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Analytical techniques based on the direct fluorescence of chlorophyll a, allow us to discriminate species-specific
physiological behavior in relation to ozone air pollution.

Abstract

Visible ozone symptoms on leaves are expressions of physiological mechanisms to cope with oxidative stresses. Often, the symptoms consist
of stippling, which corresponds to localized cell death (hypersensitive response, HR), separated from healthy cells by a layer of callose. The HR
strategy tends to protect the healthy cells and in most cases the efficiency of chlorophyll to trap energy is not affected. In other cases, the
efficiency of leaves to produce biomass declines and the plant loses its photosynthetic apparatus replacing it with a new, more efficient one.
Another strategy consists of the production of pigments (anthocyanins), and leaves become reddish. In these cases, the most significant phys-
iological manifestation consists of the enhanced dissipation of energy. These different behavior patterns are reflected in the initial events of
photosynthetic activity, and can be monitored with techniques based on the direct fluorescence of chlorophyll @ in photosystem II, applying
the JIP-test.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction can be the result of several, very different physiological pro-
cesses, as summarized below:
Photosynthesis is the most important physiological process

affected, in sensitive plants, by the excess of ozone in the tro- (a) The alteration of choroplasts, with the swelling of thyla-
posphere. The reduction of net photosynthesis (Py), following koids and granulation of the stroma, was the first ultra-
exposure to high levels of ozone, has been described in a num- structural change typical of ozone damage described in
ber of scientific studies (Bortier et al., 2000; Schaub et al., literature (Selldén et al., 1996). This mechanism may
2003; Novak et al., 2005). It is a pre-visual manifestation, lead to a progressive destruction of the chlorophyll, with
i.e. not strictly related to symptom development, but one the formation of “yellow patches” and early senescence
which is especially noteworthy in symptomatic leaves (Zhang phenomena.

et al., 2001; Novak et al., 2003; 2005; Gravano et al., 2004). It (b) The collapse of cells or group of cells (hypersensitive
response, HR, see Schraudner et al., 1997; Wohlgemuth
et al., 2002), which reduces the overall content of chloro-
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infections. The stippling is the more evident visual mani-
festation of the HR.

(c) A third process leading to the reduction of Py is the stoma-
tal closure, which some plants enact to cope with high
ozone levels (Minnocci et al., 1999).

The aim of this paper is to discuss the relationship between
visible symptoms, ultrastructural responses and photosynthetic
processes in woody plant species (detected by JIP-test) sub-
jected to high concentrations of ozone, and their role of these
responses in survival strategies. Two symptoms typologies will
be analyzed: the hypersensitive response (HR) and the redden-
ing. The majority of the examples (either the authors’ direct
observations or taken from the literature) refer to broadleaves.
Among conifers, JIP-test was applied on Pinus halepensis
(Manes et al., 2001), but the symptomatology of this species
cannot be included in the series reported above (since these
are cases of yellowing, i.e. chlorotic mottling).

2. The “JIP-test”

Among the techniques suitable for assessing stress condi-
tions in terms of photosynthesis, the measurement of direct
chlorophyll @ (Chl a) fluorescence in photosystem II (PSII)
and the “JIP-test analysis” (i.e., the analysis of the O-J-I-P
polyphasic rising transient, see Strasser et al., 2000; for review
see Strasser et al., 2004), combine several advantages: (i) easy
and fast method, (ii) possibility of obtaining robust datasets,
(iii) easy to repeat, (iv) easy to process data and report find-
ings, (v) the instruments available on the market are relatively
inexpensive and the measurement procedures are equally
inexpensive.

