al
2006) or drought stress and CO, (Leuzinger et al. 2005)
were also studied during the 2003 heat wave. As a
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consequence of such adverse effects, a global reduction in
forest primary production occurred that year (Ciais et al.
2005). In a longer term, the physiological effects of the
progressive warming and recurrent heat waves may lead to
a progressive decline in growth and an accelerated rate of
mortality and/or pathogen infections in some tree species
(Bréda et al. 2006; Desprez-Loustou et al. 2006; Jump et al.
2006; Rebetez et al. 2006).

At cellular level, supraoptimal non-lethal temperatures
are potentially damaging because of the temperature
dependence of the activation and oxigenase activity of
Rubisco, which implies a reduction in photosynthesis.
Exposure to leaf temperatures above 42°C causes direct
damage to photosynthetic apparatus (Ludlow and Bjork-
man 1984) because it increases thylakoid fluidity and
protein denaturation leading to the damage of PSII (Berry
and Bjorkman 1980). This process can be exacerbated by
drought due to the reduced evaporative cooling, which
leads to a leaf temperature several degrees higher than air
temperature, exacerbating photoinhibitory damage (Lar-
cher 2000). These conditions may cause the overproduction
of reactive oxygen species (ROS), even at non-lethal
temperatures (Rennenberg et al. 2006). As a consequence,
the combination of light, drought and heat generates photo-
oxidative stress, provoking the induction of photoprotec-
tion mechanisms (Badiani et al. 1997; Paolacci et al. 1997).
Photoprotection mechanisms are able to counteract the
increased ROS production being one of the critical keys for
plant acclimation and survival. These mechanisms are
composed by a set of strategies, reviewed by Demming-
Adams et al. (1999), Mittler (2002), Miiller et al. (2001),
Niyogi (2000), that basically avoid ROS generation (by
reducing light absorption or increasing energy dissipation)
or directly detoxify ROS (by enzymatic and non-enzymatic
antioxidants). Heat also affects negatively enzymatic
defences leading to the compensation of the reduction in
antioxidative enzymatic activity by an increased pool of
free antioxidants (Rennenberg et al. 2000).

In the present paper, we expanded data collected during
the summer 2003 heat wave by describing changes in
photoprotective compounds observed during that period in
several Mediterranean (evergreen and deciduous) and
Atlantic (deciduous) tree species growing in the field in the
Basque Country. Since this European region lies between
the Atlantic and Mediterranean bioclimatic regions, and it
is supposed that edge areas will suffer more dramatic
effects of climate changes, it represents an excellent site for
the comparative study of species belonging to both climatic
conditions. The study of trees physiological responses to
changes in environmental conditions is specially important
because adult trees may survive for decades after climate
has become unsuitable for their physiological require-
ments, and on the other hand, trees are more vulnerable to
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rapid climatic changes, that do not allow the evolution of
adaptive mechanisms or geographical range changes. The
conclusions of these studies are essential for forest policy
and management future decision (Czajkowski et al. 2005;
GeBler et al. 2007)

Methods
Sampling strategies and species

Samples were taken from tree leaves in three different sites
in which the summer composition of photoprotective
molecules had previously been studied. These sites were:
Unza (lat. 42°58'N; long. 2°57'W; alt. 690 m), Izki Natural
Park (lat. 42°42'N; long. 2°27'W; alt. 750 m) and Sobrén
(lat. 42°46'N; long. 3°15'W; alt. 550 m). All sites were in a
range of less than 50 km, with altitudes ranging between
550 and 850 m. Eighteen tree species were studied. Seven
were Mediterranean evergreens: Arbutus unedo L., Buxus
sempervirens L., Phyllirea latifolia L., Quercus coccifera
L., Quercus rotundifolia Lam, Rhamnus alaternus L.,
Viburnum tinus L. Two were Mediterranean semi-decidu-
ous Cistus salvifolius L. and Lonicera implexa Aiton. Three
were Mediterranean deciduous: Acer monspessulanum L.,
Pistacea terebinthus L. and Viburnum lantana L. Six were
Atlantic deciduous: Coryllus avellana L., Betula alba L.,
Alnus glutinosa L., Populus tremula L., Cornus sanguinea
L. and Fagus sylvatica L. For some species (see Table 1)
control values for each compound (those measured in non
stressful summers) were obtained from data previously
published by our group (Garcia-Plazaola and Becerril
2001; Garcia-Plazaola et al. 2003a) while data for other
species were obtained from unpublished results obtained in
1998. This set of data was compared with those measured
in same species in 2003 during the peak of the heat-wave.

