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a b s t r a c t

Ozone (O3) is well known to affect photosynthesis on tree seedlings under experimental conditions. In
natural conditions, young trees grow under a competitive environment that may alter light availabil-
ity. Such conditions were simulated in an open-top chamber (OTC) experiment carried out in Southern
Switzerland (Lattecaldo). The experimental set-up consisted of Fagus sylvatica (beech) seedling plots
(planted within the same chamber) either in a monospecific population (Mono, leaves grown in full
sunlight conditions—FL) or under competition with taller plants of Viburnum lantana (Mixed, shaded
leaves—SH). These cultures were treated with ambient air (NF, not filtered, 92% of ozone in ambient air)
and with charcoal filtered air (CF, 50% of ozone in ambient air). Measures of net photosynthesis (PN)
and chlorophyll a fluorescence (with the analysis of the OKJIP transient) were performed over a growing
season, from June to September. Net photosynthesis (PN) and the maximum quantum yield of electrons
reaching the acceptor side (ϕRo = RE0/ABS) were higher in Mono conditions (full light leaves). Vice versa,
quantum yield of primary photochemistry (ϕPo = TR0/ABS = FV/FM) and Performance Index on absorption
basis (PIABS) were higher in Mixed plots (shaded leaves). Changes due to ozone occurred only at the end
of the growing season (September). Ozone affected mainly PN, that was lower in the NF-OTCs, both Mono
(−19%) and Mixed (−28%) plots, compared to the CF ones. Fluorescence parameters were affected much
more by light conditions (full light vs. shaded leaves) than ozone exposure, but ozone enhanced the action
of high light by lowering the values of TR0/ABS and PIABS. The most specific effect of ozone concerned
the decrease in RE0/ABS, that indicates the inactivation of the end acceptors of electrons, so producing
an excess of oxidative pressure. Results are discussed in relation to the impact of ozone on the processes
of the regeneration of forests.

© 2009 Elsevier B.V. All rights reserved.

Abbreviations: OTC, open top chamber; CF, charcoal filtered chamber; NF, non-
filtered chamber; FL, full light; SH, shaded; Aot40, accumulated exposure of ozone
over the threshold of 40 ppb; PAR, photosynthetic active radiation; PARi, PAR inside
the cuvette; PARo, PAR outside the cuvette; ROS, reactive oxygen species; O3, ozone;
HL, high light; FT, fluorescence transient; F0, fluorescence at time zero; FM, maxi-
mal fluorescence; FV, variable fluorescence; PSI, photosystem I; PSII, photosystem
II; QA, plastoquinone; ϕPo = TR0/ABS, quantum yield of primary photochemistry;
" Eo=ET0/TR0, efficiency with which a trapped exciton can move an electron into
the electron transport chain further than; QA

− , ϕEo = ET0/ABS = ϕPo. " Eo, quantum
yield of electron transport; ϕD0, DI0/ABS quantum yield for energy dissipation;
ϕRo = RE0/ABS, maximum quantum yield of an electron reaching the acceptor side
beyond the PSI; RC/CS0, concentration of active PSII reaction centres per excited
cross section; PIABS, performance index on absorption basis; PN, net photosynthesis;
gw, stomatal conductance to water vapour; Ci, intercellular carbon; WUE, water use
efficiency; LMA, leaf mass per area; LD, leaf density; LT, leaf thickness.

∗ Corresponding author. Tel.: +39 055 3288369; fax: +39 055 360137.
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1. Introduction

Most research studies on ozone (O3) effects on trees have inves-
tigated young plants (seedlings, cuttings) grown under optimal
conditions (well watered, not shaded). The use of seedlings does
not allow researchers to reproduce the physiological behaviour of
adult trees and, even less so, forest ecosystems (Kolb and Matyssek,
2001; Kolb et al., 1997). In fact, seedlings are considered sensitive to
O3, and when adult trees were chosen as targets in free-air O3 fumi-
gation experiments very few effects were detected on growth and
overall physiology (Matyssek et al., 2007). Mature forest ecosys-
tems proved to be resilient to oxidative stress and O3 (Bussotti,
2008). Under specific conditions, such as regeneration areas at the
edge of the woodlands, where young trees prevail, sensitivity to
O3 may be enhanced. In the regeneration phases, young trees are
affected by the competition exerted by forbs and other components
of the ground vegetation layer. For shade tolerant tree seedlings

0098-8472/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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this is an advantage, since they are protected against the excess
of sun radiation. Under competition, leaves growing in the shade
may be exposed to sun flecks, i.e., sudden exposure to sunlight
for a limited period of time. It is well known that, under these
conditions, leaves transiently increase their photosynthesis activ-
ity considerably, as compared to leaves growing in a steady and
stable light condition (Küppers and Schneider, 1993; Naumburg
and Ellsworth, 2000; Oguchi et al., 2003). This favours a marked
increase in hydrogen peroxide which can temporarily exceed the
leaf’s detoxification capacity, enhancing the O3 effects (Wei et al.,
2004a,b).