The rising transients, measured on dark-adapted leaves, are
induced by a red saturating light. On a logarithmic time scale,
the rising transient from Fy (F at 50 ps, when all the reaction
centers of the PSII are open, i.e. when the primary acceptor
quinone Q4 is fully oxidized) to Fp (where Fp = Fy; under sat-
urating excitation light, when the excitation intensity is high
enough to ensure the closure of all reaction centers of PSII,
i.e. the full reduction of all reaction centers) has a polyphasic
behavior. Analysis of the transient took into consideration
fluorescence values at 50 or 20 ps (F, step 0), 100 us (Figp),
300 pus (Fzpp), 2ms (step J), 30 ms (step I) and maximal
(Fum, step P).

Table 1 summarizes the technical parameters of curves nec-
essary for further elaborations, as well as the selection of the
JIP-test parameters. The Performance Index, PI (Strasser
et al., 2000; 2004), was calculated on an absorption basis
(ABS), e.g. based on an equal amount of chlorophyll per
sample.

Yre  Ppo Yo :RC. P W
l—%Ype 1 —p, 1 =¥, ABS 1—¢p, 1 -,

PIABS =

where ygc is the fraction of reaction-center (RC) chlorophylls
relative to total chlorophyll:

TrC = Chlgc / Chlotar,

since

Chligar = Chlypenna + Chlkc,
then

Yre/ (1 = Yre) = Chlge/Chlypenna = RC/ABS.

PIAps combines three parameters favorable to photosynthetic
activity: (1) the density of reaction centers (expressed on an
absorption basis RC/ABS); (2) the quantum yield of primary
photochemistry ¢p, = TR,/RC, and (3) the ability to feed
electrons into the electron chain between PSII and PSI as
W ET,/TR,.

The JIP-test has been elaborated both in terms of applica-
tion (Strasser et al., 2000) and of theory (Strasser et al.,
2004). It has been widely accepted and successfully used to
analyze ozone-induced stress conditions in plants (see Table

2). The relative concepts were recently reviewed from Lazar
(2006).

3. The experimental set-up

The findings reported here were mostly obtained in open-
top chamber (OTC) experiments carried out in the cantonal
forest nursery at Lattecaldo (Canton Ticino, southern Switzer-
land) and the regional forest nursery at Curno (Lombardy,
northern Italy). The first OTC facility, managed by the WSL
in Birmendorf, has been running since 1995 and has already
yielded findings that have been published in several papers
(VanderHeyden et al., 2001; Zhang et al., 2001; Novak
et al., 2003, 2005). The second OTC facility was established
in 2004 and the first results were released by Ballarin-Denti
et al. (2005).

At both sites, ambient levels of ozone are sufficiently high
to produce visible symptoms on a number of native and culti-
vated plants species. The OTC design consists of 4 plots
treated with charcoal filtered air (CF), 4 plots treated with un-
filtered air (NF) and 4 open plots exposed to ambient air (AA).
At Curno site, for each treatment, 2 plots are subjected to a nor-
mal watering regime (to field capacity), and 2 are drought
stressed (only rescue watering is carried out). Further observa-
tions were performed in a mountain area in Northern Italy
(Moggio), subjected to high levels of ozone (Bussotti et al.,
2005).

4. Photosynthetic responses determined with JIP-test
4.1. First events

The first photosynthetic events induced by ozone stress
were observed in open-top chamber experiments at Lattecaldo
and Curno. Early responses can be observed at the beginning
of the growth season, a few days after full extension and mat-
uration of the leaves, in complete absence of symptoms. In
some cases (Schaub et al., 2003; Bussotti et al., 2004; Gravano
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Explanation of the technical data of the O-J-I-P curves and the selected JIP-test parameters

Technical fluorescence parameters

Area

TFmax

Fo

F100 us

F300 us

Fy

F

Fm

(AV/At), or My

Vi

Vi

Sm

N

Quantum efficiency or flux ratios
@p, or TRG/ABS

\po or ETO/TR()

De-excitation constants

kp

kn

SumK

Area between fluorescence curve and Fy

The time needed to reach Fy;

Fsoys, fluorescence intensity at 50 us

Fluorescence intensity at 100 ps

Fluorescence intensity at 300 ps

Fluorescence intensity at the J-step (at 2 ms)

Fluorescence intensity at the I-step (at 30 ms)

Maximal fluorescence intensity

(FM - F())/F() = kp/kN

Slope of the normalized curve at the origin of the fluorescence rise.