Sampling was performed as described previously
(Garcia-Plazaola and Becerril 2001; Garcia-Plazaola et al.
2003a). Basically, sun twigs were cut and kept in the dark
for 12 h at room temperature (20-22°C) to reduce the
effects of diurnal variations in antioxidants and pigments.
Samples for biochemical analysis were collected after dark
incubation, and immediately frozen in liquid nitrogen and
stored at —80°C until biochemical analysis. Six parame-
ters, indicative of temperature response and acclimation
were studied: chlorophyll content (Chl a + b), xanthophyll
cycle pigments to chlorophyll ratio (VAZ), tocopherol to
chlorophyll ratio (Toc), ascorbate to chlorophyll ratio
(Asc), de-epoxidation index (A + Z)/VAZ and maximal
photochemical efficiency of PSII (F\/F,,). VAZ, (A + Z)/
VAZ and Fv/Fm(are indicative of the level of photopro-
tection and energy dissipation and they are usually
proportional to the level of light stress to which leaves are
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Table 1 Control values of photoprotective parameters of the 18 species analysed during July/August in years previous to the heatwave of

summer 2003

Species Ref Chla + b Asc Toc VAZ (A + Z)IVAZ FJF,,
Mediterranean deciduous

A. monspessulanum 1 507 + 37 72 £0.6 192 £ 35 60.0 + 10.4 0.125 £ 0.051 -

P. terebinthus 1 428 £ 12 9.95 + 0.66 241 £ 7 104 £ 2.1 0.239 £ 0.061 0.768 £ 0.023
V. lantana 1 283 £+ 14 1.86 + 0.10 187 £ 14 106 £ 10.6 0.161 £ 0.028 -
Mediterranean semi-deciduous

C. salvifolius 1 370 £ 25 - 88.5 + 13.8 46.7 £ 0.4 0.060 £ 0.005 0.833 £ 0.018
L. implexa 1 262 £ 1 6.51 + 1.10 63.0 + 5.1 66.1 £+ 2.6 0.156 £ 0.011 0.838 £+ 0.019
Mediterranean evergreens

A. unedo 1 347 + 2 123 £ 0.2 121 £ 4 61.8 £ 4.2 0.137 £ 0.014 0.774 £+ 0.021
B. sempervirens 1 267 £3 11.1 £ 1.2 753 £ 46 104 £ 3 0.154 £ 0.011 0.632 £ 0.037
P. latifolia 1 381 £ 16 2.93 + 0.96 108 + 8 90.0 £ 6.1 0.097 £ 0.010 0.771 £ 0.035
Q. coccifera 1 223 £ 4 102 £ 14 212 £ 13 559+ 7.7 0.093 £ 0.006 0.758 £ 0.043
Q. rotundifolia 1 339 £ 7 5.66 + 0.41 124 £1 65.6 £ 0.1 0.100 £ 0.001 0.775 £ 0.029
R. alaternus 1 343 £ 11 11.0 £ 2.3 207 £ 12 753 £ 2.0 0.127 £ 0.011 0.768 £ 0.018
V. tinus 1 356 + 8 1.36 + 0.29 219 £ 10 733 £ 1.1 0.109 £ 0.003 0.759 £ 0.025
Atlantic deciduous

C. avellana 2 574 £ 38 5.63 + 0.487 983 £ 43 100.6 + 43.3 0.145 £ 0.004 0.832 £ 0.005
B. alba 2 522 £ 53 10.2 £ 04 986 + 27 111 £ 8 0.118 £ 0.004 0.818 £ 0.006
A. glutinosa 2 551 £ 30 5.24 + 0.25 567 £ 3 114 £ 6 0.104 £ 0.006 0.832 £ 0.005
P. tremula 2 747 £ 55 6.84 + 0.15 627 £ 5 64.6 + 4.7 0.135 £ 0.006 0.832 + 0.006
C. sanguinea 2 431 £ 13 - 859 £+ 59 763 £ 2 0.161 £ 0.010 0.792 £ 0.004
F. sylvatica 3 653 £ 22 6.26 + 0.20 286 + 24 714 £ 45 0.182 £ 0.011 -

Origin of data is summarised as follows: (1) unpublished data collected in July 1998 in Sobrén, (2) data collected in Izki in August 2001
(Garcia-Plazaola et al. 2003a) and (3) data collected in Unzd in August 1999 (Garcia-Plazaola and Becerril 2001). Units are: chlorophyll a + b

(pmol m~2 leaf area), ascorbate (mol mol~! chl a + b) and tocopherol and VAZ (mol mmol ™! chl a + b).

exposed (Logan et al. 1996; Niinemets et al. 2003; Tausz
et al. 2004), o-Toc/Chl and Asc/Chl are indicators of the
antioxidant potential and the level of photoprotection of the
tissue (Garcia-Plazaola et al. 2004), while total chlorophyll
per unit of leaf area is proportional to the antena size and it
decreases with light stress (Boardman 1977).

