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Abstract The effects of ozone in four maple species,
Acer campestre, A. opalus subsp. granatense, A.
monspessulanum and A. pseudoplatanus were studied
in OTC under two different experimental conditions: in
charcoal filtered air (CF), and in non filtered air plus
30 ppb ozone (NF+30). The four species of maple
showed contrasting sensitivity to ozone as demonstrat-
ed by visible injury development, gas exchange and
chlorophyll a fluorescence, and growth measure-
ments. Plant injury index (i.e. a combination of
percentage of injured leaves and leaf surface affected)
was more consistently related with physiological
measurements than the onset of first symptom of
visible injury. Differences in ozone sensitivity among
species may be partly related to higher stomatal
conductances in A. opalus and A. pseudoplatanus. In
these two species, ozone produced significant reduc-
tions in CO2 assimilation under saturating light
conditions (Asat), stomatal conductance (gs), transpi-
ration rate (Tr) and Water Use Efficiency (WUE) (the
latter also significantly declined in A. campestre)
towards the end of summer, while intercellular CO2

concentrations (Ci) increased significantly. In asymp-
tomatic leaves of A. opalus, neither stomatal limita-
tion nor photoinhibitory damage (Fv/Fm) could

explain the observed decline of Asat, and photosynthe-
sis was down regulated by reducing the proportion of
absorbed energy used in photochemistry (ΦPSII) at
expenses of the energy dispersed non-photochemically
(NPQ). Leaf N content also declined significantly in A.
pseudoplatanus. Plants exposed to ozone showed a
tendency to decrease growth, but it was not significant
within the exposure period for any of the four species.
The most sensitive species were A. opalus and A.
pseudoplatanus, while the species with the smallest
and more coriaceous leaves, A. monspessulanum, was
the most resistant.
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Abbreviations
Asat light saturated CO2 assimilation

AOT40 accumulated exposure over threshold
40 ppb

Ci intercellular CO2 concentrations
CSTR Continuously Stirred Tank Reactors
DSF days after starting of fumigation

Φexc quantum efficiency of excitation capture by
oxidized reaction centers of PSII

ΦPSII quantum yield of electron transfer at PSII
Fm maximum fluorescence
F

0
m maximum fluorescence in the light adapted

state
Fo minimal fluorescence
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F
0
o minimum fluorescence in the light-adapted

state
Fs modulated fluorescence yield at steady

state
Fv/Fm maximum quantum efficiency of photosys-

tem II (PSII) primary photochemistry
gs stomatal conductance to water vapor
NPQ quenching due to non-photochemical

dissipation of absorved light energy
OTC open top chamber
PPFD photosynthetic photon flux density
qp coefficient for photochemical quenching.
RHGR relative height growth rate
Tr transpiration rate
VPD leaf-to-air water vapor pressure deficit
WUE water Use Efficiency, calculated as Asat/Tr

1 Introduction

Tropospheric ozone is a widespread regional air
pollutant in many parts of the world. It is know that
it interacts with forest ecosystems causing visible
injury and other adverse effects to the plants (Krupa
and Manning 1988; Krupa et al. 2001; de Vries et al.
2003; Ferretti et al. 2007). In the context of ‘global
change’ (IPCC 2001), increasing levels of this gas
contributing to global warming are predicted (Fowler
et al. 1999; Ashmore 2005). A higher frequency of
hot and sunny periods due to global warming may
also result in more frequent high ozone episodes
(Sanz et al. 2007a). Ozone may compromise stimula-
tion of net primary production caused by elevated
CO2 (King et al. 2005) and reduce carbon sink
capacity of ecosystems (Karnosky et al. 2003). In
forested areas of Europe, levels of this pollutant tend
to increase towards the Mediterranean region (Sanz
et al. 2007a,b), due to the fact that in Southern
Europe ozone formation is particularly favored by the
intense solar radiation, high temperatures, and re-
circulation processes of the polluted air masses
(Millán et al. 1997, 2000; Sanz and Millán 1998;
Sanz et al. 2007a). These levels are high enough to
produce visible injury on leaves of native vegetation
(e.g. Bussotti and Ferretti 1998; Skelly et al. 1999;
Innes et al. 2001; Sanz et al. 2001; de Vries et al.
2003; Paoletti 2006).

Ozone effects on plants have been reviewed from
several viewpoints in the last years (e.g. Runeckles and
Chevone 1992; Matyssek et al. 1995; Heath and
Taylor 1997; Pell et al. 1997; Black et al. 2000; De
Kok and Tausz 2001). Ozone enters the plants mainly
via stomata, and inside the leaves it reacts with apoplast
constituents producing reactive oxidative species
(superoxide radicals, hydroxyl radicals and hydrogen
peroxide) (Mehlhorn et al. 1990; Wohlgemuth et al.
2002). The initial signals produced by ozone in the
leaf apoplast are translated later in responses at the
tissue level (unregulated cell dead, hypersensitive
response leading to programmed cell dead, accelerat-
ed senescence), in processes modulated by ethylene,
jasmonic and salicylic acid levels, and the interactions
among their signaling pathways (Baier et al. 2005;
Fiscus et al. 2005). Ozone exposure causes increase in
the activity of the enzymes associated with general
plant defense mechanisms (Kangasjärvi et al. 1994),
and alters the permeability of the plasma cell
membranes and plant lipid patterns (Heath 1987).
An impairment of photosynthetic assimilation rates
(Reich and Amudson 1985), reductions in the amount
and activity of Rubisco (Dann and Pell 1989), and
chlorophyll destruction (e.g. Pleijel et al. 1994; Saitanis
et al. 2001) are other well-known ozone effects. This
pollutant also produces alterations in cells and tissues, to
finally induce cell death and necrosis of the tissues
leading to the development of visible injury (e.g.
Mikkelsen and Heide-Jørgensen 1996; Günthardt-
Goerg et al. 1997; Vollenweider et al. 2003; Gravano
et al. 2004; Reig-Armiñana et al. 2004; Bussotti et al.
2005). If dose is sufficient and plant protective and
repair mechanisms are overcome, growth reductions
may occur (Chappelka and Chevone 1992; Chappelka
and Samuelson 1998; Matyssek and Innes 1999).