It is a measure of the rate of the primary photochemistry (Srivastava et al., 1997).
My = 4(F500 — Fo)/(Fm — Fo) expressed per 1 ms

Relative variable fluorescence at 2 ms. Vy = (Fa,s — Fo)/(Fp — Fo)

Relative variable fluorescence at 30 ms. Vi = (F3oms — Fo)/(Fm — Fo)

Normalised Area. Measures the energy needed to close all reaction centers
Area/(Fy — Fp)

Number of turnover of Q4. Indicates how many times Q4 is reduced in the time-span from 0 to
TEmax- N = Sm-Mo.(1/Vy)

Trapping probability, or Quantum yield efficiency. Expresses the probability that an absorbed photon will
be trapped by the PSII reaction center. Py = (FyjArea/(Fyy — Fo)Fo)/Fy

Expresses the probability that an exciton trapped by the PSII reaction center enters the electron transport
chain. Wy = 1Area/(Fy; — Fo)Vjy

Photochemical de-excitation constant. kp = (ABS/CS)kg[(1/Fg)Area/(Fyy — Fo)(1/Fyw)]

Non-photochemical de-excitation constants, summing up Ky (for heat dissipation) and Kg (for fluorescence
emission). ky = (ABS/CS) kg (1/Fy)

kp + kn = (ABS/CS)kg(1/F¢)

Specific fluxes or specific activities (expressed in arbitrary units)

ABS/RC

TRy/RC

ETy/RC
DIy/RC

Density of reaction centers
RC/CS,

Performance index
Plags

Effective antenna size of an active reaction center (RC). Expresses the total number of photons absorbed
by Chl molecules of all RC divided by the total number of active RCs

ABS/RC = My(1/Vy)(1/¢p,)

Maximal trapping rate of PSII. Describes the maximal rate by which an excitation is trapped by the RC.
TRy/RC = M(1/Vy)

Electron transport in an active RC. ETo/RC = My(1/Vy) ¥,

Effective dissipation in an active RC. DI/RC = (ABS/RC) — (TRy/RC)

Gives the number proportional to the active RCs to the cross-section of the measured sample
RC/CSy = ¢po(Vi/Mo)Fo

See text. Plags = (RC/ABS)[¢po/(1 — ¢po)] [Fo/(1 — Wo)]

et al., 2004; Novak et al., 2005) the early response consists of
a depression of net photosynthesis (Py), but the results ob-
tained through the JIP-test suggest more complex physiologi-
cal considerations.

In Fagus sylvatica, Quercus robur (Curno, 2004) and Pop-
ulus nigra (Lattecaldo, 2002; Curno, 2004) the first effect of
ozone exposure (which can be observed both in unfiltered
air and ambient air plots) consists of increased photosynthetic
efficiency, expressed as PIags, as compared to that observed in
filtered air plots. That behavior seems to be caused in particu-
lar by the enhanced efficiency of the electron transport pro-
cesses. The difference between plots exposed to ozone (NF
and AA) and those exposed to approximately 50% ambient
ozone concentrations (CF) is less pronounced during the

summer and decreases significantly in exposed plots towards
the end of the growing season (Fig. 1). This behavior, how-
ever, was not consistently reconfirmed in the experiments car-
ried out at Curno and Lattecaldo in later years.

Other species, such as Viburnum lantana, display the oppo-
site behavior: the efficiency of the photosystems appears to be
diminished starting from the very first phases of exposure to
ambient ozone (Bussotti et al., 2004).

