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The study assessed the effect of cumulative tropospheric ozone on the morphology of an ozone-sensitive (Bel W3)
and an ozone-resistant (Bel B) tobacco cultivar, and two petunia cultivars (Mirage, White Cascade). The plants
were exposed at two sites differing in tropospheric ozone level for two months during the 2008 growing season.
Similar sets of plants were cultivated in control conditions. Morphological parameters of the plants were meas-
ured every week during the experiment. The correlation between the recorded results and the cumulative con-
centrations of tropospheric ozone measured at the two exposure sites was estimated. The ozone-sensitive tobac-
co cultivar showed increased visible damage after four weeks of the experiment, although ozone was relatively
low during the preceding weeks, possibly confirming the cumulative effect of ozone on the plant response. The
ozone-resistant tobacco cultivar showed higher mean plant growth and leaf growth than the ozone-sensitive one
throughout the experimental period, but at the exposure sites the ozone-sensitive cultivar showed plant growth
similar to or higher than the controls, especially at the forest site where ozone concentrations were higher. This
suggests a plant defense against reduction of leaf assimilation area (i.e., against leaf necrosis). Petunia cv. Mirage
showed lower growth at the control site and had fewer flowers than White Cascade at all sites. White Cascade
had more flowers than Mirage in the last week of the experiment at the forest site where tropospheric ozone was
higher. Its mean growth was higher at the forest site than at the other exposure site.
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INTRODUCTION

The increase of motor vehicle traffic has brought an
increase of air pollution from auto exhaust.
Transport air pollution sources are responsible for
emission of such pollutants as nitrogen oxides, car-
bon oxides and volatile organic compounds, all of
which can become precursors of ground-level ozone.
The highest tropospheric ozone concentrations are
observed during summer, when the conditions for
its creation occur (high solar radiation, high tem-
perature). Tropospheric ozone concentrations are
predicted to increase during the coming decades in
almost every area of the world due to steady or
increased levels of its precursors (IPCC, 2007).
Ozone is a greenhouse gas which plays an important
role in climate change. It is one of the most reactive
air pollutants, and can cause visible plant damage as
well as internal changes in plants leading to altered
morphology and yield losses. The economic loss of
crop yield due to ozone for four major commodities
has been estimated at 14–26 billion USD per year

(van Dingenen et al., 2009). Yield reduction has been
noted in many crop plant species, such as wheat
(Rai et al., 2007; Feng et al., 2008), potato
(Vandermeiren et al., 2005), rice (Shi et al., 2009)
and cotton (Hassan and Tewfik, 2006).

Ozone affects the plant at the leaf surface and
also enters the plant via stomata, disturbing meta-
bolic processes. The main effects of ozone on a plant
are leaf damage and alteration of normal growth.
The extent of ozone's effects on a plant is correlated
with the duration of exposure, ozone concentration,
plant height and meteorological conditions (Long
and Naidu, 2004). Previous studies have reported
changes in plant morphology due to ozone fumiga-
tion. The several measured parameters generally
have shown similar results: ozone affected plant
growth, leading to yield reduction. The observed
changes in plant morphology include reduced leaf
size in tree species (Dizengremel, 2001; Oksanen,
2003; Riikonen et al., 2004; Riikonen et al., 2010),
field mustard (Kleier et al., 1998) and Pima cotton
(Grantz and Young, 1995); reduced leaf area and



plant height in cotton (Zouzoulas et al., 2009) and
tobacco (Saitanis and Karandinos, 2002); decreased
leaf area ratio and specific leaf area in soybean
(Morgan et al., 2003); and reduction of plant height
in cucumber (Agrawal et al., 1993) and chickpea
(Welfare et al., 2002). These results come mainly
from experiments in controlled or semi-controlled
conditions. There are fewer studies done in com-
pletely natural conditions. Earlier work with two
tobacco cultivars (ozone-sensitive and ozone-resist-
ant) grown outdoors revealed higher plant and leaf
growth of the ozone-sensitive cultivar (Borowiak et
al., 2010). That experiment was conducted in a two-
week exposure series; the morphological parame-
ters were measured before and after each exposure
period. Hence we could not measure the cumulative
effect of ozone exposure over an entire growing sea-
son. In the present study the same plants were
exposed for a two-month period, during which the
plants' morphological characteristics were noted
every week for an assessment of the cumulative
effect of ozone on the plants. 