Maples are important components of temperate
forests, which are also present in humid parts of the
Mediterranean region. Previous studies have shown
that this genus host several species with a relatively
high sensitivity to ozone: it is the case of the sugar
maple (A. saccharumMarsh.; e.g. Gaucher et al. 2003),
and red maple (A. rubrum L.; e.g. Samuelson and
Kelly 1997; Schaub et al. 2003) in North America, or
of sycamore (A. pseudoplatanus L.) or field maple
(A. campestre L.) in Southern Europe (e.g. Innes et al.
2001; de Vries et al. 2003; Ferretti et al. 2004). In
Europe, maple species are among the trees showing
more typical ozone symptoms in the field (e.g. Innes
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et al. 2001), and plants of this genus have a high
potential to be used as bioindicators. So far, information
regarding the sensitivity of maple species and popula-
tions present in the Mediterranean area is rather limited
or absent. In the present paper, we study the ozone
sensitivities of Spanish populations of four maples:
sycamore, field maple, a subspecies of Italian maple
[A. opalus Mill. subsp. granatense (Boiss.) Font Quer
& Rothm.] and Montpellier maple (A. monspessulanum
L.). In the Iberian Peninsula, sycamore is the species
with the highest water requirements, being restricted to
northern humid areas. Field maple is also a predom-
inantly northern species. The two other maples show a
more southern distribution and may occur within
Mediterranean vegetation. Due to their floristic inter-
est, they are included in some regional red lists in
Spain (e.g. Cabezudo and Talavera 2005). The species
with the largest leaves is sycamore, while Montpellier
maple, the best adapted to water stress, has the smallest
and more coriaceous leaves.

The main objective of the present paper is to com-
pare the ozone sensitivity of these four species on the
basis of their foliar, physiological and growth responses,
and to characterize such responses. Two hypotheses are
also tested: (1) species with higher stomatal conduc-
tantes are more sensitive to ozone (Reich 1987), and (2)
species with more coriaceous leaves (as an adaptation to
dry Mediterranean conditions) are more tolerant to this
pollutant (Paoletti 2006).

2 Materials and Methods

2.1 Organization of the Experiments

In order to achieve the above mentioned objectives,
this study has been structured in four different
experimental parts: (1) the species sensitivity to ozone
is assessed on the basis of visible injury, and the
hypothesis that in maple species higher stomatal
conductances may favor injury development is tested
(experiment 1). (2) Tracking of marked leaves over
time (experiment 2) characterizes the sequence of
physiological changes (gas exchange and chlorophyll
fluorescence) produced by ozone. (3) The study of
physiological responses (gas exchange, chlorophyll
fluorescence and chlorophyll content) in leaves
without stippling (experiment 3) was complementarily
carried out, in order to characterize pre-visible injury

effects. (4) Finally, the possible effects of ozone on
plant growth were studied.

2.2 Plant Material

Plant seedlings (3–4 years old, about 80 cm height)
were obtained from two nurseries: Acer opalus subsp.
granatensis was provided by Vivero de Quart, Banc de
Llavors Forestals (Valencia), and the three other species
from Vivero Escuela Río de Guadarrama (Madrid). The
origin was: eastern Spain (Acer campestre from the
province of Valencia, andAcer opalus subsp. granatensis
from the region of Els Ports-Maestrat, province of
Castellón), and central Spain, province of Madrid
(Acer monspessulanum and Acer pseudoplatanus).
The containers (9.5 l) were filled with 50% coconut-
peat, 30% peat, and 10% sand, and 10% vermiculite,
soil pH being close to 7.0. A slow release fertilizer
(Osmocote plus) was incorporated, with NPK
20:20:20 and additional micronutrients. Plants were
irrigated using a droplet irrigation system, twice a
day. For each species, 9 plants were kept in filtered
air, and 12 were fumigated. Visible injury was
assessed in all 12 fumigated plants (no symptoms
were observed in CF plants) and growth was
measured in nine plants per species and treatment.
For the study of the physiological responses, howev-
er, only six plants per species and treatment were
taken into account.

2.3 Open-Top Chambers and Treatments

The experiment was conducted in the ‘La Peira’ open-
top chamber experimental Field (Benifaió, 39°16′
14.8″N, 00°26′59.6W, 30 m of altitude), in a rural
area 20 km south of the city of Valencia (eastern
Spain). Plants were distributed in six OTCs with two
ozone treatments: three chambers with charcoal
filtered air (CF), and three chambers with non-filtered
air plus 30 ppb ozone (NF+30). Plants were fumigat-
ed 8 h a day, from 10:00 to 18:00 hours CET, during
the whole week. Ozone was generated from oxygen
using a high-voltage electrical discharge generator
(SIR s.a., Madrid, Spain). Air quality inside and
outside the chambers was continuously monitored at
regular intervals with an ozone monitor (Dasibi 1008-AH,
Environmental Corp., Glendale, CA, USA), and nitrogen
oxides monitor (Dasibi 2108, Environmental Corp.,
Glendale, CA, USA); these monitors were calibrated
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periodically. Additional meteorological data (e.g. temper-
ature, precipitation, wind direction and speed) were also
recorded for the experimental plot. The experiments
started on 11 May 2004, and ended on 21 September
2004. The critical level for ozone, accumulated exposure
over a threshold of 40 ppb, was calculated according to
the methods described by the EU 2002/3/EC Directive
(EU 2002), using mean hourly values from 08:00 hours
CET to 20:00 hours CET. Ozone concentration data of
the experimental site (ambient) and treatments are
provided in Table 1, while accumulated AOT40 values
through the experiment are represented in Fig. 2.

2.4 Visible Injury Assessment

Plants were examined every two days to record the
first date of symptom onset in each individual plant.
Complementarily, once a week, both the percentage
of affected leaves per plant (LA), and the percentage
of area affected for the symptomatic leaves (AA) were
scored in each plant, using a 5% steps scale. To
evaluate the whole plant injury, a Plant Injury Index
(PII) was calculated combining these two parameters:
PII ¼ LA � AAð Þ=100.