The increase in photosynthetic efficiency in relation to
slight ozone exposures was reported also from Paoletti et al.
(2004) in some Mediterranean evergreen species. Soja et al.
(1998) observed the increase of the electron transport effi-
ciency as early physiological response on Malus domestica.
The increase in photosynthetic efficiency as a response to
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Table 2

Summary of the main results obtained from experimental studies applying the JIP-test to detect ozone stress

Reference Species Experiment Treatment Behavior of the ozone-treated

plants (main results)

Soja et al., 1998 Malus domestica OTC AA +25nl L7} Decrease of N and RC/CS,. Slight
AA +50nl L7, exposure produces the increases
5days week ', 8hday ™'  of electron transport efficiency

Clark et al., 2000 Fagus sylvatica OTC 50%, 85%, 100% of AA; Reduction of biomass correlated

Manes et al., 2001 Pinus halepensis

Nussbaum et al., 2001  Bromus erectus, Centaurea jacea, OTC
Trisetum flavescens, Plantago

lanceolata, Rumex obtusifolius,

Trifolium pretense, Knautia arvensis

Gravano et al., 2004 Fraxinus excelsior, Prunus avium,

Viburnum lantana

Paoletti et al., 2004 Laurus nobilis, Arbutus unedo,

Phillyrea latifolia

Bussotti et al., 2004 Populus nigra, Viburnum lantana

Bussotti et al., 2005 Ailanthus altissima, Fagus sylvatica,
Fraxinus excelsior, Acer pseudoplatanus,

Viburnum lantana

Ballarin-
Denti et al., 2005

Fagus sylvatica, Quercus robur,
Populus nigra

Fumigation chamber

OTC (Lattecaldo, CH)

Fumigation chamber

OTC (Lattecaldo, CH)

Field observation

OTC (Curno, IT)

50% AA + 05 30nl L'
per one growing season
300 ppb, per 6 h day ',
per 6 days week . Water
stress was applied

AA ozone

concentration; 1.5 and 2
times AA ozone
concentration, throughout
growing season

Charcoal filtered AA;
non-filtered AA,

through a growing season

with visual symptoms development
and decrease of performance index
Decrease of quantum yield
efficiency (¢Py) both for ozone
and water stress

Decrease of variable fluorescence
FVIFO and RC/CSO

Decrease of performance index in
all species. The de-excitation
constants (SumK ) increased

in Fraxinus excelsior

Reduction of RC/CS,. Slight
exposure increases the
performance index

Performance index was enhanced
in young leaves of Populus nigra;
but was depressed in Viburnum
lantana

Decrease of performance index in
all species with the diffusion

of the symptoms. The de-excitation
constants (SumK') increased in
Fraxinus excelsior and Acer
pseudoplatanus, but decreased in
Ailanthus altissima

At the beginning of the season
the performance index was
enhanced in all species. Later
during the season, it declined
quickly

55and 110nl L™
per 90 days

Charcoal filtered AA;
non-filtered AA,
throughout one growing
season

AOT 40 = 90 ppm.h

Charcoal filtered AA;
non-filtered AA,
through a growing season

oxidative stress factors has been described more generally by
Liska et al. (2004) and Retuerto et al. (2004). It enables plants
to respond to the need of metabolites, in order to feed the ac-
climatization process (detoxification and repair).

In our experiments reported here the Performance Index
values were not directly related to the net photosynthesis. Ac-
tually, the photosystem efficiency provides no direct informa-
tion on Py, since electron flux is not necessarily used in carbon
metabolism as it may also be re-routed to other biochemical
pathways (Adams and Demming-Adams, 2004), such as re-
duction of O,, nitrite, sulfate, or thioredoxin.