Light is the most powerful factor determining morphologi-
cal and physiological variations in leaves. The different features
of sun and shade leaves have been described from many years
(Boardman, 1977; Lichtenthaler et al., 1981, 2007; Anderson and
Osmond, 1987; Anderson et al., 1995; Kim et al., 2005; Terashima
et al., 2006; Tateno and Taneda, 2007). Sun leaves display a higher
leaf mass per area (LMA) and thickness than shade leaves (Groom
and Lamont, 1997; Tattini et al., 2000; Evans and Poorter, 2001;
Temesgen and Weiskittel, 2006; Gratani et al., 2006). Chloroplast
acclimation in sun leaves consists in shorter thylakoids, and a
greater amount of photosystem I (PSI) and Rubisco, respect to shade
leaves (Maxwell et al., 1999). Moreover, sunlight stimulates a high
level of antioxidants in the leaves (García-Plazaola et al., 2004)
and the production of screening and antioxidant pigments (Neill
and Gould, 2003), so enhancing the general resistance of plants to
stress factors (cross-resistance, see Mittler, 2006; Bussotti, 2008).
Sun leaves are able also to manage actively the flux of electrons
by reducing the antenna size in the PSII and enhancing the con-
trolled dissipation of energy (Ballottari et al., 2007). The content and
activity of Rubisco are higher in sun acclimated leaves (Chow and
Anderson, 1987a,b), thus allowing a higher velocity of reduction of
carbon.

The interaction between high light (HL) and O3 stress is contro-
versial. It is commonly assumed that shade leaves increase their
response to O3 (Volin et al., 1993; Tjoelker et al., 1993, 1995; Topa
et al., 2001, 2004; Wei et al., 2004a,b). This behaviour has been
explained with the unbalanced net photosynthesis – PN – respect to
the stomatal conductance to water vapour—gw (Fredericksen et al.,
1996). Foliar visible ozone symptoms, however, are generally lower
in the inner parts of the crown and in shaded leaves (Novak et al.,
2008; Gielen et al., 2007). Davison et al. (2003) consider sunlight an
essential factor in triggering the pathway of anthocyanin synthe-
sis, enhancing the related symptomatology. According to several
authors (Mikkelsen and Ro-Poulsen, 1994; Mikkelsen et al., 1995;
Guidi et al., 2000, 2002; Guidi and Degl’Innocenti, 2008) high levels
of O3 enhance the photoinhibition processes induced by high light,
so amplifying the overall response.

Biochemical and structural changes in sun leaves, due to accli-
mation processes to high light are believed to make sun leaves
more resistant to ozone stress (cross-resistance, see Bussotti,
2008; Matyssek and Innes, 1999), but an excess of oxidative
pressure, originated from the additive action of O3 + HL could over-
pass these defences. Shade leaves, not acclimated to high light,
are subjected to strong photoinhibition when suddenly exposed
to high light, and that inhibition can be enhanced by O3. For
that reason shaded seedlings, subjected to sun flecks (for exam-
ple, at the forest edges or in forest gaps), likely are vulnerable
to ozone.

Seedlings growing in the understory (below the tree canopies),
however, are not subjected to sun flecks and, in these condi-
tions, vegetation and regeneration are believed to be protected
from stress because the low light irradiation limits both direct
oxidative pressure and stomatal opening, so avoiding ozone
uptake. This is the hypothesis that has been checked in this
paper.

2. Material and methods

2.1. Site characteristics and experimental design

A two-year study was conducted at an open-top chamber (OTC)
facility located in the pre-alpine region of southern Switzerland
within the Lattecaldo Cantonal Forest Nursery in the Valle di Mug-
gio, Canton Ticino (09◦03′E, 45◦51′N, 600 m a.s.l.) (VanderHeyden et
al., 2001; Novak et al., 2003, 2005). General meteorological features
for the experimental year are reported in Table 1A. The experimen-
tal design consisted of two O3 treatments in open-top chambers
with four non-filtered (NF) OTCs with approximately 92% of the
ambient O3 concentrations, and four charcoal filtered (CF) OTCs
with approximately 47% of the ambient O3 concentrations. Within
each OTC, fiberglass separations were installed 50 cm into the soil
to divide the plot into equal thirds. In early spring of 2003, each
third was planted with seedlings arranged in a grid design using
20 cm spacing between plants. One section of the chamber was
planted with a monospecific population (Mono) of 4-year-old Fagus
sylvatica L. (beech) seedlings, with leaves exposed in full sunlight
(FL), a second section with a monospecific population of 2-year-
old V. lantana L. seedlings and the third section with a 1:1 mixture
(Mixed) of the two species (14 seedlings of beech and 14 seedlings
of Viburnum), where beech leaves were shaded (SH) from the tallest
Viburnum plants (see Novak et al., 2008). The O3 treatments started
at the end of April 2003. To minimize edge effects, all measure-
ments and assessments focused on the inner eight individuals of
each section, only. All plots were watered routinely throughout the
experiment to minimize drought stress to the plants.

In a previous paper by Novak et al. (2008), findings from
the same experiment were reported in relation to ozone foliar
symptoms, growth and biomass allocation. Ozone foliar symptoms
affected mainly beech plants grown in NF plots in Mono conditions,
and became visible only late in the season. No differences in height
growth were found across the different experimental conditions.