2.5 Gas Exchange Measurements

In order to determine the stomatal conductance of the
different species under ambient experimental condi-
tions (experiment 1), stomatal conductance was
measured in randomly selected, mature, healthy
leaves of the upper part of the plant with a portable
Delta-T AP4 porometer (Delta-T Devices, Cambridge,
UK). Measurements were carried out under ambient
light and temperature conditions: average PPFD of all
measurements was 1099 μmol m−2 s−1 and tempera-

ture 30°C. Measurements were performed in 2 days,
on 14 July and 23 September 2004, three times a day
(09:00–11:00, 13:00–15:00, 17:00–19:00 hours, CET),
with a total of 322 leaves measured (n=75–86 for
each species and treatment).

To compare CF and NF+30 treatments along different
times, or to compare types of leaves, under fixed photon
flux density (PPFD) and temperature conditions (experi-
ments 2 and 3), gas exchange was measured with an
infrared gas analyzer (IRGA) (Licor-6400, Li-cor Inc.,
Lincon, NE, USA). This instrument is equipped with
two Peltier thermoelectric coolers to allow control
temperature, and the leaf chamber is provided with a
gallium arsenide phosphide (GaAsP) red-blue light
source that supply photosynthetically active radiation
(PAR) at the required light intensities. Block temperature
of the cuvette was fixed at 25°C, and PPFD at 1000μmol
m−2 s−1. Previous determinations showed that this
photon flux was saturating for the four maple species.
All measurements were taken during the morning, at a
constant airflow of 500 μmol air s−1. Six plants were
selected per species and treatment; measurements were
conducted in one mature leaf per plant, from the middle
part of the crown. Plants of the different treatments
were measured in alternating order to minimize shifts of
environmental conditions affecting gas exchange during
the measurements. In experiment 2, tracking of gas
exchange in the same marked leaves was carried out at
0 (11 May), 16, 69 and 107 DSF. Relative humidity
(RH) during the measurements was 50.3±16.5%, and
leaf-to-air water vapor pressure deficit (VPD) was 1.58
±0.3 kPa. In experiment 3, a complementary compar-
ison of different type of leaves (filtered, fumigated not
symptomatic, and fumigated symptomatic), was con-
ducted after 108 days on newly selected leaves of the
same age. It has to be noted that although selected
asymptomatic leaves of the NF+30 treatment did not
show clear visible stippling, microscopy analyses of
similar leaves indicate that some alterations, including
partial chloroplast degeneration, have taken place in
some of these leaves (unpublished data). RH during
these measurements was 62.4±8.0%, and VPD was 1.4
±0.3 kPa.

2.6 Chlorophyll Content

Chlorophyll content was measured not destructively
with a portable chlorophyll meter (SPAD-520, Minolta).
This instrument uses measurements of transmitted

Table 1 Mean ozone concentrations at the experimental site
(ambient) and OTC treatments, and maximum value reached
during the whole experiment

24 h mean 12 h mean 8 h mean Hourly
max

ppb [8–20 h
CET], ppb

[10–18 h
CET], ppb

ppb

Ambient 34.6 46.3 50.7 86.0
CF 14.2 11.6 13.0 31.3
NF+30 42.0 65.1 79.1 122.7
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radiation in the red and near infrared wavelengths to
provide numerical values related to leaf chlorophyll
content. The average of three measurements was
calculated for each leaf, and two leaves were measured
per plant, six plants per treatment. Complementarily,
after 108 DSF, the SPAD values were determined in 40
leaf discs 1 cm diameter (area=0.78 cm2) per species.
They were later collected, rapidly transported in a cool
box with ice and stored in a freezer at −80°C until
analyses. Chlorophyll was extracted in 5 ml DMSO
following Barnes et al. (1992), and concentrations
determined with a CARY 45 UV-visible from 350–
750 nm. With these data, regression analysis between
the SPAD measurements and the chlorophyll content
were carried out. Correlations were significant for the
four species, with the following coefficients of deter-
mination and equations: A. campestre (y=0.0601x−
0.0653, r=0.91), A. pseudoplatanus (y=0.046x+
0.0331, r=0.84), A. monspessulanum (y=0.0867x−
1.0871; r=0.89), A. opalus (y=0.0803x−0.5089,
r=0.85), where y=chlorophyll concentration (μg
chlorophyll/mg fresh weight), and x=SPAD absor-
bance (relative units). Total chlorophyll content of the
leaves was derived from SPAD values using these
equations.

2.7 Chlorophyll a Fluorescence Measurements

In the tracked leaves (experiment 2), modulated
chlorophyll fluorescence measurements were taken
at ambient temperature at the same time than gas
exchange determinations, but a complementary leaf
per plant was measured (n=12 leaves per species and
treatment). Measurements were carried out with a
portable fluorometer (PAM-200, Walz, Effeltrich,
Germany). Leaves were dark-adapted for at least
30 min prior to the measurements. After dark
adaptation, the minimal fluorescence (Fo) was deter-
mined using the measuring light. A subsequent
application of a saturating flash of white light (0.8 s
at 8000 μmol/m2 s1), raises fluorescence to its
maximum value (Fm). This allows the determination
of the Fv/Fm parameter, maximum quantum efficiency
of photosystem II (PSII) primary photochemistry,
given by Fv/Fm=(Fm−Fo)/Fm.

Comparison of symptomatic and asymptomatic
leaves (experiment 3) was carried out using the
saturation pulse method for the analysis of quenching
components (Schreiber et al. 1986). After Fv/Fm

determination, intermittent pulses of saturating strong
white light (0.8 s at 8,000 μmol m−2 s−1) were applied
in the presence of actinic light. This allows the
determination of the maximum fluorescence in the
light adapted state (F

0
m) after each saturating pulse,

and the actinic light allowed steady-state photosyn-
thesis and modulated fluorescence yield at this steady
state (Fs); the minimum fluorescence in the light-
adapted state (F

0
o) is also measured by applying a

pulse of far red-light during a brief interruption of
actinic illumination. At each saturating pulse, quench-
ing due to non-photochemical dissipation of absorbed
light energy (NPQ) was determined according to the
equation NPQ ¼ Fm � F

0
m

� ��
F

0
m. The coefficient

for photochemical quenching (qp), which represents
the redox state of the primary electron acceptor of
PSII, Qa, was calculated as F

0
m � Fs

� ��
F

0
m � Fo

� �
.