4.2. The common responses

In all cases, the development of ozone-induced symptoms
led to decreased vitality of the leaf, as expressed by lower
Plsgs index values. The depression of Fy is also a common
feature. Among other responses, Soja et al. (1998), Nussbaum
et al. (2001), Manes et al. (2001) and Paoletti et al. (2004) ob-
served a reduction in values of RC/CS, and @P, although ¢P,

appeared to be very stable and its reduction is only appreciable
when the level of foliar injury is very high. This suggests a re-
duced efficiency of processes linked to uptake of light energy,
which can be interpreted as a strategy aimed at lowering the
high excitation pressure in mesophyll cells. The decrease of
the fraction of fully active RC; (Qa and Qg reducing centers)
in favor of an increase of the fraction of heat sink centers (non
QO reducing centers or silent centers, see Strasser et al., 2004)
is considered a down-regulation mechanism, to dissipate in
a controlled way the excess of absorbed light. The PSII thus
switches from a process converting light energy into biochem-
ical energy storage to an energy conversion process that
transforms absorbed light energy into heat dissipation. The
de-excitation rate constant for non-photochemical events ky
increases while the one for photochemical events kp decreases.
This mechanism protects the photosystems from the risks of
photo-oxidation and—unless other response processes are
triggered—allows them to maintain their basal fluorescence
intensity (Fp) unaltered due to the relation F,= ABS
kel (kn + kp).
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Fig. 1. Curno experiment, 2004. Behavior of the relative Performance Index in
the plants grown in the non-filtered chambers (NF) respect to those grown in
the filtered ones (F). FS, Fagus sylvatica; PN, Populus nigra; QR, Quercus ro-
bur. The observation dates were 9 June, 6 July, 3 August and 10 September.
The exposition values were 2 ppm.h at the first observation (9 June) and
28 ppm.h at the latest observation (10 September).

Among the ozone-induced photosynthetic processes that
can induce an excess of electron flux, we made the following
observations:

— high concentrations of ozone depress stomatal apertures
(Minnocci et al., 1999) and, as a consequence, the flow
of carbon in the mesophyll, which is the target of the elec-
tron flux;

— electron flux from the two consecutive photosystems is not
able to feed the dark reactions of the Calvin cycle because,
in the photosynthetic apparatus, the first effect of the ROS
(reactive oxygen substances, i.e. the secondary or tertiary
products of ozone) impacts the RUBISCO, which is thus
not able to fix carbon adequately (Gerant et al., 1996).
Soja et al. (1998) revealed a higher level of ozone in car-
boxylation efficiency than in light utilization efficiency. In
other words, the dark phase of photosynthesis is more sen-
sitive to ozone than the luminous phase.

4.3. The hypersensitive response

One of the most common and easily detectable responses is
the Hypersensitive Response (HR), which leads to the pro-
grammed death of groups of cells of varying sizes (Schraudner
et al., 1997; Wohlgemuth et al., 2002). The programmed cell
death (pcd) is thus a strategy aimed at limiting the scope
and spread of the infection; it is preceded by processes of de-
generation of the cell content. Ozone-induced HR is character-
istic by the fact that the first cells to be affected are the
palisade mesophyll cells, which are not directly adjacent to
the leaf’s veins. Furthermore, the damage is initially restricted
to isolated cells and expands as the process continues

(Wohlgemuth et al., 2002). HR is accompanied by oxidative
burst phenomena (OB), i.e. the oxidative degeneration of cel-
lular content. A collateral process is the accumulation of cal-
lose, which isolates the affected zones of the mesophyll
(Gravano et al., 2003, 2004). The injured areas spread from
the edges of pre-existing injuries. The collapse of single cells,
or localized groups of cells, in many cases appears to be a strat-
egy enabling the plant to circumscribe the damage, thus allow-
ing other cells to function normally (Gravano et al., 2004;
Bussotti et al., 2005). Thus, affected leaves can retain their de-
toxifying ability in the symplast (through the synthesis of an-
tioxidant enzymes) and in the apoplast (by thickening the cell
wall which is where most detoxifying processes are located)
(Lyons et al., 2000).

For HR species, the parameters that best distinguish the dif-
ferent physiological behavior patterns are those linked to the
de-excitation rate constants (kp, ki and the sum of all constants
SumK = ky + kp). These are chlorophyll conformation param-
eters and describe chlorophyll’s efficiency in controlling pro-
cesses of de-excitations in terms of heat and fluorescence
emission and energy conservation in the photosynthetic elec-
tron transport. The value of the constants ky and kp is strictly
connected to the value of F,, which is also used as a measure
for the chlorophyll concentration.