Negative effects of ozone have also been noted in
horticultural plant species showing visible symptoms
of ozone influence. Necrotic damage to leaves togeth-
er with reduction of biomass production and number
of flowers were observed in butterfly bush and petu-
nia (Booker et al., 2009). Such symptoms decrease
their economic value, so research on the effect of
ambient ozone on those plants is also needed.

This study examined the cumulative effect of
tropospheric ozone on visible leaf damage in tobac-
co and petunia plants and on their morphological
characteristics, and estimated the correlation
between the recorded results and the ozone concen-
trations measured at two sites differing in ozone
exposure.

MATERIAL AND METHODS

Two Nicotiana tabacum L. cultivars (ozone-sensi-
tive Bel W3, ozone-resistant Bel B) and two
Petunia × hybrida L. cultivars (Mirage, White
Cascade; both ozone-sensitive cultivars) were used
in this experiment. Tobacco seeds were purchased
from Landwirtschaftliches Technologiezentrum
Augustenberg, Germany, and petunia seeds from 
W. Legutko Breeding & Seed Company, Poland.
Plants were cultivated in greenhouse conditions for
eight (tobacco) and six (petunia) weeks in 1.5 L pots
with a standard soil mixture of peat and sand. Slow-
release fertilizer was added to the pots in an amount
sufficient for cultivation and the exposure period.
After cultivation the plants were transported to two
exposure sites differing in tropospheric ozone con-
centration. One site was located in the Witkowo
Forest Division ~80 km west of the city of Poznań

(called "forest site" here), and the other in Poznań in
the Botanical Garden of Adam Mickiewicz University
("city site"). Air pollution and basic meteorological
monitoring is carried out at both sites by the
Provincial Environmental Agency. Air pollution
monitoring followed government guidelines (Dz.U. 5,
poz. 31, 2008). Tropospheric ozone was measured
by standard methods using UV photometry (PN-EN
14625:2005).

Nine plants of each cultivar were exposed at
each site. Similar sets of plants were cultivated in
control conditions without ozone, under cultivation
conditions (water supply, temperature, irradiance)
similar to outside conditions. Temperature in the
greenhouse (19–24°C) usually was very close to out-
side temperature, and ozone levels (0–20 μg m-3)
were below background levels but varied as visitors
opened the greenhouse doors for entry. The ozone-
exposed plants were mounted on specially con-
structed aluminum racks 90 cm high. Continuous
water supply was provided through fiberglass wicks
on trays under the pots. The plants were protected
against high solar radiation and strong winds with
50%-shading fabric.

The experiment was carried out from June 16
to August 11, 2008. Morphological parameters were
measured weekly: plant growth, tobacco leaf width
and length, and number of petunia flowers. Leaf
growth of tobacco plants was measured from the 4th
leaf up from the base of the plant. The differences in
plant and leaf growth between successive weeks
were calculated and are presented here. The "day 0"
values for plant height and leaf parameters are from
measurements made before exposure. As the plants
grew the number of tobacco leaves increased, com-
plicating the task of calculating a proper value for
leaf growth. Based on the method and results in
Budka et al.'s (2010) study of tobacco leaf injury,
leaf growth was averaged from the four highest
leaves values of each plant each week. Ozone-sensi-
tive tobacco cultivars show visual symptoms of
ozone effects; the degree of leaf damage was
assessed along with the other morphological param-
eters every week. The differences in leaf damage
from week to week are presented here on a 0–1
scale. Ozone damage was calculated as for tobacco
leaf growth (averaged from the four highest leaves’
values of each plant each week). The number of
petunia flowers was counted only for new flowers
developed in a given week. 

The correlations between morphological data
and tropospheric ozone concentrations at both
exposure sites were analyzed. Ozone concentrations
are given in AOT 40 units, a measurement standard
adopted by the European Union. AOT 40 is the accu-
mulated ozone concentration over a threshold of 
40 ppb, the critical threshold for plants and ecosys-
tems under Polish regulations, measured here
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between 8 a.m. and 8 p.m. It is useful for presenting
cumulative ozone effects on plants during the grow-
ing season. The plant data were also analyzed versus
levels of nitrogen oxides (ozone precursor) and some
meteorological parameters (temperature, solar radi-
ation) that may affect the plant response and may
also affect ozone creation. 

The results were analyzed by multifactorial
ANOVA, with cultivar, site and observation day as
fixed factors. Mean values and standard errors were
calculated for presentation of the differences
between certain factors. The threshold of statistical
significance in this work is p = 0.05. Statistical
analyses employed Statistica 9.1. 