During the 2004 growing season, measurements were carried
out, once a month, at four different dates: 8 June; 5 July; 3 August;
11 September. Four F. sylvatica plants for each chamber (2 Mono
and 2 Mixed) were considered at each time.

2.2. Ozone measurements

Ozone concentrations were continuously monitored through-
out the 2003 and 2004 growing seasons, from 21 April to 18
October, using a Monitor Labs model ML 8810 O3 monitor, which
was calibrated monthly. Based on a 20-min sampling interval, two-
minute air samples were repeatedly drawn at 1 m height from each
OTC and one ambient plot. Table 2 reports the mean O3 concen-
trations and peaks over the growing season. The overall exposure
levels (AOT40) at were 21.8 ppm h in NF and 4.1 ppm h in CF OTC.

2.3. Fluorescence transient (FT) analysis

Chl a fluorescence transients of intact leaves were measured
with an ADC FIM 1500 fluorimeter (direct fluorescence). Fluores-
cence was measured, at the dates indicated above, on 5 leaves
of each plant. Before each measurement, the leaves were dark-
adapted for 20 min with leaf clips. The rising fluorescence transients
were induced by a red light (peak at 650 nm) of 600 Wm−2 provided
by an array of six light-emitting diodes; they were recorded for 1 s,
starting from 50 !s after the onset of illumination, with 12-bit reso-
lution. On a logarithmic time scale, the fluorescence transient from
F0 (F at 50 !s, when all the reaction centres of the photosystem
II – PSII – are open, i.e., when the primary acceptor quinone QA is
fully oxidised) to FP (where FP = FM under saturating excitation light,
when the excitation intensity is high enough to ensure the closure
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Table 1
(A)General meteorological conditions. T (air), air temperature; T (otc), temperature within the OTCs; RH = relative humidity; PAR, maximal PAR; Rain, overall monthly
precipitation. (B) Conditions at the cuvette level, at the assessment dates.

A Month T (air) T (air) T (air) T (otc) T (otc) T (otc) RH PAR Rain

◦C ◦C ◦C ◦C ◦C ◦C % !mol m-2 s−1 mm

Mean Min Max Mean Min Max Mean Max Sum

April 12.9 5.4 24.3 13.7 5.2 27.0 60.3 1459 87
May 12.6 2.5 25.5 13.6 1.9 28.2 66.9 1575 202
June 19.0 9.2 30.5 20.2 9.5 33.8 58.9 1573 24
July 20.4 11.3 32.4 21.2 10.4 35.4 59.7 1579 75
August 20.0 12.2 30.2 20.8 11.6 32.7 64.3 1556 165
September 16.6 6.1 28.6 17.2 6.0 30.4 65.5 1324 61

B Month Plant assemblage T (cuv) T (cuv) T (leaf) T (leaf) VPD VPD PARo PARo

◦C ◦C ◦C ◦C kPa kPa !mol m−2 s−1 !mol m−2 s−1

Mean St. dev. Mean St. dev. Mean St. dev. Mean St. dev.

June Mono 27.6 0.18 28.9 0.60 1.95 0.09 1039 302
Mixed 27.7 0.19 29.4 0.59 2.05 0.06 497 335

July Mono 31.0 0.22 30.6 0.68 2.26 0.09 1052 252
Mixed 31.0 0.23 31.1 0.52 2.39 0.10 568 392

August Mono 31.1 0.30 31.0 0.13 2.31 0.13 853 253
Mixed 31.1 0.22 31.0 0.09 2.36 0.17 579 417

September Mono 26.1 0.93 24.8 0.16 1.96 0.21 697 368
Mixed 26.0 0.66 24.8 0.13 1.95 0.15 355 276

T (cuv), temperature inside the cuvette; T (leaf), foliar temperature; VPD = vapor pressure deficit; PARo, PAR outside the cuvette (PARi, PAR inside the cuvette, is con-
stant = 1500 !mol m−2 s−1.

of all reaction centres of PSII, i.e., the full reduction of all reaction
centres) had a polyphasic behaviour (Strasser and Govindjee, 1992;
Strasser and Strasser, 1995). The fluorescence values at 50 !s (F0,
step 0), 100 !s (F100), 300 !s (F300), 2 ms (step J), 30 ms (step I) and
maximal (FM, step P), were taken into consideration.

The analysis of the transient is called the JIP-test and has been
elaborated both in terms of theory and application (Strasser et al.,
2000, 2004). The JIP-test refers to a translation of the original data
to biophysical parameters, all referring to time zero (onset of flu-
orescence induction), that quantify PSII behaviour. Among these
parameters, in this paper we have considered the flux ratios or
yields, i.e., the maximum quantum yield of primary photochem-
istry (ϕPo = TR0/ABS), the efficiency (ET0/TR0 = " Eo = ET0/TR0) with
which a trapped exciton can move an electron into the electron
transport chain further than QA

−, the quantum yield of electron
transport (ϕEo = ET0/ABS = ϕPo. " Eo), the quantum yield for energy
dissipation (ϕD0 = DI0/ABS), and the concentration of active PSII
reaction centres per excited cross section (RC/CS0). Recently, new
concepts describing the activity of PSI were discussed for an enrich-
ment of the JIP-test (Smit et al., 2008; Tsimilli-Michael and Strasser,
2008). The term RE0, for reduction of end acceptors of PSI, has been

Table 2
General features of the ozone pollution at the experimental site.