For some HR species, such as Ailanthus altissima, the F,
value increases with the appearance of the symptoms. That
goes in parallel with irreversible damage to the photosystems
(Krause, 1988). The overall value of the constants (SumK ) di-
minished, especially due to the marked decrease in kp values
(Fig. 2A and E). The plants are probably enacting two distinct
and converging responses: an HR combined with premature
senescence of the leaf.

In Acer pseudoplatanus and Fraxinus excelsior (also HR
species) the extent of symptoms is strictly correlated with a de-
crease of Fy and with an increase in the value of de-excitation
constants for photochemical and non-photochemical events
[Fo = ABS kg/(kp + kn)] (Fig. 2B and F). The increase of
the non-photochemical constant (ky) suggests that energy dis-
sipation is a physiologically controlled process, whereas the
increase of the photochemical constant (kp) indicates that the
leaf tends to compensate for the loss of entire cells (and
thus the overall quantity of chlorophyll) by increasing the ef-
ficiency of the remaining chlorophyll in unaffected cells. A
similar behavior was also observed by Berger et al. (2004), us-
ing imaging fluorescence techniques, in relation to pathogen
infection. They observed that the infected leaf area was sur-
rounded by a circle were the photosynthetic efficiency was
enhanced.

Yet, the behaviors of these two species differ as the active
responses implemented. Acer pseudoplatanus develops a thick-
ening of the mesophyll cell walls, thus increasing both the
apoplast’s detoxifying capacity and the mechanical resistance
to collapse. Thickening of mesophyll cell walls, in particular,
is considered to be a specific marker of ozone injury in several
species (Giinthard-Goerg et al., 1997, 2000; Vollenweider
et al., 2003; Bussotti et al., 2005). The synthesis of antioxi-
dants and of the cellulose compounds that make up the cell
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Fig. 2. (A, A1) Ailanthus altissima. (B, B1) Acer pseudoplatanus. (C, C1) Fagus sylvatica. (D, D1) Viburnum lantana. Plots at the left side: for each considered
species the average behavior of the fluorescence transients is reported (mean of 15—20 leaves each transient), both for non-symptomatic and symptomatic leaves
(in symptomatic leaves, symptoms were spread on about 40—60% of the leaf surface). Plots at the right side: for the same species is shown the JIP-test analysis by
mean of ‘“‘radar-plots” (each parameter is expressed by mean of the ratio ““Symptomatic/Not Symptomatic”. The value of the Not Symptomatic sample is used as
reference and set to unity.
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wall implies an intense metabolic activity and requires effi-
cient cell structures. However, the increased activity of
individual cells occurs as the overall efficiency of the leaf as
a whole diminishes, since the number of active cells is much
reduced. This may explain the delayed appearance of
symptoms.

Fraxinus excelsior, on the other hand, does not enact any
particular defense mechanisms and tends to shed prematurely
its affected leaves, replacing them with a new and more effi-
cient crown (Gravano et al., 2004). This behavior has been
described by Maurer and Matyssek (1997) and by Maurer
et al. (1997) in Betula pendula as well, and is interpreted as
being a typical compensation strategy enacted by plants grow-
ing on soils that do not present any nutritional limitations.

According to the observations reported by Vollenweider
et al. (2003) and Bussotti et al. (2005), Fagus sylvatica has
shown itself to be a weakly responding HR species in which
foliar injury consists mainly of the oxidation of cellular con-
tents (oxidative burst), with only a few cases of collapsed
cells. Fy is unchanged in symptomatic leaves (Fig. 2C and
G), whereas the value of ky increases in relation to kp, which
remains unaltered. Further, the processes related to light cap-
ture (pp, and RC/CSj) are reduced in relation to those
involved in electron transport (¥, Sy).