Analytical methods

Pigments, ascorbate, tocopherol and chlorophyll fluores-
cence were measured as described in Garcia-Plazaola et al.
(2003a) Briefly chlorophylls, carotenoids and tocopherols
were were extracted with acetone and measured by reverse-
phase HPLC following the method of Garcia-Plazaola and
Becerril (1999) with the modifications described in Garcia-
Plazaola and Becerril (2001). In the same extractions
tocopherol detection was carried out with a fluorescence
detector (Waters model 474) set to Aexe = 295 nm and
Aem = 340 nm and calibrated with o-tocopherol standards
(Calbiochem, San Diego, USA). Ascorbate was extracted
with HCIO4 (2.5 kmol m73) as described in Garcia-

Plazaola and Becerril (2001) and measured after neutrali-
sation with a succinate buffer (200 mol m~3, pH 12.7) to
reach a final pH between 4 and 5. After neutralization was
immediately measured spectrophotometricaly by the
change in A,gs after the addition of 10 pL ascorbate oxidase
(100 kU L™"). Maximal photochemical efficiency of PSII
(F\/F,,) was estimated by the ratio F/F,, = (Fy, — Fo)/Fy,
in dark adapted leaves using a portable modulated fluo-
rimeter (OS 5-FL, Optisciences, Tyngsboro, USA).

Plasticity index

Phenotypic plasticity is the capacity of a given phenotype
to render different phenotypes under different environ-
mental conditions (Valladares et al. 2007). It represents a
physiological solution to cope with changing environ-
mental conditions in sessile organisms, and it is
fundamental to predict species responses to global change.
Several approaches have been done to quantify phenotypic
plasticity (Valladares et al. 2006). Among them we have
selected the plasticity index (P.I.) described in Valladares
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et al. (2000), that it is defined and determined as the ratio
between the range of variation of a parameter and the largest
value measured for such parameter [PI = (maximum
value — minimum)/maximum]. For these calculations, only
the optimum (non stressful summer) and the extreme
(summer 2003) values for each parameter were considered.
Assuming that summer 2003 represented the hottest period
in the last 150 years, and consequently the hardest that
most European trees have ever suffered, this index would
represent the potential increase from the basal level of
photoprotection, in response to high temperature. Average
PI for each species, parameter and functional group are
shown in Table 2.

Results

The present study shows the composition of photoprotec-
tive compounds during the unusually hot summer of 2003
in several Mediterranean and Atlantic woody plant species
growing in the Basque Country (South-western Europe).
As a comparison these parameters were also analysed in
the same trees in previous summers (1998, 1999 and 2001).
Climatic conditions differed between years, so interspecific
comparisons must be done, but they should be interpreted
with care. In Fig. 1, some meteorological parameters from
the period 1996-2005 are shown. Both summer 2003 and

the summers used as control were markedly dry (accu-
mulated precipitation during the period February-July for
the years 1998, 1999, 2001 and 2003 was respectively, 27,
3, 45 and 38% lower than the 30-years average). Con-
trasting with rainfall, mean August temperatures among
these years were only slightly higher than the average (0.1-
0.9°C), except the year 2003 when temperature exceeded
the average for this month by 5°C. Thus, summers of
control years and summer 2003, with the exception of
summer 1999 that was not dry, differed mostly in average
temperature. However, heat and drought are frequently
linked and act synergistically in Mediterranean ecosystems,
and it is not possible to evaluate separately the relative
effect of each stress.

With the limitations imposed by the present experi-
mental design, photoprotective composition during
summer 2003, was compared with that of previous sum-
mers (Table 1) and the rates of response expressed as the
plasticity index for each parameter (Table 2). Chlorophyll
content during the heatwave was from 10 to 60% lower
than control values, except in Q. coccifera. This general
trend was also observed in ascorbate content (with the
remarkable exception of the two Viburnum species and
R. alaternus). Contrasting with chlorophyll and ascorbate,
VAZ and tocopherol contents were much higher in all
species during the heatwave (with the exception of
C. sanguinea, A. glutinosa, C. avellana and P. tremula for