Ambient Air NF-OTC CF-OTC

# Peak # Peak # Peak

April 40 79 36 71 19 49
May 41 93 38 86 20 61
June 48 112 44 103 24 73
July 56 124 52 122 27 80
August 56 108 43 99 27 67
September 34 95 31 88 15 52
October 18 49 17 47 8 30

Season mean 40 124 37 122 19 80

Ambient air, outside the chambers; NF-OTC, inside the not filtered OTCs; CF-OTC,
inside the charcoal filtered OTCs. !, monthly mean; Peak, maximum hourly mean.
All data are reported in nl l−1.

introduced based on the probability that an electron is transported
from reduced PQ to the electron acceptor side of PSI. The maxi-
mum quantum yield of an electron reaching the acceptor side is
expressed by ϕRo = RE0/ABS.

Three functional steps regulate the initial stage of photo-
synthetic activity of an RC complex, namely absorption of light
energy (ABS), trapping of excitation energy (TR0) and conversion
of excitation energy to electron transport (ET0). Strasser et al.
(2000) introduced a multi-parametric expression of these three
independent steps contributing to photosynthesis, the so-called
performance index (PIABS):

PIABS =
�

$0

1 − $0

��
ϕP0

1 − ϕP0

��
 0

1 − 0

�

where $ is the fraction of reaction centre chlorophyll
(ChlRC) per total chlorophyll (ChlRC + Antenna). Therefore,
$/(1 − ") = ChlRC/ChlAntenna = RC/ABS. The PI combines three
parameters favourable to photosynthetic activity: (1) the density
of reaction centres (expressed on an absorption basis); (2) the
quantum yield of primary photochemistry and (3) the ability to
feed electrons into the electron chain between photosystem II and
photosystem I.

2.4. Gas-exchange measurements

Leaf gas-exchange measurements including net photosynthe-
sis (PN) and stomatal conductance to water vapour (gw) were
conducted simultaneously (two leaves per plant) to the fluores-
cence measurements with a LiCor 6200 portable photosynthesis
system using a 0.25 l cuvette (LiCor Inc., Lincoln, NE). Before each
measurement period, the system was calibrated to known con-
centrations of CO2 (0 and 400 ppm). Measurements were taken
at constant light provided by supplied by a “cold” lamp (LED
type), adjusted at 1500 !mol m−2 s−1 (PARi, i.e., PAR inside the
cuvette). For each measurement period (09:00–12:00), two con-
secutive measurements were taken. A total of 12 measurements
per species, measurement period, and treatment were conducted.



Author's personal copy

C. Cascio et al. / Environmental and Experimental Botany 68 (2010) 188–197 191

The values for the environmental factors at the measurement time
are reported in Table 1B.

2.5. Leaf morphology and chlorophyll content

At the end of the growing season, a random sample of full
light (from Mono plots) and shaded (from Mixed plots) beech
leaves was gathered. Four leaves were collected from each individ-
ual plant included in the measurements over the growing season.
Overall, 64 full light and 64 shaded leaves were collected. From
a subsample, a small part of the lamina was removed to mea-
sure the leaf thickness; and, also from each leaf, depending on
its extension, either 2 or 3 discs measuring 2.54 cm2 each, were
taken, and their dry weight (DW) was obtained after drying in
an oven at 70 ◦C (until constant weight). From the interveinal
areas of each leaf, two 2 mm2 wide fragments of lamina were
taken and, then, cross-sections were obtained by Vibrotome 1000
Plus (St. Lois, MO, USA). Four cross-sections of each leaf were
measured with a light microscope Nikon Eclipse E400 (Japan)
equipped with a calibrated micrometric grid. Leaf mass per area
(LMA) and leaf density (LD) were calculated using the initial area
and dry weight measurements (LMA = DW LA−1, mg cm−2; LD = DW
(LA LT)−1, mg cm−3). On the same leaves, chlorophyll content was
also measured using a CL-01Chlorophyll Content Meter (Hansatech
Instruments, Pentney–Norfolk, UK). Relative chlorophyll content
is measured using dual wavelength optical absorbance (620 and
940 nm wavelength) from leaf samples. The values are reported, in
arbitrary units, on a proportional scale.

2.6. Statistics

Fluorescence data were processed through Biolyzer software (R.
Maldonado-Rodriguez, Bioenergetics Lab., Geneva, CH). Combined
elaborations were performed by relating fluorescence data, and
data on leaf injury and photosynthesis, to each individual plant. The
NF/CF (not filtered/charcoal filtered) and FL/SH (full light/shaded
leaves) ratios were taken in most of the findings as the expression of
the extent of response to the treatment. All data were organized in
Excel (Microsoft) spreadsheets and processed by means of Statistica
6.0 (Statsoft 2001, Tulsa OK).