The quantum yield of electron transfer at PSII (ΦPSII)
was estimated as ΦPSII ¼ F

0
m � Fs

� ��
F

0
m (Genty et al.

1989), and the quantum efficiency of excitation
capture by oxidized reaction centers of PSII was
calculated from the equation Φexc ¼ F

0
m � F

0
o

� ��
F

0
m.

2.8 Total C and N, and C/N Ratio

For total C and N determinations, five to six mature
asymptomatic leaves per species and treatment (CF,
NF+30) were collected after 108 DSF, and analyzed
separately. Leaves were dried at 60°C to constant
weight, and after grinding up, analyzed separately with
a Perkin Elmer 2400 Series II CHNS/0 elemental
analyzer (Perkin Elmer, Norwalk, CT, USA). The
analyzer is based on the organic analysis Pregl-Dumas
combustion technique which converts sample elements
to simple gases (CO2, H20, and N2) and detected as a
function of their thermal conductivities.

2.9 Growth of the Stems

In 2004, plant height of nine plants was measured with a
tape measure at 0 (11May), 21, 48, 80, 104 and 133 DSF.
Increases in height at the different measuring times with
respect to the initial values are given as relative growth
rates (RGR), because RGR expresses the rate of tree
growth independent of size (Evans 1972). Relative
Height Growth Rate as: RHGR=(In H2−In H1)/(t2−t1),
where H=height in cm. In this case, t1=0, as here we
consider RGR at different measuring times always in
relation to the initial values.
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2.10 Statistical Analyses

For two level analyses, independent t-test were ap-
plied, and for more than two cases, one-way Analysis
of Variance (ANOVA) followed by least significant
difference test (LSD). Normality and homogeneity of
variance requirements were previously tested, and data
transformed if necessary. A probability level < 0.05
was considered statistically significant. Data were
analyzed using SPSS 10.0 for Windows (SPSS Inc.).

3 Results

3.1 Development of Visible Injury

At the end of the experiment (29 September), all four
species displayed symptoms in the old leaves.
Occasionally, symptoms were also observed in re-
sprouts; they are fast growing parts of the plants, with
usually a more active gas exchange activity. Leaves
exhibited stippling, sometimes associated with chlo-
rosis in the interveinal zone, with the veins and the
lower side remaining unaffected. Stippling was
particularly visible in A. pseudoplatanus, due to its
darker colour, brown to dark brown, forming large
patches, while in the three other species, stipples were
paler, yellow or yellow-brown. No symptoms were
observed in any of the control plants.

In Fig. 1, the AOT40 at which the onset of visible
injury was recorded in each individual plant is repre-
sented, as well as the mean AOT40 of this onset for
symptomatic plants of each species. At the end of the
experiment, all 12 individual plants of A. opalus showed
relatively abundant symptoms. In the three other species,
some of the plants remained externally asymptomatic.
Stippling was also widespread in eight plants of A.
pseudoplatanus and, less markedly, in seven individuals
of A. campestre. In A. monspessulanum, 10 plants
developed a faint stippling but restricted to a few leaves,
mainly from re-sprouts. One plant of A. campestre was
the first to display symptoms, after 20 DSF (AOT40=
6977 ppb·h). This AOT40 value is below the
10,000 ppb·h critical level for protection of forest trees
(EU 2002), but above the recent 5,000 ppb h threshold
proposed in the UNECE Mapping Manual (Mills 2004).
In this species, however, there was a quite high
variability in the AOT40 value for visible symptom
appearance, since the rest of the plants showed injury at

AOT40 of about 20,000 ppb·h, and over this threshold.
A. monspessulanum was the least sensitive species:
plants showed first injury at a mean AOT40=
28,878 ppb·h, after 79 DSF as a mean. In A. opalus,
the mean AOT40 value was 24,878 ppb·h, and in A.
pseudoplatanus 23,834 ppb·h, with two plants distinctly
more sensitive than the others in the latter species.

Species sensitivity has been ranked also on the
basis of their Plant Injury Index (PII), an index
combining the percentage of leaves of the plant
affected, and the extent of visible injury (Fig. 2). This
index increases progressively over time, from the
onset of the first observed symptoms until the end of
the experiment, in parallel with increasing AOT40
values. Consistently with results represented in Fig. 1,
A. monspessulanum is confirmed as the least sensitive
species to ozone as the symptoms not only appeared
in general later than in the other species, but PII
values were always low, i.e. only a few injured leaves,
and scarcely affected, were observed in the plants.
The highest PII values were calculated for A. opalus,
a species in which all plants were finally symptom-
atic. Some of these individuals had more than 80% of
the leaves affected towards the end of the experiment.
Considering the PII, A.pseudoplatanus appears as
more sensitive than A. campestre. The latter species
developed visible injury earlier in some plants, but
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plants (two or three plants) at the same time and AOT40. The
figure refers only to plants of the NF+30 treatment, as no
symptoms were observed in the CF treatment
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percentage of leaves affected remained relatively low,
below 30% of the plant in most cases, while in A.
pseudoplatanus some plants showed up to 80% of
leaves affected.

3.2 Experiment 1: Stomatal Conductance of the
Species Under the Experimental Conditions

The two species showing higher ozone injury (see
previous section) at the end of the experiment (A. opalus
and A. pseudoplatanus) showed significantly higher
stomatal conductances than A. campestre, with A.
monspessulanum placed in an intermediate position
(Fig. 3).