4.4. Leaf reddening

Leaf reddening is a very early response to ozone stress. For
the species in which it can occur, leaf reddening may be ob-
served after just a few days of ozone exposure (Novak et al.,
2003; Orendovici et al., 2003), even without any damage at
ultrastructural level (Gravano et al., 2004). The reddening is
caused by the accumulation of anthocyanins, which act as pho-
toprotectors and antioxidants against light and other oxidative
stresses such as drought and nutrient scarcity (Steyn et al.,
2002; Neill and Gould, 2003). In the first case they are located
mainly in the upper epidermal cells; in the latter, in the meso-
phyll cells. Furthermore, in several species, anthocyanins are
associated with autumn senescence processes. In this case,
they are in the mesophyll and their function is thought to be
of photoprotection of the photosynthesis apparatus at a period
in which environmental conditions make it especially unstable
(Hoch et al., 2001).

The accumulation of anthocyanins can be considered as
part of a strategy to preserve the chloroplasts against the action
of the secondary or tertiary products of ozone (reactive oxygen
substances, ROS), and to reduce the oxidative pressure caused
by the concurrence of ozone with strong light radiation.

In the species observed by the authors (Viburnum lantana
and Prunus avium, see Gravano et al., 2004), the leaf redden-
ing was accompanied from processes of premature senes-
cence. These were evidenced from an ultrastructural
response consisting of the degeneration of parts of the chloro-
plasts. The photosynthetic behavior (JIP-test) of Viburnum
lantana is shown in Fig. 2D and H. The main responses
observed were: a slight reduction in the F, value, the increase

of ky, and the depression of processes involved in electron
transport which lead to an increased dissipation of energy.

Leaf reddening was also observed in several herbaceous
plants and shrubs, such as Centaurea sp. pl. and Rubus sp.
pl. In these cases, an increase of the F, value was observed,
with a pattern of behavior that is basically analogous to that
observed in Ailanthus altissima.

5. Conclusions

The patterns of behavior described above (both in terms of
foliar symptom and of photosynthesis responses) cannot be
considered species-specific, and plants cannot be classified ac-
cordingly. These patterns may vary, even on the same plant, in
relation to ecological conditions, the physiological status of
the plant, its age, etc. Even within the same leaf we may
observe a combination of different symptoms occurring simul-
taneously (e.g. reddening plus HR, see Bussotti et al., 2005).

Plants are well adapted to cope with oxidative stress agents
in the environment (high light radiation and UV-B, drought,
salinity, pest infection, etc.). The increased tropospheric ozone
acts as an additional factor and plants respond with the same
physiological strategies and mechanisms they developed under
different conditions.

Visible symptoms, ultrastructural changes and physiologi-
cal behavior show different manifestations in different species,
thus describing species-specific strategies to address environ-
mental oxidative pressure. Two different patterns of behavior
can be identified: one based on compensation and the other
based on conservation.

Compensatory patterns of behavior consist of the rapid ab-
scission of symptomatic leaves (which are less efficient) and
the subsequent replacement of the damaged portions of the
crown with new and more efficient leaves. The species that
adopt this behavior are fast-growing species, which do not in-
vest their metabolism at all—or only to a limited extent—in
defense mechanisms. This behavior is more frequent in spe-
cies growing in eutrophic environments where environmental
resources are not a factor limiting growth or the production
of new leaves. An exception is the case of Ailanthus altissima,
whose compensation behavior appears to be related to its ca-
pacity to reproduce rapidly through root suckers when under
stress.

Conservatory patterns of behavior, on the other hand, are
a characteristic feature of those species that enact defense
strategies—such as the production and accumulation of antho-
cyanins, or cell wall thickening, etc.—in order to delay or
avoid premature leaf loss. Usually, these are slow-growing
species, in some cases ones that have adapted to more oligo-
trophic environments and which tend to defend their metabolic
investment in the crown.
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