3. Results

3.1. Overall results

Full light leaves were smaller (in terms of leaf area) than the
shaded ones, but the first were thicker and had a higher leaf mass
per area (LMA) and leaf density (LD). The total leaf thickness (LT)
and the thickness of the mesophyll (spongy + palisade) were higher
in full light than in shaded leaves, and had a higher percentage
of palisade parenchyma (calculated on the whole mesophyll). The
content of chlorophyll was lower in full light leaves. Findings are
presented in Table 3.

The results of the variance analysis (two-ways anova), accord-
ing to the variables light exposure (full light vs. shaded) and ozone
treatment (NF vs. CF), are shown in Table 4 for the whole year. The
p values show that most of the considered parameters are more
markedly influenced by light exposure conditions rather than by
ozone treatment. The maximum quantum yield of primary photo-
chemistry (TR0/ABS), the probability that the energy of a trapped
exciton is used for electron transport beyond QA

− (ET0/TR0), the
quantum yield of electron transport (ET0/ABS), the density of active
reaction centers per cross section (RC/CS0), and the performance
index (PIABS) were significantly lower in full light leaves, both in
CF and NF-OTCs, whereas the maximum quantum yield of an elec-
tron reaching the acceptor side beyond the PSI (RE0/ABS) and the

Table 3
Morphological features of FL (full light, in monospecific plots) and SH (shaded, in
mixed plots) beech leaves, collected at the end of the growing season.

No. FL (Mono) SH (Mixed)

M St. dev. M St. dev.

Leaf area (1 leaf), cm2 16 12.4± 2.2 17.0± 3.5
Upper epidermis, !m 16 10.5± 2.2 10.2± 1.6
Palizade parenchyma, !m 16 52.0± 5.9 32.0± 3.1
Spongy parenchyma, !m 16 58.0± 6.6 45.4± 1.5
Lower Epidermis, !m 16 8.9± 0.9 8.3± 0.6
Total leaf thickness, !m 16 129.4± 5.1 96.0± 2.7
Leaf mass per area, mg cm−2 16 7.2± 0.3 4.5± 0.7
Leaf density, mg cm−3 16 557.8± 25.3 470.4± 78.3
Percent of palizade, % 16 47.3± 4.8 41.3± 2.7
Chlorophyll content (a.u.) 16 5.74± 1.27 7.94± 1.56

quantum yield for energy dissipation (DI0/ABS) had the opposite
behaviour. In most cases, the FL/SH ratios had higher values in NF
plots, with the exception of RE0/ABS. Water Use Efficiency (WUE)
was significantly lower only in NF plots (Fig. 1A). No significant
differences were found according to ozone treatment (Fig. 1B).

At monthly basis, some parameters became significantly influ-
enced by O3 only in the last assessment month (September), both
in full light and shaded leaves (Fig. 1C). They were RE0/ABS and PN
(significantly lower in O3 treated plots, respectively with p = 0.036
and with p = 0.011). Some others parameters, even not significant,
decreased considerably their p level (TR0/ABS was lower in O3
treated plots, with p = 0.092).

Table 5 shows the correlations values (r and p) between the
selected JIP-test and the gas-exchange parameters. PN correlated
positively with the maximum quantum yield of an electron reach-
ing the acceptor side beyond the PSI (RE0/ABS), but p was significant
(<0.05) only in the full light leaves. In the shaded leaves, PN cor-
related positively with the maximum quantum yield for primary
photochemistry (TR0/ABS) and negatively with the quantum yield
for dissipation (DI0/ABS). Stomatal conductance (gw) correlated
negatively with the density of reaction centers (RC/CS0) and with
the performance index (PIABS). The intercellular carbon (Ci) corre-
lated negatively with most fluorescence parameters, while WUE
had the opposite trend.

Table 4
Results of the Factorial ANOVA for each considered parameter. In bold are indicated
the significant factors.

A. Ozone
treatment

B. Light
exposure

Interaction A × B

F P F P F P

ϕPo = TR0/ABS 2.334 0.129 31.077 0.000 1.441 0.232
" Eo = ET0/TR0 0.582 0.447 8.429 0.004 1.237 0.270
ϕEo = ET0/ABS 0.076 0.784 14.819 0.000 0.299 0.585
ϕDo = DI0/ABS 2.334 0.129 31.077 0.000 1.441 0.232
ϕRo = RE0/ABS 0.024 0.876 5.556 0.020 0.638 0.426
RC/CSo 0.051 0.822 9.608 0.002 0.765 0.383
PIABS 0.034 0.854 9.262 0.003 0.591 0.444
PN 1.070 0.303 9.401 0.003 0.193 0.662
gw 0.245 0.622 3.103 0.081 1.392 0.240
Ci 1.704 0.194 3.434 0.066 0.424 0.516
WUE 1.289 0.258 4.315 0.040 0.447 0.505

ϕPo = TR0/ABS = maximum quantum yield of primary photochemistry;
" Eo = ET0/TR0 = efficiency with which a trapped exciton can move an electron into
the electron transport chain further than QA