Table 2 Phenotypic plasticity

index for each parameter and Species Average Chl AZINAZ VAZ Toc Fy/F, Asc
species analysed. Average value 4 0 oo ssulanum 035  027(=) 0.13(+) 0361 068+ - 032 (—)
for each parameter, species and )
functional type are shown in P. terebinthus 0.48 031 (=) 052(—) 004 (=) 0.84(+) 0.01(+) 0.73(—)
bold type V. lantana 0.68 0.56 (=) 0.64 (+) 059 () 093 (+) - 0.70 (+)
Mediterranean deciduous 0.50 0.38 0.43 0.33 0.82 0.01 0.58
C. salvifolius 0.54 049 (=) 055(+) 065(+) 094 (+) 007 (=) -
L. implexa 0.49 0.14 (=) 041 (+) 044 (+) 096 (+) 0.04 (=) 0.92 (—)
Mediterranean semi-deciduous 0.53 0.32 0.49 0.54 0.95 0.06 0.92
A. unedo 0.51 021 (=) 067 (+) 064 (+) 090+ 0.09 (=) 0.53 (—)
B. sempervirens 0.48 036 (=) 067 (+) 057(+) 075(+) 0.16 (=) 0.39 (—)
P. latifolia 0.48 0.01 (=) 0.63(+) 049 (+) 0.83(+) 0.02 (=) 0.86 (—)
Q. coccifera 0.41 032 (+) 0.14(—) 038(+) 0.83(+) 009 (+) 0.71 (—)
0. rotundifolia 0.32 0.07 (=) 029(+) 036(+) 079 (+) 0.03(+) 041 (—)
R. alaternus 0.34 0.11 (=) 041 (+) 051 (+) 0.68(+) 0.08 (=) 0.28 (+)
V. tinus 0.66 062 (=) 074 (+) 071 () 092(+) 0.17 (=) 045 (+)
Mediterranean evergreens 0.45 0.24 0.51 0.52 0.82 0.09 0.57
C. avellana 0.21 049 (=) 0.16 (=) 0.01 (+) 0.17 (=) 0.05 (=) 0.40 (—)
For an explanation of the B. alba 0.24 039 (=) 0.10(=) 0.18(+) 0.18 (=) 0.01 (+) 0.57 (—)
meaning and calculations of this A g/urinosa 0.29 028 (=) 023 (=) 0.09 (=) 041 (+) 0.01 (=) 0.19 (=)
ﬁ‘;f;l‘ozes‘f%fji‘féz;::of P. tremula 020 047 (=) 0.I18(+) 0.14(+) 024 (=) 001 (+) 0.19 (—)
change between 2003 and C. sanguinea 0.02 003 (+) 001 () 0.03(—) 0.02(+) 001 (=) -
control years is included as a F. sylvatica 0.38 049 (=) 001 (+) 039(+) 0.84(+) - 0.22 (-)
positive (increase) or negative Atlantic deciduous 022 036 012 0.14 031 0.01 031

(decrease) sign in parenthesis
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the first and C. sanguinea for the latter). The difference
between control years and 2003 was especially dramatic in
the case of tocopherol. The ratios F\/F,, and [(A + Z)/
VAZ] also varied in a coherent direction. It was observed
during 2003 an increase in (A + Z)/VAZ and a decrease in
F,/F,, especially in evergreen and semi-deciduous Medi-
terranean species.

The proportion of de-epoxidised xanthophylls and
F,/F,, was proportional among different species in 2003
(Fig. 2), indicating that the sustained reduction of the
photochemical efficiency was proportional to the retention
of A + Z, and it was consequently the result of the process
photosynthesis down-regulation. Taken all species in con-
sideration, not only did these two indexes correlate, but
also all photoprotective parameters analysed in this study
(except ascorbate) were correlated among them (Table 3).
This suggests that all species share an integrate set of
photoprotective strategies, which are induced in a coordi-
nated way under similar stress conditions, but the main
difference between each functional group is their potential
to generate such responses.

Considering that summer 2003 was probably the most
stressful summer (in terms of temperature) that these plants
have ever suffered in their life cycle, plasticity index cal-
culated for each photoprotective parameter (Table 2) was a
measurement of maximum potential to modify phenotypic
characteristics in response to summer stress. On average
responses were more plastic in Mediterranean than in
Atlantic species, irrespective of the deciduous or evergreen
nature of leaves. The most plastic response was observed in
the species of the genus Viburnum. Among all parameters
analysed, the highest variation was observed in tocopherol,
with a marked positive response in most species.

1999 2000 2001 2002 2003 2004 2005
Year

Discussion

Summer 2003 was exceptionally hot in Western and Cen-
tral Europe, with scarce precipitation and temperatures up
to 6°C above long-term means (Rebetez et al 2006).
Maximum air temperature anomalies were higher than
minimum temperature anomalies, reaching in some local-
ities values higher than damaging limits for temperate
plants (Ludlow and Bjorkman 1984). Drought conditions
prevailing in summer 2003 could exacerbate the symptoms

0.85

0.8

0.75

07

Fv/iFm

0.65

06

0.55

0 0.1 02 03 04 05
A+ZI(V+A+Z)

Fig. 2 Relationship between (A + Z)/VAZ and F,/F, in summer
2003. Solid circles represent Atlantic deciduous, open circles
Mediterranean deciduous, open squares Mediterranean semi-decidu-
ous and open diamonds Mediterranean evergreens
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Table 3 Correlation matrix of

the photoprotective parameters Parameter Chlorophyll (A + Z)/VAZ VAZ Tocopherol Fy/Fy
analysed in 2003 Ascorbate 0.052 NS 0.107 NS 0.127 NS 0.018 NS 0.241 NS
Values correspond to 72 F/Fy, 0.412% 0.713%%* 0.693*** 0.573%%%*