3.3 Experiment 2: Tracking of Marked Leaves

In order to track the changes in the photosynthetic
performance of the leaves, gas exchange determina-
tions under constant PPFD and temperature were
taken four times in the same leaves (Fig. 4). The first
significant changes in ozone-exposed plants with regard
to control (CF) were observed in A. opalus, with a 33%
reduction of Asat at 69 DSF. The other significant
changes in the parameters considered were detected
towards the end of the experiment. After 107 days, Asat

declined further in A. opalus (about a 60% reduction),
and also a 50% significant reduction was observed in
A. pseudoplatanus. In these two species, the impairment
in CO2 assimilation was apparently associated with a
significant decreases in stomatal conductance (gs; see
also next section), that declined 49% in A. opalus and
37% in A. pseudoplatanus; transpiration rates (Tr) were
significantly reduced as well. On the contrary, intercel-
lular CO2 concentration (Ci) significantly increased in
both species.WaterUse Efficiency (WUE) after 107 days
was also altered: fumigated plants were significantly less
efficient with regard to water use than fumigated plants
in all species except A. monspessulanum. In A.
monspessulanum, ozone did not alter significantly any
of the gas exchange parameters considered in this study,
at any measuring time. Maximum efficiency of chloro-
phyll fluorescence (Fv/Fm) was significantly reduced in
A. opalus (p<0.05), while in A. pseudoplatanus
differences between treatments were in the limit of
significance (p=0.06).

3.4 Experiment 3: Changes in Asymptomatic
and Symptomatic Leaves

As in experiment 2, final measurements included both
symptomatic and asymptomatic leaves, i.e. there was a
high heterogeneity in leaf response, in experiment 3 the
physiological responses of the leaves with and without
visible injury were characterized independently.

In ozone-exposed but still asymptomatic leaves,
some early changes could be detected with regard to
control leaves (Table 2). CO2 assimilation (Asat)
significantly declined about 26% in A. opalus and in
A. pseudoplatanus. In the first species, this reduction
occurred without any negligible change in gs, while in
the latter it was coupled with a 22% gs reduction
(although not significant). In all species except A.
monspessulanum there was a significant reduction in
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WUE, and in A. opalus and A. campestris, Ci increased
significantly. Maximum efficiency of chlorophyll
fluorescence (Fv/Fm) remained unchanged in all four
maple species. However, some significant changes in
fluorescence parameters determined under actinic
illumination were observed in A. opalus and A.
pseudoplatanus: ΦPSII, Φexc, and qp decreased, while
NPQ increased (Table 3). Consistently but not
significantly, average chlorophyll content slightly
decreased in all species but A. monspessulanum. In
A. pseudoplatanus, both N content decreased and C/N
ratio increased significantly (Table 2).

In symptomatic leaves the tendencies observed in
ozone-exposed asymptomatic leaves were in general
enhanced and became significant for some of the
parameters. Asat and gs and WUE declined further, Ci

increased, and chlorophyll content and Fv/Fm were
significantly lowered (Tables 2 and 3).

3.5 Growth of the Stems

Under the experimental conditions, plants experi-
enced an increase in height during the first 80 days
(until 30th July), while growth became practically

suppressed during August and September (data not
shown). Plant height of the stems was recorded six
times, but in order to summarize the results only data
at 48 DSF (28 June), in the middle of the active
growth period, and at the end of the treatments (133
DSF, 21 September) are presented here (Table 4). Due
to the high variability in plant response, there are no
significant differences in Relative Height Growth
Rate (RHGR) between the two treatments (CF, NF
+30). RHGR was neither significantly correlated with
visible injury of the individual plants. However, with
regard to control plants, there is a tendency towards a
decrease of this parameter in fumigated plants of all
species, except in A. monspessulanum.

4 Discussion

In this study, the sensitivity of four maple species to
ozone has been assessed in several ways: visible injury,
photosynthetic performance, chlorophyll and N con-
tent, and growth. A complementary study dealing with
the anatomical alterations induced by this pollutant is
also ongoing (unpublished data).

Fig. 4 Experiment 2. Gas
exchange and fluorescence
parameters measured in the
same leaves at the begin-
ning of the experiment, and
after 16, 69, and 107 days,
under constant PPFD
(1,000 μmol m−2 s−1) and
cuvette block temperature
(25°C). Data represented are
NF+30/CF ratios, expressed
as percentages. Significant
differences between the CF
and the NF+30 treatment at
the different measuring
times are indicated as
*p<0.05, **p<0.01, and
***p<0.001 (t-test,
mean ± SE, n=6)
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Ozone-induced visible foliar symptoms in maple
species have been previously reported elsewhere. A.
campestre shows visible injury in the field at ambient
ozone levels in southern Switzerland (de Vries et al.
2003). A. pseudoplatanus is also symptomatic in
Southern Switzerland (photos in Innes et al. 2001)
and in Italy (Ferretti et al. 2004; Bussotti et al. 2005;
the latter study also includes a microscopic descrip-
tion of the stipples in this species). Symptoms similar
to those induced in this experiment in A. opalus
subsp. granatense have been observed by us (un-
published data) in a nursery in eastern Spain. So far,
A. monspessulanum has never been observed in the
field showing ozone injury. Previously to this exper-
iment, symptoms had been induced experimentally in
A. campestre fumigated with ozone in OTC (Sanz et al.
2001) and in A. pseudoplatanus using continuously
stirred tank reactors (CSTR; Orendovici et al. 2003).
Photodocumentation on ozone visible symptoms in
maple species from Europe can be accessed at the
following URLs: http://www.gva.es/ceam/ICP-forests/
and http://www.ozone.wsl.ch/.