-; ϕEo = ET0/ABS = ϕPo. " Eo = quantum
yield of electron transport; ϕD0 = DI0/ABS = quantum yield for energy dissipation;
ϕRo = RE0/ABS = maximum quantum yield of an electron reaching the acceptor
side; RC/CS0 = concentration of active PSII reaction centres per excited cross
section; PIABS = Performance Index on absorption basis; PN = net photosynthesis;
gw = stomatal conductance to water vapour; Ci = concentration of intercellular
carbon; WUE = water use efficiency (PN/gw).
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Fig. 1. Relative values of selected photosynthesis parameters. (A and B) all assess-
ment data, and the relative parameters are reported according to the condition light
exposure (FL/SH—1, A) and according to ozone exposure (NF/CF—1, B). C reports
the relative values for ozone exposure (NF/CF—1) only for the last assessment
(September). The straight line at the “0” level represents the control, and his-
tograms represent the relative variations. Findings significantly different from the
control are indicated with an asterisk (see also the results of the ANOVA, Table 4).
TR0/ABS = maximum quantum yield of primary photochemistry; ET0/TR = efficiency
with which a trapped exciton can move an electron into the electron transport chain
further than QA

−; ET0/ABS = quantum yield of electron transport; DI0/ABS = quantum
yield for energy dissipation; RE0/ABS = maximum quantum yield of an electron
reaching the acceptor side; RC/CS0 = concentration of active PSII reaction centres
per excited cross section; PIABS = Performance Index on absorption basis; PN = net
photosynthesis; gw = stomatal conductance to water vapour; Ci = concentration of
intercellular carbon; WUE = water use efficiency.

3.2. Temporal trends

According to ozone treatment (NF/CF, Fig. 2A), the maximum
quantum yield of an electron reaching the acceptor side beyond the
PSI (RE0/ABS) decreased over time, and that behaviour was signif-
icant in September in full light but not in shaded leaves. According
to light exposure (FL/SH, Fig. 2B), RE0/ABS was significantly higher
in CF but not in NF plots.

PN values (Fig. 3A) were always higher in full light as compared
to shaded leaves, but dropped in September in NF plots in both
conditions of light exposure. The reduction of PN attributable to
ozone (in NF respect to CF plots) was 28% in shaded leaves and
19% in full light leaves. A similar behaviour was observed for stom-
atal conductance (Fig. 3B). Intercellular carbon increased over time,
without any evident differences between experimental conditions
(Fig. 3C), whereas WUE followed the opposite trend (Fig. 3D). It may
be interesting to note that the highest values of Ci and the lowest
of WUE were observed in the full light leaves—NF plots. When data
are presented on leaf mass per area basis (i.e., assuming LMA = 1, see
Tateno and Taneda, 2007), PN was constantly higher shaded leaves
(Fig. 4A), and the gw increased over the time in shaded respect to
full light leaves.

3.3. %V curves

The rising curves of the fluorescence transients OJIP were
normalized between F0 and FM to make them comparable. The
so-called %V (= Vtreated − Vreference) curves were calculated by sub-
tracting, at each point in time, the relative variable fluorescence
intensity V values recorded in the CF plants from the correspond-
ing NF point (i.e., NF–CF, see Fig. 5A and B), and the relative variable
fluorescence intensity V values recorded in the shaded from the cor-
responding full light leaves (FL-SH, see Fig. 5C and D). The %V curves
indicate the points where the fluorescence increases, in particular
the J and I steps at about 2 and 30–50 ms (%VJ and %VI peaks). The
main effect of O3 were the enhanced %VJ, %VI peaks late in the
season (September), in full light leaves (Fig. 5A). In shaded leaves
the responses were less marked, but a %VI peak was observed also
in these conditions (Fig. 5B). In relation to the light exposure, %V
curves showed two different kinds of patterns, both in NF (Fig. 5C)
and CF plots (Fig. 5D). There is an “early” pattern (June and July),
characterized by a peak at the J and a “depression” at the I steps;
and a “late” pattern (August and September) with the opposite
behaviour.

4. Discussion

Light induced morphological and physiological changes in the
beech growing in the monospecific plots, respect to the mixed ones.
Full light leaves had a lower maximum quantum yield of primary
photochemistry (TR0/ABS) than the shaded leaves. This finding con-
trasts with Lichtentaler and Babani (2004) and Sarijeva et al. (2007),
who described an opposite trend. In the ecological conditions South
of the Alps, where the sun radiations are very high, photoinhibitory
damage can be avoided through the increase in controlled non-
photochemical de-excitation processes (enhanced quantum yield
of dissipation – DI0/ABS – and reduced maximum quantum yield
of primary photochemistry – TR0/ABS – and density of reaction
centers per cross section – RC/CS0). This behaviour, however, is
consistent with the behaviour in high light conditions described by
Adams and Demmig-Adams (2004) and Gilmore (2004).