RESULTS

AIR POLLUTANT CONCENTRATIONS 
AND METEOROLOGICAL CONDITIONS

The mean surface ozone concentrations were high-
est in the first weeks of the experiment: ozone levels
of 90 μg·m-3 at the forest site and 80 μg·m-3 at the
city site were recorded at week 2. Mean ozone con-
centrations were higher at the forest site except at
week 5 (Fig. 1a). The effect of ozone on plants is
cumulative during the growing season, so it is
important to capture AOT 40 values over consecu-
tive weeks. In this case the difference between the
two exposure sites increased, and at the end of the
experiment the cumulative ozone concentration was
twice higher at the forest site than at the city site
(Fig. 1b). The maximum ozone concentration was
noted on day 21 of the experiment at the forest site,
and the ozone level generally was higher there. NOx
was higher at the city site. Solar radiation was high-
er at the forest site but temperature was not always
higher there (Tab. 1). 

TOBACCO PLANT MORPHOLOGY

Visible leaf damage caused by ozone appeared only
in the sensitive cultivar. Multifactorial ANOVA
revealed a significant effect of day of experiment on
leaf damage degree (Tab. 2). Although ozone con-
centrations were higher at the forest site, leaf dam-
age was not always higher there. There was no sig-
nificant difference in leaf damage between days 14
and 42. A difference in leaf damage was noted after
days 49 and 56. Differences in ozone effect might

TABLE 1. Maximum tropospheric ozone concentrations (O3 max.) and mean values for nitrogen oxides (NOx), UVB solar
radiation and temperature (Temp) in each experimental week

FFiigg..  11..  Mean ozone concentrations (aa) and AOT 40 values
(bb) in consecutive weeks of the experiment.
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have been expected especially at days 14, 21 and 28
of the experiment, when mean ozone concentrations
decreased, but leaf damage increased at both expo-
sure sites. Another interesting observation was that
at days 35 and 42 of the experiment, when ozone
concentrations increased, leaf damage was much
less than in the three preceding weeks (Fig. 2).

The effects of site and observation day on Bel B
tobacco cultivar plant height and leaf growth were

highly significant (p≤0.001) (Tab. 2). Plant growth
was highest at the control site on almost all meas-
urement days, though not always significantly high-
er. Plant growth was high at day 28 at both exposure
sites, when the mean ozone concentration was low-
est, and systematically decreased thereafter. The
low plant growth in the last week might be related to
gradual senescence together with the onset of flow-
ering (Fig. 3a). Bel B plant height increase was neg-
atively correlated with cumulative ozone concentra-
tion (Tab. 3). Bel B leaf length and width growth was
highest at day 28 when one of the lowest ozone con-
centrations was noted at both sites. In previous
weeks, leaf growth had been lower and ozone levels
were moderate. The second peak of leaf growth at
both sites was at day 42, when mean ozone concen-
trations were relatively low. The differences in leaf
growth between sites are not so conspicuous (Fig. 4).
Tobacco Bel B leaf growth values were negatively but
not significantly correlated with cumulative ozone
concentrations at both exposure sites (Tab. 3). Since
the plant response is also related to other factors
such as temperature and solar radiation, the corre-
lations between the measured morphological param-
eters and those two factors were analyzed. Except for
temperature and tobacco Bel B plant growth at the
city site, there was no significant correlation between
those weather components and the measured plant
parameters. There was a slightly negative correla-
tion between temperature and plant growth, but 
a detailed analysis of plant and leaf growth showed
no such trend. Growth was higher on some days at
sites where temperature was lower (days 7 and 14),
and vice versa (day 35) (Tab. 2, Fig. 3).

TABLE 2. Multifactorial ANOVA for morphological param-
eters, with site and day of experiment as fixed factors 

** p< 0.001; ** p< 0.01; * p < 0.05; ns – not significant

TABLE 3. Linear correlation coefficients and significance levels for relation between morphological parameters of plants
and cumulative ozone concentration, temperature and solar radiation at forest and city sites
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The effect of site on Bel W3 tobacco plant
height and leaf length growth was not significant or
of low significance, but the effect of measurement
day was highly significant (p≤0.001) (Tab. 2). There
were no such clear trends of plant height increase
as for the Bel B tobacco cultivar. Growth was slight-
ly higher at exposure sites in the first four weeks
than in the last four. Plant growth at the control site
was very clearly higher in the last four weeks 
(Fig. 3b). As with the ozone-resistant cultivar, Bel
W3 leaf growth peaked after day 28, but there was
no such clear second peak after day 42 (Fig. 5). As
in the case of Bel B, a both leaf growth parameters
were negatively correlated with tropospheric ozone
concentration (Tab. 3).