Species have been classified according to their ozone
sensitivity in two different ways. (1) threshold for the
onset of the first symptom in any plant, and (2) Plant
Injury Index (PII) combining the percentage of affected
leaves per plant, and the extent of visible injury in the
affected leaves. Ranking of the two approaches are not
fully coincident, as for first approach, the classification
is: A. campestre>A. pseudoplatanus >A. opalus>A.
monspessulanum, while, according to their PII, they
are ranked as: A. opalus >A. pseudoplatanus >A.
campestre>A. monspessulanum. In both cases, A.
monspessulanum was the least sensitive species.
A. campestre shows the most discrepant differences:
it is the first species to develop symptoms (Fig. 1), but
these symptoms were restricted to a relatively low
number of leaves in each plant, so that PII at the end of
the experiment was relatively low in comparison with
other species (Fig. 2). Therefore, lower thresholds (i.e.
an earlier development of symptoms) not necessarily
imply a larger percentage of leaves affected in the
plants at the end of the growing season, as it has been
shown also in other studies (e.g. Orendovici et al.
2003). Furthermore, ranking of ozone-sensitivity of
different species may also differ if instead of the date
of the first symptom, the average date of injury onset
for several plants is considered (Novak et al. 2003).
Only one specimen of A. campestre developed symp-T
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toms below the commonly used critical level for
protection of forest trees (AOT40=10,000 ppb·h), but
above the recently proposed 5,000 ppb·h threshold
(Mills 2004). The first symptom in A. pseudoplatanus
was observed at AOT40=13,517 ppb·h, an intermediate
value between the AOT40 value of 2,259 ppb·h,
reported by Orendovici et al. (2003) in a CSTR
experiment, and the AOT40>20,000 ppb·h given
by Vanderheyden et al. (2001) in both open plots
and in OTCs under ambient ozone levels in Southern
Switzerland. These contrasting results suggest a rather
high variability among populations in this species,
although the different experimental conditions between
the experiments might have contributed to some extent.

Given the results of the present study, calculation of PII
seems to be more appropriate for comparing sensitivity
among species, as it describes better the state of the
plants, and provides results which are more consistent
with physiological measurements (see below).

Several studies have shown that O3 impacts are
more closely related to ozone uptake than to external
O3 exposure (Musselmann and Massmann 1999;
Wieser 1997; Wieser et al. 2000), supporting the use
of a flux-based concept instead of approaches based
on the external O3 exposure (Matyssek et al. 2007).
As flux of the pollutant to the leaf interior is predomi-
nantly controlled by stomatal aperture (Kersteins and
Lendzian 1989), stomatal conductance is considered a
key factor in understanding plant responses against
ozone. Reich and Amudson (1985) and Reich (1987)
suggest that differences among species in ozone uptake
and response to ozone are related to differences in leaf
conductance. In experiment 1, stomatal conductance
differed significantly among species: A. opalus and A.
pseudoplatanus had significantly higher gs than A.
campestre, with A. monspessulanum placed in an
intermediate position (Fig. 3). As ozone uptake depends
in large part to stomatal conductance, and given that the
ozone concentration regime was the same for all four
species, the higher stomatal conductances measured in
A. opalus and A. pseudoplatanus imply that both
maples received the highest O3 effective doses along
the experiment. Consistently with Reich’s hypothesis,
the highest scores of visible injury and more clear
physiological changes (see below) were recorded in

Table 4 Relative height growth rate (RHGR) in the four maple
species after 48 and 133 DSF

Treatments RHGR

*1,000 (cm day−1)

48 DSF 133 DSF

A. camp CF 2.0±0.8 1.2±0.5
NF+30 1.0±0.3 0.4±0.1

A. monsp CF 7.9±2.0 3.7±1.0
NF+30 7.8±1.1 3.8±0.6

A. opal CF 7.4±1.9 3.7±0.8
NF+30 6.3±1.6 3.1±0.7

A. pseud CF 4.2±1.6 2.8±1.1
NF+30 1.4±0.4 1.1±0.2

Differences were not significant in any case at a probability
level <0.05 (mean ± SE, n=9, t-test)

Table 3 Experiment 3: Chlorophyll fluorescence parameters after 108 DSF

Treatments Fv/Fm ΦPSII Φexc qp NPQ

A. camp CF 0.788±0.005a 0.340±0.039a 0.483±0.026 0.692±0.043a 1.482±0.291
NF+30, NSL 0.787±0.008a 0.322±0.027a 0.474±0.024 0.675±0.027a 1.532±0.218
NF+30, SL 0.745±0.015b 0.232±0.017b 0.424±0.011 0.546±0.033b 2.299±0.240

A. mons. CF 0.783±0.007a 0.339±0.038 0.458±0.040 0.733±0.030 1.447±0.264
NF+30, NSL 0.791±0.004a 0.332±0.023 0.478±0.016 0.691±0.025 1.432±0.144
NF+30, SL 0.742±0.016b 0.261±0.025 0.413±0.021 0.624±0.036 1.998±0.317

A. opal CF 0.791±0.007a 0.383±0.012a 0.510±0.008a 0.750±0.014a 1.076±0.073a
NF+30, NSL 0.776±0.008a 0.315±0.005b 0.463±0.008b 0.681±0.009b 1.464±0.044b
NF+30, SL 0.747±0.011b 0.257±0.021c 0.410±0.020c 0.623±0.024c 2.002±0.236b

A. pseud CF 0.793±0.003a 0.538±0.016a 0.652±0.009a 0.823±0.015a 0.482±0.047a
NF+30, NSL 0.781±0.009a 0.389±0.027b 0.531±0.030b 0.729±0.013b 1.066±0.173b
NF+30, SL 0.739±0.029b 0.300±0.037c 0.470±0.029c 0.628±0.047c 1.640±0.332b

Leaves from plants grown in CF where compared with not symptomatic leaves (NF+30-NSL) and symptomatic leaves of fumigated plants
(NF+30-SL). Significant differences at a probability level <0.05 are indicated with different letters (mean ± SE, n=5–6, ANOVA, LSD)
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these two species. In contrast, the lower injury scores
observed in A. campestre may be also partly explained
by its lower gs rates. However, it has to be noted than
the less affected species (A. monspessulanum) was not
the one with the lowest gs rates. Several other studies
show that gs or internal ozone flux and deleterious
effects (e.g. visible injury) are not always correlated
(e.g. Taylor and Tingey 1982; Zhang et al. 2001). The
mechanisms underlying the plant responses to this
pollutant are rather complex as, in addition to ozone
uptake, other factors are know to play important roles.
In this sense, the metabolic capacity to withstand
oxidative stress through repair and detoxification
mechanisms may contribute importantly to determine
the different plant sensitivity against ozone (Kangasjärvi
et al. 1994; Matyssek et al. 2004, 2007).