Another important feature of the acclimation to high light is
represented by the changes in the shape of the I–P region in the flu-
orescence transient in full light leaves. This behaviour is expressed
by the higher value of the maximum quantum yield of an electron
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Fig. 2. Variation, over the growth season, of the relative values of RE0/ABS (maximum quantum yield of an electron reaching the acceptor side) according to ozone (NF/CF
-1, Fig. 2A) in Mono and Mixed conditions, and light exposure (FL/SH -1, Fig. 2B) in CF and NF plots. The straight line at the “0” level represents the control, and histograms
represent the relative variations. Findings significantly different from the control are indicated with an asterisk.

reaching the acceptor side beyond the PSI—RE0/ABS (Fig. 2B) in full
light respect to shaded leaves, and by the marked negative peak
%VI in the latest part of the %V curve (Fig. 5C and D) The I–P region
of the fluorescence transient (and the JIP-test parameter RE0/ABS)
reflects the velocity of the reduction of ferredoxine beyond the PSI
(Schansker et al., 2003) or, in other words, it expresses a relative
abundance of PSI respects to the PSII. Full light leaves have a high
PSI/PSII ratio (Maxwell et al., 1999), that allows a quick reduction
of ferredoxine and, consequently, high PN rates (PN is correlated to
RE0/ABS in full light leaves). Only in the late season, in full light
leaves, the %VI, peak became positive, both in CF and NF plots (in
NF plots that happens earlier than in the CF ones). In shaded leaves
(Mixed plots), PN correlated positively with TR0/ABS and negatively
with DI0/ABS. This is part of a strategy to capture and preserve
the sun energy at low radiation conditions. The photosynthesis of
shaded leaves, in mixed plots, is saturated at lower PAR values, and

the PARo measured at the time of gas-exchange assessment are
enough to assure the photosynthetic saturation (Bilger et al., 1995;
Beaudet et al., 2000; Wittmann et al., 2001).

Effects of O3 were recognizable mainly at the end of the season
(Topa et al., 2001). Changes in the JIP-test parameters were more
pronounced in full light respect to the shaded leaves. In the %V
curves (NF–CF in full light and, in a lesser extent, also in the shaded
leaves), a %VI peak became evident in the September assessment,
corresponding to a decrease in the value of the maximum quan-
tum yield of an electron reaching the acceptor side beyond the
PSI—RE0/ABS. This effect indicates a slowing of the reduction of
ferredoxine (Schansker et al., 2003) that, together with the inac-
tivation of Rubisco (that can occur as a consequence both of O3
and high light stress, see Jactap et al., 1998; Dann and Pell, 1989;
Fontaine et al., 2003; Brendley and Pell, 1998; Inclan et al., 2005;
Guidi et al., 2009), can explicate the decline of PN in September. This

Table 5
Correlation coefficients of singular relative JIP-test parameters with gas-exchange parameters (abbreviations: see legend Table 4).

TR0/ABS ET0/TR0 ET0/ABS DI0/ABS RE0/ABS RC/CS0 PIABS

All plots
PN r = 0.1176 r = 0.0456 r = 0.0583 r = −0.1176 r = 0.1603 r = −0.0153 r = −0.0620

p = 0.186 p = 0.609 p = 0.513 p = 0.186 p = 0.071 p = 0.864 p = 0.487

gw r = 0.0642 r = −0.1684 r = −0.1343 r = −0.0642 r = −0.0739 r = −0.2732 r = −0.2552
p = 0.471 p = 0.057 p = 0.131 p = 0.471 p = 0.407 p = 0.002 p = 0.004

Ci r = −0.1037 r = −0.3683 r = −0.3438 r = 0.1037 r = −0.2474 r = −0.5079 r = −0.4580
p = 0.244 p = 0.000 p = 0.000 p = 0.244 p = 0.005 p = 0.000 p = 0.000

WUE r = 0.0851 r = 0.3492 r = 0.3237 r = −0.0851 r = 0.2269 r = 0.4910 r = 0.4480
p = 0.339 p = 0.000 p = 0.000 p = 0.339 p = 0.010 p = 0.000 p = 0.000

Mono (FL)
PN r = 0.1801 r = 0.1929 r = 0.2048 r = −0.1801 r = 0.3237 r = 0.1422 r = 0.0200

p = 0.155 p = 0.127 p = 0.105 p = 0.155 p = 0.009 p = 0.262 p = 0.875

gw r = 0.1938 r = −0.0571 r = −0.0059 r = −0.1938 r = −0.0181 r = −0.2639 r = −0.1867
p = 0.125 p = 0.654 p = 0.963 p = 0.125 p = 0.887 p = 0.035 p = 0.140

Ci r = 0.0089 r = −0.3175 r = −0.2800 r = −0.0089 r = −0.2594 r = −0.5131 r = −0.3988
p = 0.944 p = 0.011 p = 0.025 p = 0.944 p = 0.038 p = 0.000 p = 0.001

WUE r = −0.0305 r = 0.2868 r = 0.2485 r = 0.0305 r = 0.2185 r = 0.4789 r = 0.3858
p = 0.811 p = 0.022 p = 0.048 p = 0.811 p = 0.083 p = 0.000 p = 0.002