Throughout the experimental period and at all
sites, both plant height and leaf growth were signifi-
cantly higher in Bel B, the resistant cultivar, than in
Bel W3. Ozone-exposed Bel B plants had lower val-
ues for plant and leaves growth than control Bel B
plants, while the growth of the ozone-sensitive Bel

FFiigg..  22.. Visible leaf damage (means ±SE) in ozone-sensitive
(Bel W3) tobacco plants exposed to ozone at forest and city
sites. Letters denote significant differences between means
at p=0.05.

FFiigg..  33.. Plant height growth (means ±SE) of ozone-resistant
(aa) and ozone-sensitive (bb) tobacco cultivar on consecutive
days of the experiment. Letters denote significant differ-
ences between means at p=0.05.

FFiigg..  44.. Leaf length (aa) and width (bb) (means ±SE) of ozone-
resistant tobacco cultivars on consecutive days of the
experiment. Letters denote significant differences between
means at p=0.05.

FFiigg..  55.. Leaf length (aa) and width (bb) (means ±SE) of ozone-
sensitive tobacco cultivars on consecutive days of the
experiment. Letters denote significant differences between
means at p=0.05.
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W3 cultivar under ozone exposure was similar to or
higher than in the control plants. Leaf growth of Bel
W3 was higher in plants exposed at the forest site,
where tropospheric ozone concentrations were high-
er (Fig. 7a,b,c). As with the Bel B cultivar, there were
no statistically significant relations between temper-
ature, solar radiation and Bel W3 growth parame-
ters. There were periods when plant growth was
lower at a site with lower temperature, and vice
versa (Tab. 3, Fig. 3). Hence I conclude that ozone
was the main factor influencing plant growth.

PETUNIA MORPHOLOGY

Multifactorial ANOVA revealed a highly significant
(p≤0.001) effect of site on cv. White Cascade plant
growth and a less significant effect of site on cv.
Mirage growth. Plant growth of both petunia culti-
vars did not vary according to the effect of day of
observation (Tab. 2). Growth of White Cascade was
highest at the control site throughout the experi-
mental period, was higher at the forest site than at
the city site until day 49, and was higher at both
exposure sites after day 28 (Fig. 6a). For Mirage
there were no such clear trends but an increase of
growth was noted at day 28 (Fig. 6b). In both culti-
vars there was a negative but nonsignificant corre-
lation between ozone concentration and plant
growth at the forest site, and a positive correlation
at the city site. There were no correlations between
petunia growth and temperature or solar radiation
(Tab. 3).

The number of petunia flowers increased dur-
ing the experiment, especially in White Cascade,
whose flower number peaked at day 28 at the city
and control sites and on the last day at the forest
site. It had many more flowers than Mirage, which
showed no such clear trends of flower number
(Tab. 4). Throughout the experiment, plant growth
of Mirage was higher at the exposure sites than at
the control sites, while White Cascade showed lower
plant height at the exposure sites, especially the city
site, than at the control site (Fig. 7d). 

For all studied species there was a statistically
significant effect of exposure site on plant morpho-
logical response (p=0.05). 

DISCUSSION 

Most studies of the effect of ozone on plants are
short-term, lasting from a few days to a few weeks
(Elkiev and Ormond, 1979; Cuny et al., 2004;
Klumpp et al., 2006; Bandurska et al., 2009). Few
papers report long-term observations of changes in
plants during the growing season which might
reflect the cumulative effect of ozone on plant
growth. A modest ozone concentration over a pro-

FFiigg..  66.. Plant height growth (means ±SE) of petunia 
cv. White Cascade and cv. Mirage on consecutive days of
the experiment. Letters denote significant differences
between means at p=0.05.

TABLE 4. Mean number of flowers for petunia cv. Mirage
and cv. White Cascade

TABLE 5. Multifactorial ANOVA for morphological param-
eters, with plant cultivar and site as fixed factors 

*** p< 0.001; ** p< 0.01; * p< 0.05; ns – not significant
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longed period can inhibit photosynthetic activity
(Fiscus et al., 2005) and cause a reduction of leaf
area, lowering crop yield.