Asterisks denote statistical Tocopherol 0.679%*:* 0.492%* 0.576%**

significance of the correlation at VAZ 0.606%** 0.776%%*

* P =005 ** P < 00]; (A + Z)IVAZ 0.461%

*%k P < 0.001

of damage because of the overheating caused by the low
evaporational cooling (Ghoul et al. 2003; Ladjal et al.
2000). These conditions (heat and drought) produced stress
symptoms such as defoliation, yellowing and shedding in
many trees (Bréda et al. 2006), that in an ecosystem scale
resulted in an overall primary production reduction (Ciais
et al. 2005) and in a longer-term a process of forest decline
and death (Bréda et al. 2006). Because of the global
warming, during the present century, temperatures are
likely to increase by 2—4.5°C in Europe (IPCC 2007), and
at the same time the increasing temperature variability will
favour the occurrence of heat-waves (Schér et al. 2004). In
this scenario, the ecophysiological responses of long-lived
tree species will be essential for the acclimation and sur-
vival of forest stands. These changes will be most
noticeable in the border areas, mostly in the transition
between Mediterranean and Atlantic regions, where a
northward shift in bioclimatic limits is expected. These
areas, such as the Basque Country, also represent an
excellent site to study and model the comparative respon-
ses of species with different ecological requirements.
Supra-optimal (but sub-lethal) temperatures may not
directly injure photosynthetic tissues, but could interfere
with normal physiological performance of plants by
affecting carbon balance, nutrient uptake and cycling and
stress compensation mechanisms (Rennenberg et al. 2006).
One of these effects is the drop in carbon assimilation that
in some species, such as in the case of the Mediterranean
evergreen Quercus ilex L., leads to a decrease of more than
50% of maximum rates at temperature higher than 35°C
(Gratani 2000), even when the lethal temperature for this
species is higher than 50°C (Munné-Bosch et al. 2004).
Water stress exacerbates these effects by inducing stomatal
closure and a reduction in evaporative cooling (Ludlow and
Bjorkman 1984). Under these supraoptimal temperatures,
energy utilisation and capture are not coupled, and this
situation, may potentially generate damaging ROS
(Larkindale and Knight 2002). The ability to overcome
such ROS production, by the prevention of their generation
or by direct reaction, can be one of the mechanisms
involved in heat tolerance. A previous report from our
group (Hormaetxe et al. 2007) showed that an evergreen
Mediterranean species (Buxus sempervirens L.) responded
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to the heat-wave of 2003 with the accumulation of toc-
opherols and some specific carotenoids together with the
down-regulation of photochemical efficiency. The induc-
tion of such mechanisms seemed to be enough to
compensate photo-oxidative damage since a complete
recovery of the physiological condition was observed after
the heat-wave. However, this observation must not be
generalised to all Mediterranean evergreens, since B. sem-
pervirens is an extremely stress-tolerant species (Garcia-
Plazaola et al. 2000, 2003b).

In the present study a common pattern of responses to
stress was observed during summer 2003 in most Atlantic
and Mediterranean species. Thus, chlorophyll, ascorbate
and Fv/Fm decreased while tocopherol, VAZ and (A + Z)/
VAZ increased. There were also some exceptions to this
general pattern (19% of the observations), and most of
them occurred in C. sanguinea, P. tremula and Quercus.
However, the most dramatic changes of these parameters
were observed in Viburnum species. These photoprotective
responses to temperature stress have separately been
described in several works. Thus, chlorophyll contents
decrease under heat and drought stress as a consequence of
antenna size readjustments, and this is a typical response in
both Mediterranean (Munné-Bosch and Pefuelas 2004) and
Atlantic (Peltzer et al. 2002) species. Similarly, sustained
reductions in photochemical efficiency (F,/F,,) coupled
with an overnight retention of de-epoxidised xanthophylls,
shown by the increment on (A + Z)/VAZ ratio, are regu-
larly described in temperature stress responses (Munné-
Bosch and Pefiuelas 2004; Munné-Bosch et al. 2004; Streb
et al. 2003) and are interpreted as a photo-acclimation
process, more than a symptom of damage, as can be
deduced from the correlation between both parameters
(Fig. 2). The antioxidant responses to high temperature
stress do not respond so clearly with a uniform pattern.
Thus, some authors have described a decrease in the pools
of ascorbate and tocopherol (Keles and Oncel 2002), while
others show a general increase (Munné-Bosch and Pefu-
elas 2004) and even an opposite pattern in both
antioxidants (Munné-Bosch et al. 2004) with a decrease in
ascorbate and a large synthesis of tocopherol, similar to
that observed in the present work. The dramatic increase in
tocopherol (up to 20 fold higher during the heat-wave)
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could be of great value for plant survival since this mole-
cule contributes to thylakoid stabilization at high
temperature (Havaux and Tardy 1996; Havaux et al. 2004),
revealing its importance as stress biomarker. On the other
hand, since summer 2003 lead to a general decrease in
photosynthetic production (Ciais et al. 2005), ascorbate
depletion could be due to a decrease in carbohydrates
required for its synthesis.