Tracking of the same leaves over time (experiment
2) shows that all four species exhibited the same type
of responses or trends against ozone for the studied
parameters. The general tendencies of change ob-
served in ozone-exposed plants (significant or not)
were reductions in CO2 assimilation (Asat), stomatal
conductance (gs), Water Use Efficiency (WUE),
maximum quantum efficiency of photosystem II (Fv:
Fm), and increases in intercellular CO2 concentrations
(Ci). Not surprisingly, the physiological changes
observed for the different species confirmed the
ranking of ozone sensitivity previously established
on the basis of visible injury, as some of the measured
leaves were finally symptomatic. The two species
showing the highest injury, P. pseudoplatanus and A.
opalus were also the most affected from a physiolog-
ical viewpoint: they experienced significant reduc-
tions in Asat, gs, Tr, WUE and Fv/Fm (strongly reduced
but not significantly in A. pseudoplatanus), and an
increase in Ci. A. campestre was an intermediate
species, as only WUE was significantly reduced. A.
monspessulanum was confirmed as the most resistant
species: fumigated leaves of this species did not show
significant differences with regard to control ones in
any of the studied parameters. In the two most sensitive
species, clear reductions in Asat start to occur after
69 days (already significant for A. opalus, still not
significant for A. pseudoplatanus), which is roughly
coincident with the onset of visible injury in the
plants (cf. Fig. 1). Novak et al. (2005) also observed
that there was a correspondence between ozone-
induced reductions in gas exchange and the onset of
visible injury in Populus nigra, Viburnum lantana and

Fraxinus excelsior exposed to ambient ozone levels in
Southern Switzerland.

In experiment 3, we studied the physiological changes
in leaves before stippling was clearly established. Results
are overall consistent with those of experiment 2. In A.
opalus and A. pseudoplatanus a significant decline in
Asat and WUE, and an increase in Ci (A. opalus) were
already observed in externally asymptomatic leaves. In
A. campestre, WUE declined and Ci increased signifi-
cantly, while A. monspessulanum remained unaffected.
These results show that impairment of photosynthetic
processes may occur before stippling appears on the
leaves (Novak et al. 2003; Gravano et al. 2004), and
more interestingly, that significant reductions in CO2

assimilation may occur without apparent stomatal
limitations: in A. opalus there is a 26% significant
reduction in Asat without appreciable changes in gs
(Table 2). This is consistent with the conclusions of
Reichenauer and Bolhàr-Nordenkampf (1999), who
indicate that in the case of limitation of CO2 assimila-
tion by stomatal closure, an associated decrease in Ci

would be expected together with an increase in WUE
(Reichenauer and Bolhàr-Nordenkampf 1999). As in
asymptomatic leaves of A. opalus exposed to ozone, Ci

significantly increased and WUE decreased, these
results would support the idea that these changes in
Asat are not primary due to stomatal closure. In the
present case, an important reduction in gs seems to
represent a further step in the sequence of deleterious
ozone effects on the leaves, as it occurred in injured
leaves, associated to a strong Asat decline. Stomatal
closure in more affected leaves, as observed in this
study, could be a secondary reaction to increased Ci

level (e.g. Mikkelsen 1995). It is known that ozone
negatively affects of Rubisco, reducing carboxilation
efficiency of the leaves (Dann and Pell 1989); an
impairment of the ‘dark phase’ of photosynthesis may
result in increasing Ci levels, which is consistent with
the enhanced Ci levels observed in the maple species.
Although direct effects of ozone on the stomata have
been reported (Fiscus et al. 2005), the results of the
present study suggest that impairment of stomatal
function by ozone is not the main mechanism to
explain Asat decline (although a contribution to some
extent cannot be ruled out): a decrease in Ci and an
increase in WUE would be expected if CO2 assimila-
tion would be mainly stomata-limited. As expected, the
significant changes and tendencies observed in ozone
exposed asymptomatic leaves are in general enhanced
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in injured leaves of all species. The observed sequence
of physiological responses is similar to that described
in the revision of stomatal responses of trees under
elevated ozone concentrations by Paoletti and Grulke
(2005).

Fluorescence results of experiment 3 indicate that
in asymptomatic leaves, the observed Asat impairment
occurs without a significant reduction in Fv/Fm, ruling
out photoinhibitory damage to the PSII reaction
centers as the main cause of CO2 assimilation decline.
However, some fluorescence parameters under
steady-state in actinic illumination experienced sig-
nificant changes in the two most sensitive species, P.
pseudoplatanus and A. opalus. The quantum yield of
electron transfer at PSII (ΦPSII) was significantly
reduced, in parallel with both reductions in quantum
efficiency of excitation capture by oxidized reaction
centers of PSII (Φexc) and of the coefficient for
photochemical quenching (qp). On the other hand,
quenching due to non-photochemical dissipation of
absorbed light energy (NPQ) increased significantly.
Therefore, in these leaves there is a reduction in the
proportion of absorbed energy being used in photo-
chemistry (ΦPSII), at expenses of the energy dispersed
non-photochemically (NPQ). This reduction in ΦPSII

is the consequence of both reductions in the fraction
of PSII reaction centers open under actinic light
illumination (qp) and of a lower efficiency of
excitation capture of these centers (Φexc). As ΦPSII

frequently exhibits a strong quantitative relationship
with CO2 assimilation, in particular with the quantum
yield of CO2 (Φco2), these results from fluorescence
are consistent with the observed Asat depression in
asymptomatic leaves of the two most sensitive
species. The decline in ΦPSII not necessarily implies
irreversible damage of ozone on the light harvesting
system or in the non-cyclic electron transport (in fact,
the Fv/Fm is not significantly affected) as it might
represent a down-regulatory process associated with
an inhibition of Calvin cycle. It is well known that
ozone affects Rubisco, reducing the carboxilation
efficiency of the leaves (Dann and Pell 1989); this
inhibition of Calvin cycle may increased excitation
pressure (1−qp) on PSII and contribute to the closure
of PSII reaction centers. Similar results to those
observed here in maple have been reported e.g. by
Calatayud et al. (2003), who detected significant
changes in qp and NPQ, without significant effects
on Fv/Fm in spinach leaves exposed to ozone. Other

authors report similar results in fluorescence param-
eters measured under illumination, but with an
additional Fv/Fm decline, e.g. in poplar clones before
the onset of visible injury (Lorenzini et al. 1999) or in
crops such as beans (e.g. Guidi et al. 1997, 2000). In
the present experiment, a significant decline in Fv/Fm

(i.e. there is strong photoinhibitory damage), together
with chlorophyll destruction, was observed only when
leaves were clearly symptomatic, therefore represent-
ing a more advanced stage of damage.