Some plant species recognized as ozone-sensi-
tive show visible symptoms of the effect of ozone.
These symptoms can result in economic losses. 
A positive correlation between cumulative ozone
concentration and visible damage has been noted in
the ozone-sensitive Bel W3 tobacco cultivar
(Borowiak et al., 2012) and was confirmed in this
study at both exposure sites. Leaf injury in this cul-
tivar might be employed as an indicator of cumula-
tive ozone effects potentially damaging to plants. The
ozone concentration was higher at the forest site, in
agreement with previous findings from several coun-
tries (Godzik, 2000; Forlani et al., 2005), and is
connected with meteorological conditions (solar
radiation) and ozone precursor concentrations in
remote areas (Barett et al., 1998; Kley et al., 1994).
The lower levels of NOx at the forest site might be
due to its consumption during ozone creation. 

Interestingly, the ozone-sensitive tobacco culti-
var showed an increase of ozone-caused damage at
both exposure sites between days 14 and 28, when
the ozone concentrations there were relatively low. In
a similar investigation, ozone-caused damage was
found to be higher at the city site when the ozone con-
centration was low (Borowiak et al., 2012). The
ozone-resistant tobacco cultivar showed high growth
after four weeks of the experiment. This peak was
preceded by three weeks of relatively low ozone con-

centration; later the second peak of Bel B growth
occurred when the mean ozone concentration was
quite high. The ozone-sensitive tobacco cultivar
showed the same growth trend at four weeks. For the
forest site growth increase might also be connected
with increased solar radiation; at the city site the tem-
perature rose (Tab. 1). Negative but not always signif-
icant correlations between plant growth parameters
and cumulative ozone concentrations were noted in
both cultivars at both exposure sites. Some investiga-
tions have found that ozone affects plants by reducing
leaf area and plant growth (Agrawal et al., 1993;
Saitanis and Karandinos, 2002; Morgan et al., 2003;
Zouzoulas et al., 2009). The reduction of leaf area
might be connected with higher stomatal density
which would lead to higher ozone uptake by leaves
and intensified detoxification (Pääkonen et al., 1995;
Hetherington and Woodward, 2003).

The ozone-resistant tobacco cultivar showed
higher leaf and plant growth, as was also found in an
experiment with a two-week exposure series
(Borowiak et al., 2010a). On the other hand, the
ozone-sensitive cultivar showed similar or higher
plant and leaf growth in plants exposed at the forest
and city sites. A similar tendency was observed in a
short-term experiment (Borowiak et al., 2010b). 

Negative effects of ozone have been reported in
many horticultural species such as petunia and nas-
turtium. In this study the White Cascade petunia
showed higher growth at the control site. Plants
exposed in the forest where ozone concentrations

FFiigg..  77..  Tobacco plant height growth (aa), leaf length (bb) and width (cc), and petunia plant height growth (dd) through the
experimental period (means ±SE). Letters denote significant differences between means at p=0.05.



were higher had higher growth. Tropospheric ozone
can affect plant growth as well as flower yield (Elkiev
and Ormond, 1979). This study confirmed that in
part. At both exposure sites the number of flowers
was highest on day 28, which was preceded by three
weeks of relatively low ozone concentrations. A sec-
ond peak of flower number occurred in White
Cascade on the last day of the experiment at the for-
est site, when the ozone concentration increased.
Such was not the case at the other sites, nor in 
cv. Mirage. Possibly this suggests a plant defense
accelerating generative development under stress, as
well as the cumulative effect of ozone. Usually a high
ozone concentration is connected with high insola-
tion or temperature, which can also influence plant
flowering. Hence a synergistic effect may be involved.
The aim of this study was to assess the ozone effect
in natural conditions, which allows a number of
uncontrolled factors to influence the plant response
to ozone.

Overall, tropospheric ozone negatively affected
the growth of the resistant tobacco cultivar.
Although the ozone-resistant tobacco cultivar
showed higher mean plant and leaf growth through-
out the experiment, the ozone-sensitive tobacco cul-
tivar had similar or higher plant growth at the expo-
sure sites, especially at the forest site where ozone
concentrations were higher. This may indicate a
plant defense preventing leaf necrosis and conse-
quent reduction of the assimilation area. The ozone-
sensitive tobacco cultivar showed increased visible
injury after four weeks, despite relatively low ozone
concentrations in the preceding weeks. This seems
to confirm the cumulative effect of ozone on the
plant response. Petunia cv. White Cascade showed
lower growth at the exposure sites but higher flower
number in the last week of the experiment at the for-
est site where the tropospheric ozone concentration
was higher; also its mean growth at the forest site
was higher than in the other petunia cultivar. Those
results point to a plant defense against stress factors
such as tropospheric ozone.
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