In the present survey, all parameters analysed behave as
photoprotective due to their induction or accumulation
(tocopherol and xanthophylls cycle pool), or their decrease
(chlorophyll) and their consumption (ascorbate). A
remarkable exception was the huge amount of ascorbate
accumulated by Viburnum species. All these photoprotec-
tive parameters were strongly correlated among species
with different traits in this study (Table 3). The existence
of such correlation between photoprotective parameters in
response to temperature stress has been described in detail
in the evergreen B. sempervirens (Hormaetxe et al. 2004,
2007). This is consistent with the idea that all these
mechanisms constitute an integrated set of responses that
operates in parallel, representing a continuous and rapid
stress acclimation syndrome.

Assuming that the observed changes are the result of
photoprotection mechanisms (induced as a response to the
combination of light, heat and drought), and not symptoms
of damage, relative rates of response, calculated as plas-
ticity index for each parameter, were used to characterise
the potential capacity of response for each functional group
and process. In general, responsiveness was much higher in
Mediterranean than in Atlantic species (Table 2), with
tocopherol as the most sensitive parameter analysed.
Common beech (F. sylvatica) behaved as the most plastic
Atlantic species, as corresponds to its higher heat stress
tolerance and metabolic plasticity (Nahm et al. 2006b).
However its induction was lower than average level of all
Mediterranean species (including deciduous and semi-
deciduous), except R. alaternus, A. monspessulanum and
Q. rotundifolia. As it is shown in this study, Atlantic spe-
cies have a lower capacity to respond to acute summer
stress by the simultaneous down-regulation of photosyn-
thesis and the induction of photoprotective molecules,
while most Mediterranean species have developed mech-
anisms that allow an efficient acclimation not only to stress
during heat-waves, but also to episodic cold waves (Garcia-
Plazaola et al. 2003b). This could be of special relevance in
the context of future climatic warming in which Atlantic
species could be more severely affected. This has been
recently observed in some species such as F. sylvatica,
where a dramatic growth decline and mortality has recently
been reported in the southern limit of its distribution area
(Jump et al. 2006).

Acknowledgments This work has been supported in part by
research project GVIT-299-07, research projects BFU 2004-02876/
BFI and BFU2007-62637/BFI from the MEC of Spain. KH received a
fellowship from the MCyT of Spain and RE from the Department of
Education of the Basque Government. We also thank to Jane Edwars
and Hannah Rubie for linguistic consultation of the manuscript.

References

Badiani M, Paolacci AR, Fusari A, D’Ovidio R, Scandalios JG,
Porceddu E, Sermanni GG (1997) Non-optimal growth temper-
atures and antioxidants in the leaves of Sorghum bicolor (L.)
Moench. II. Short-term acclimation. J Plant Physiol 151:409-442

Berry J, Bjorkman O (1980) Photosynthetic response and adaptation
to temperature in higher plants. Ann Rev Plant Physiol 31:491—
543

Boardman NK (1977) Comparative photosynthesis of sun and shade
plants. Ann Rev Plant Physiol 28:355-377

Bréda N, Huc R, Granier A, Dreyer E (2006) Temperature forest trees
and stands under severe drought: a review of ecophysiological
responses, adaptation proceses and long-term consequences. Ann
For Sci 63:625-644

Ciais PH, Reichstein M, Viovy N, Granier A, Ogée J, Allard V,
Aubinet M, Buchmann N, Bernhofer C, Carrara A, Chevallier F,
De Noblet N, Friend AD, Friedlingstein P, Griinwald T,
Heinesch B, Keronen P, Knohl A, Krinner G, Loustau D, Manca
G, Matteucci G, Miglietta F, Ourcival JM, Papale D, Pilegaard
K, Rambal S, Seufert G, Soussana JF, Sanz MJ, Schulze ED,
Vesala T, Valentini (2005) Europe-wide reduction in primary
productivity caused by heat and drought in 2003. Nature
437:529-533

Czajkowski T, Kuhling M, Bolte A (2005) Impact of 2003 summer
drought on growth of beech sapling natural regeneration (Fagus
sylvatica L.) in north-eastern Central Europe. Allg Forst Jagdztg
176:133-143

Demming-Adams B, Adams WW, Ebbert V, Logan BA (1999)
Ecophysiology of the xanthophyll cycle. In: Frank HA, Young
AJ, Britton G, Cogdell RJ (eds) The photochemistry of
carotenoids. Kluwer, Dordrecht, pp 245-269

Desprez-Loustou ML, Margais B, Nageleisen LM, Piou D, Vannini A
(2006) Interactive effects of drought and pathogens in forest
trees. Ann For Sci 63:597-612