In the present study, we did not observe a
significant decline in chlorophyll content in fumigated
asymptomatic leaves with regard to control, although
the tendency in all species but A. monspessulanum is
towards a reduction. An obvious loss of chlorophyll is
observed only when leaves are clearly symptomatic,
i.e. assimilatory tissue is partly destroyed. Decrease in
chlorophyll contents in fumigated leaves is a well
known response to enhanced ozone levels (e.g. Pleijel
et al. 1994; Mikkelsen et al. 1995; Saitanis et al.
2001). In fumigated asymptomatic leaves of in A.
pseudoplatanus, there are both a significant decrease
in N and an increase in C/N content, and the same
tendency although not significant was observed in A.
opalus, with about 15% decrease in N content and 14%
increase in C/N ratio. N is an important component of
the chlorophyll structure, and stromatic enzymes,
mainly Rubisco, represent the major fraction of chloro-
plast N (Hörtensteiner and Feller 2002). Lowered N
content in mature leaves of A. pseudoplatanus may
reflect not only partial chlorophyll reduction, but also
deleterious effects on this enzyme (Keutgen et al.
2005). It is know that ozone modifies the carboxylating
activity of this enzime (Enyedi et al. 1992) either by
direct oxidation of Rubisco (Pell et al. 1994) or
through suppression of messenger RNA production
(Reddy et al. 1993). As mentioned above, reduced
Rubisco activity may contribute to the observed Asat
decline in fumigated leaves not fully explained by
stomatal limitations. The effects of ozone on foliar N
content has been addressed in several studies with
contrasting results. A decrease in this nutrient has been
reported in several studies in both trees (Samuelson
et al. 1996) and crops (Keutgen et al. 2005), while
other authors found increasing N accumulation with
increasing ozone (Baker et al. 1994; Temple and
Riechers 1995), or negligible effects (Reich et al.
1988; Schier 1990; Lindroth et al. 2002). N content of
the leaves can be affected by many factors, including
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growth conditions of the plant, season, leaf age, or
even position in the canopy (Scherzer et al. 1998). In
addition, ozone induces an accelerated senescence of
the leaves, reducing N content in old leaves. This N
can be remobilized towards younger tissues, and loss
of Rubisco in older leaves may be associated with an
increase in this protein in the young leaves as a
compensatory response (Brendley and Pell 1998).
Therefore, plant growth conditions or compensatory
responses in the leaves may be partly involved in the
above mentioned different patterns of response in foliar
N content of plants exposed to ozone.

One of the effects of ozone most commonly
reported under controlled conditions is growth reduc-
tion (Chappelka and Chevone 1992). Reduction of
availability of photoassimilates due to CO2 assimila-
tion impairment, may limit growth of the plants.
Changes of biomass have been reported in numerous
seedlings of tree species after ozone fumigation in
controlled conditions, including several maple spe-
cies: A. saccharinum (Jensen 1983), A. saccharum
(Kress and Skelly 1982; Reich et al. 1986). Also a
decrease in height has been reported in A. rubrum, A.
saccharinum and A. saccharum after 109 days of
fumigation at 300 ppb, 5 days a week, in OTCs or in
CSTR (Jensen 1973). In the present study, consider-
able variation was observed between individuals
regarding growth, so that although fumigation pro-
duced a decrease in the average growth rate values,
differences with regard to control plants were not
significant. The consistency of the results, however,
suggest that the applied ozone levels might be incip-
iently affecting growth, especially in the two species
showing the highest reductions, A. pseudoplatanus
and A. campestre, but that more than one growing
season would be needed to detect any significant
effect on this parameter. Also in agreement with
injury and gas exchange results, A. monspessulanum
was the least sensitive species to changes in height
growth rates.

In synthesis, the four species of maple showed
contrasting sensitivity to ozone as demonstrated by
visible injury development, gas exchange, chlorophyll
a fluorescence, and growth measurements. The most
sensitive species were A. opalus and A. pseudoplatanus,
while A. monspessulanum was the most resistant. Plant
injury index was more consistently related with physi-
ological measurements than thresholds for the first
observation of visible injury. Under the experimental

conditions, the two species with the highest gs (A. opalus
and A. pseudoplatanus) where those more affected by
visible injury, and also experienced the most important
reductions in Asat, gs, and WUE. A. monspessulanum,
the maple better adapted to dry conditions and with the
most coriaceous leaves was the most resistant, despite
not being the species with the lowest gs. This is
consistent with the hypothesis that species or popula-
tions adapted to Mediterranean conditions, with en-
hanced leaf sclerophylly, and are in general more ozone
tolerant: southern provenances of some species (e.g.
Fagus sylvatica) are less ozone sensitive than central
European ones, and Mediterranean evergreen broad-
leaves are know to be relatively ozone tolerant. This
tolerance has been explained not only because of their
low gas exchange rates (avoidance), but also by their
constitutional and induced ability to tolerate oxidative
stress by an active antioxidant pool (Paoletti 2006).
Finally, the decline in Asat already observed in
asymptomatic leaves of A. opalus could not be
attributed to stomatal limitations or to photoinhibitory
damage, suggesting that other causes (probably an
inhibition on the ‘dark-phase’ of photosynthesis) might
be initially involved in the impairment of photosynthe-
sis under ozone stress. This reduction of the photo-
assimilation resulted in a tendency to decrease growth,
but not significant within the exposure period.
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