Mixed (SH)
PN r = 0.4026 r = 0.0413 r = 0.1118 r = −0.4026 r = −0.1278 r = −0.0204 r = −0.0002

p = 0.001 p = 0.746 p = 0.379 p = 0.001 p = 0.314 p = 0.873 p = 0.999

gw r = 0.1173 r = −0.2013 r = −0.1535 r = −0.1173 r = −0.1903 r = −0.2309 r = −0.2455
p = 0.356 p = 0.111 p = 0.226 p = 0.356 p = 0.132 p = 0.066 p = 0.050

Ci r = −0.0900 r = −0.3690 r = −0.3399 r = 0.0900 r = −0.3257 r = −0.4689 r = −0.4630
p = 0.479 p = 0.003 p = 0.006 p = 0.479 p = 0.009 p = 0.000 p = 0.000

WUE r = 0.0468 r = 0.3508 r = 0.3158 r = −0.0468 r = 0.3328 r = 0.4579 r = 0.4470
p = 0.713 p = 0.004 p = 0.011 p = 0.713 p = 0.007 p = 0.000 p = 0.000

In bold are evidenced the correlations significant with p < 0.05.
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Fig. 3. Variation, over the growth season, of the gas-exchange parameters: net photosynthesis (PN, A), stomatal conductance (gw, B), intercellular carbon (Ci, C) and Water
Use Efficiency (WUE, Fig. 3D). Different letters indicate significant differences.

decline in the ozone treated plots is a well know finding (see also
Gravano et al., 2004; Novak et al., 2005; Calatayud et al., 2007) and
was greater in shaded leaves respect to the full light ones. When
data are expressed on leaf mass per area (LMA) basis, the shade
leaves increase their stomatal conductance (gw) at the end of the
season, so they are more susceptible to ozone uptake.

In September, both high light and O3 produced positive %VI
peaks, with a lowering of RE0/ABS relative values. That may create
an unbalance between electrons sent by the ET (electron trans-

port) chain and those reaching the acceptors beyond the PSI, and
namely the ferredoxine. Under high light conditions we suppose
that the “free” electrons (those coming from the PSI, but that did
not reach the end acceptors), can activate the oxygen (from fun-
damental to excited status: Powles, 1984; Krieger-Liszkay, 2005)
with production of ROS, so inducing photo-oxidation processes of
the cellular content. According to Hald et al. (2008), if the flow of
electrons through the electron transport chain exceeds the capacity
of metabolism to consume the reductant produced, then poten-

Fig. 4. Variation, over the growth season, of the gas-exchange parameters, expressed on leaf mass per area (LMA) basis, i.e., assuming LMA = 1. (A) net photosynthesis (PN);
(B) stomatal conductance (gw). Different letters indicate significant differences.
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Fig. 5. %V curves, obtained by subtraction from the original fluorescence transients. (A and B) %V curves according to ozone exposure (NF–CF), in full light (FL, A) and shaded
(SH, B) leaves. (C and D) %V curves according to light conditions (FL-SH), in charcoal filtered (CF, C) and not filtered (NF, D) plots.

tially harmful side reactions are liable to occur. In these conditions
O3 increased the oxidative pressure producing additive effects, so
explicating the foliar symptoms (bronzing) observed in the NF–FL
leaves (Novak et al., 2008).

5. Conclusions

The relationships between O3 and high light conditions are
complex. In the present study shaded leaves demonstrated to be
more susceptible to ozone uptake (increasing gw), and reduced the
PN more than full light leaves (see also Topa et al., 2001, 2004).
These latter, however, showed the most relevant changes as far the
chlorophyll fluorescence parameters are concerned. The changes
induced by O3 in chlorophyll fluorescence appeared very simi-
lar to those induced by high light (with special reference to the
decreased maximum quantum yield of primary photochemistry
and increased quantum yield of dissipation). The maximum quan-
tum yield of an electron reaching the acceptor side beyond the
PS I – RE0/ABS – showed a more specific behaviour, because this
parameter is enhanced by light and depressed by O3. The alleged
ozone sensitivity of sun leaves is based on the onset of the foliar
visible symptoms, that were not recorded in shaded conditions
(Novak et al., 2008). Our results suggest that the leaf bronzing,
usually attributed to ozone (Vollenweider et al., 2003; Bussotti
et al., 2005), derives from an excess of oxidative pressure pro-

duced by the concomitant action of high light and O3 when, at the
end of the season, the capacity to fed the final electron receptors
declines.

The action of sunlight on the processes of beechwood regen-
eration (i.e., seedlings growing in forest gaps) had been discussed
in several papers (Tognetti et al., 1994, 1998; García-Plazaola and
Becerril, 2000; Valladares et al., 2002; Reynolds and Frochot, 2003).
All the authors underline the role of photoinhibition, especially
when shade-acclimated seedlings are suddenly exposed to full sun-
light. Our results suggest that the understory environment protects
beech seedling from high irradiance, but not from ozone. Responses
to ozone stress, however, are produced on individual basis accord-
ing to the genotype (Farage, 1996; Cascio et al., 2008), and a possible
scenario foresees that the most ozone-resistant genotypes will be
selected for the future forest regeneration.
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