Garcia-Plazaola JI, Becerril JM (1999) A rapid HPLC method to
measure lipophylic antioxidants in stressed plants: simultaneous
determination of carotenoids and tocopherols. Phytochem Anal
10:1-7

Garcia-Plazaola JI, Becerril JM (2001) Seasonal changes in photo-
synthetic pigments and antioxidants in beech (Fagus sylvatica)
in a Mediterranean climate: implications for tree decline
diagnosis. Aust J Plant Physiol 28:225-232

Garcia-Plazaola JI, Hernandez A, Becerril JM (2000) Photoprotective
responses to winter stress in evergreen mediterranean ecosys-
tems. Plant Biol 2:530-535

Garcia-Plazaola JI, Herndndez A, Becerril JM (2003a) Antioxidant
and pigment composition during autumnal leaf senescence in
woody deciduous species differing in their ecological traits.
Plant Biol 5:1-10

Garcia-Plazaola JI, Olano JM, Hernandez A, Becerril JM (2003b)
Photoprotection in evergreen Mediterranean plants during
sudden periods of intense cold weather. Trees 17:285-291

Garcia-Plazaola JI, Becerril JM, Herndndez A, Niinemets U, Kollist H
(2004) Acclimation of antioxidant pools to the light environment
in a natural forest canopy. New Phytol 163:87-97

@ Springer



392

Trees (2008) 22:385-392

GeBler A, Keitel C, Kreuzwieser J, Matyssek R, Seiler W, Rennen-
berg H (2007) Potential risks for European beech (Fagus
sylvatica L.) in a changing climate. Trees 21:1-11

Gehrig R (2006) The influence of the hot and dry summer 2003 on the
pollen season in Switzerland. Aerobiologia 22:27-34

Ghoul H, Montpied P, Epron D, Ksontini M, Hanchi B, Dreyer E
(2003) Thermal optima of photosynthetic functions and thermo-
stability of photochemistry in cork oak seedlings. Tree Physiol
23:1031-1039

Gratani L (2000) Leaf temperature effects on gas exchange in
Quercus ilex L. growing under field conditions. Plant Biosyst
134:19-24

Havaux M, Tardy F (1996) Temperature-dependent adjustment of the
thermal stability of photosystem II in vivo: possible involvement
of xanthophyll-cycle pigments. Planta 198:324-333

Havaux M, Dall’-Osto L, Cuine S, Giuliano G, Bassi R (2004) The
effect of zeaxanthin as the only xanthophyll on the structure and
function of the photosynthetic apparatus in Arabidopsis thaliana.
J Biol Chem 279:13878-13888

Hormaetxe K, Hernandez A, Becerril JM, Garcia-Plazaola JI (2004)
Role of red carotenoids in photoprotection during winter
acclimation in Buxus sempervirens leaves. Plant Biol 6:325-332

Hormaetxe K, Becerril A, Hernandez A, Esteban R, Garcia-Plazaola
JI (2007) Plasticity of photoprotective mechanisms of Buxus
sempervirens L. leaves in response to extreme temperatures.
Plant Biol 9:59-68

IPCC (2007) Climate change 2007: the physical science basis.
Summary for Policymakers, Paris

Jump AS, Hunt JM, Pefiuelas J (2006) Rapid climate change-related
growth decline at the southern range edge of Fagus sylvatica.
Global Change Biol 12:2163-2174

Keles Y, Oncel T (2002) Response of antioxidative defence system to
temperature and water stress combinations in wheat seedlings.
Plant Sci 163:783-790

Ladjal M, Epron D, Ducrey M (2000) Effects of drought precondi-
tioning on thermolerance of photosystem II and susceptibility of
photosynthesis to heat stress in cedar seedlings. Tree Physiol
20:1235-1241

Larcher W (2000) Temperature stress and survival ability of
Mediterranean sclerophyllous plants. Plant Biosyst 134:279-295

Larkindale J, Knight MR (2002) Protection against heat stress-
induced oxidative damage in Arabidopsis involves calcium,
abscisic acid, ethylene, and salicylic acid. Plant Physiol
116:223-229

Leuzinger S, Zotz G, Asshoff R, Corner C (2005) Responses of
deciduous forest trees to severe drought in Central Europe. Tree
Physiol 25:641-650

Logan BA, Barker DH, Demmig-Adams B, Adams WW (1996)
Acclimation of leaf carotenoid composition and ascorbate levels
to gradients in the light environment within an Australian
rainforest. Plant Cell Environ 19:1083-1090

Low M, Herbinger K, Nunn AJ, Haberle KH, Leuchner M, Heerdt C,
Werner H, Wipfler P, Pretzsch H, Tausz M, Matyssek R (2006)
Extraordinary drought of 2003 overrules ozone impact on adult
beech trees (Fagus sylvatica). Trees 5:539-548

Ludlow MM, Bjérkman O (1984) Paraheliotropic leaf movement in
Siratro as a protective mechanism against drought-induced
damage to primary photosynthetic reactions: damage by exces-
sive light and heat. Planta 161:505-518

Luterbarcher J, Dietrich D, Xoplaki E, Grosjean M, Wanner H (2004)
European seasonal and annual temperature variability, trends,
and extremes since 1500. Science 303:1499-1503

Mittler R (2002) Oxidative stress, antioxidants and stress tolerance.
Trends Plant Sci 7:405-410

Miiller P, Li XP, Niyogi K (2001) Non- photochemical quenching. A
response to excess light energy. Plant Physiol 125:1558-1566

@ Springer

Munné-Bosch S, Pefiuelas J (2004) Drought-induced oxidative stress
in strawberry tree (Arbutus unedo L.) growing in Mediterranean
field conditions. Plant Sci 166:1105-1110

Munné-Bosch S, Pefiuelas J, Asensio D, Llusia J (2004) Airborne
ethylene may alter antioxidant protection and reduce tolerance of
holm oak to heat and drought stress. Plant Physiol 136:2937—
2947

Nahm M, Matzarakis A, Rennenberg H, GeBler A (2006a) Seasonal
courses of key parameters of nitrogen, carbon and water balance
in European beech (Fagus sylvatica L.) grown on four different
study sites along a European North-South climate gradient
during the 2003 drought. Trees 21:79-92

Nahm M, Radoglou K, Halyvopoulos G, GeBler A, Rennenberg H,
Fotelli MN (2006b) Physiological performance of beech (Fagus
sylvatica L.) at its southeastern distribution limit in Europe:
seasonal changes in nitrogen, carbon and water balance. Plant
Biol 8:52-63

Niinemets U, Kollist H, Garcia-Plazaola JI, Herndndez A, Becerril JM
(2003) Do the capacity and kinetics for modification of
xanthophyll cycle pool size depend on growth irradiance in
temperate trees?. Plant Cell Environ 26:1787-1801

Niyogi KK (2000) Safety valves for photosynthesis. Curr Opin Plant
Biol 3:455-460

Paolacci AR, Badiani M, D’Annibale A, Fusari A, Matteucci G
(1997) Antioxidants and photosynthesis in the leaves of Triticum
durum Desf. seedlings acclimated to non-stressing high temper-
ature. J Plant Physiol 150:381-387

Peltzer D, Dreyer E, Polle A (2002) Differential temperature
dependencies of antioxidative enzymes in two contrasting
species: Fagus sylvatica and Coleus blumei. Plant Physiol
Biochem 40:141-150

Rebetez M, Mayer H, Dupont O, Schindler D, Gartner K, Kropp JP,
Menzel A (2006) Heat and drought 2003 in Europe: a climate
synthesis. Ann For Sci 63:569-577

Rennenberg H, Loreto F, Polle A, Brilli F, Fares S, Beniwall RS,
Gessler A (2006) Physiological responses of forest trees to heat
and drought. Plant Biol 8:556-571

Rouault G, Candau JN, Lieutier F, Nageleisen LM, Martin JC,
Warzée N (2006) Effects of drought and heat on forest insect
populations in relation to the 2003 drought in Western Europe.
Ann For Sci 63:613-624

Schiar C, Vidale PL, Liithi D, Frei C, Haberli C, Liniger MA,
Appenseller C (2004) The role of increasing temperature
variability in European summer heatwaves. Nature 427:332-336

Stott A, Stone DA, Allen MR (2004) Human contribution to the
European heatwave of 2003. Nature 432:610-614

Streb P, Aubert S, Bligny R (2003) High temperature effects on light
sensitivity in the two mountain plant species Soldanella alpina
(L.) and Rannunculus glacialis (L.). Plant Biol 5:432-440

Tausz M, Gonzélez-Rodriguez A, Wonisch A, Peters J, Grill D,
Morales D, Jiménez MS (2004) Photostress, photoprotection,
and water soluble antioxidants in the canopies of five Canarian
laurel forest tree species during a diurnal course in the field.
Flora 199:110-119

Valladares F, Martinez-Ferri E, Balaguer L, Pérez-Corona E,
Manrique E (2000) Low leaf-level response to light and nutrients
in Mediterranean evergreen oaks: a conservatibe resource-use
strategy? New Phytol 148:79-91

Valladares F, Sanchez-Goémez D, Zavala MA (2006) Quantitative
estimation of phenotypic plasticity: bridging the gap between the
evolutionary concept and its ecological applications. J Ecol
94:1103-1116

Valladares F, Gianoli E, Gomez JM (2007) Ecological limits to plant
phenotypic plasticity. New Phytol 176:749-763



	Photoprotective responses of Mediterranean and Atlantic trees �to the extreme heat-wave of summer 2003 in Southwestern Europe
	Abstract
	Introduction
	Methods
	Sampling strategies and species
	Analytical methods
	Plasticity index

	Results
	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


