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Abstract: A study of colour characteristics of symptoms and injuries caused by artificially 
generated ozone on leaves of Tilia cordata Mill. was carried out under field conditions. A 
commercial ozone generator was used and a universal mixing chamber was designed for the 
study. 

Based on digital camera photos, the symptoms development and the foliar injuries 
caused by ozone were studied.

The aim of this study is to characterize the foliar symptoms caused by ozone and to 
assess the leaf injuries of Tilia cordata Mill. by a specially developed computer program.
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INTROdUCTION

Ozone is a major secondary air pollutant, produced by a complex series 
of photochemical reactions from primary precursor emissions of nitrogen 
oxides (NOx) and volatile organic compounds (VOCs) under the influence 
of ultraviolet rays (Ashmore, 2005). 

The adverse effects of ozone on plants were first identified in the 1950s, 
and it is now recognized as the most important rural air pollutant, affecting 
human health and materials, as well as vegetation (Ashmore, 2005). 

Anthropogenic emissions of ozone precursors are producing from 
combustion of fossil fuels. Ground-level ozone is a factor of climate change. 
Troposhperic ozone concentrations have increased 36% since pre-industrial 
times (IPCC, 2001). 

The annual reports of Executive Environmental Agency – Bulgaria 
(http://www.eea.government.bg/), based on data from automatic air 
monitoring stations, show that in recent years the ground-level ozone 
concentrations in the air exceeded the forests protection standard AOT40 
= 5000 ррb h over six months (April – September) (UNECE, 2010). It 
is calculated as the sum of the difference between hourly concentrations 
greater than 40 ррb using only the one-hour values measured between 8:00 
and 20:00 CET each day.
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Ozone has a negative effect on different plant processes: photosynthesis, 
water use efficiency, and rate of senescence, dry matter production, flowering, 
pollen tube extension, and yield (Krupa, 1997).

Vegetation response to ozone depends on ozone conductance into leaves 
and the defensive action inside the leaf (Musselman, Minnick, 2000).

Conductance is lower for young, undeveloped leaves and for senescing 
leaves, but conductance should be similar for expanded but not yet senescing 
leaves (Hinckley et al., 1978).

Concentrations of antioxidants for detoxification are often lower later 
in the season, suggesting that even under lower conductance, ozone damage 
may be enhanced due to lower detoxification potential (Musselman, Minnick, 
2000).

In study by Nunn et al., (2005a) tree seedlings of Fagus sylvatica L. 
exposed to twice increased ozone concentrations toward ambient ozone 
concentrations caused a marked stimulation of ethylene emission as levels of 
its precursor, 1-aminocyclopropane-1-carboxylate (ACC), and mRNA levels 
of specific ACC synthase (FS-ACS2) and ACC oxidase (FS-ACO1) isoforms 
showed a persistent increase and preceded of cell death by approximately 2 
weeks.

The leaf injuries of ozone predispose forest trees to attack by fungal 
and insect pests (Manning, Tiedemann, 1995; Karnosky et al., 2002). 

Some authors, e.g. Van der Heyden et al., (2001), Novak et al., (2002), 
Nunn et al., (2005b), Skelly et al., (1998), Oksanen et al., (2001) described 
visible leaf injuries of forest trees caused by ozone. 

Common symptoms of ozone induced acute foliar injury of broad-
leaved plants are described by Krupa et al. (2001). The symptoms are: 
bleaching in the form of small unpigmented necrotic spots or more general 
upper surface bleaching; flecking in the shape of small necrotic areas due 
to death of palisade cells with metallic or brown color fading to tan, gray, 
or white; stippling in the shape of tiny punctate spots where a few palisade 
cells are dead or injured with white, black, red, or red-purple color; bifacial 
necrosis when the entire tissue through the leaf is killed as bifacial dead areas 
develop ranging in color from white to dark orange-red and while small veins 
are usually killed along with the other tissue, larger veins frequently survive 
(Krupa et al., 2001).

Tilia cordata Mill is a valuable tree species for a landscape practice, 
wood and raw material for furniture and wood carving and its flowers for the 
extraction of honey, tea, medicines and cosmetics products are used. Studies 
on the effects of ozone on this species are insufficient.

The aim of this study is to characterize the foliar symptoms caused by 
ozone and to assess the leaf injuries of Tilia cordata by a specially developed 
computer program.
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MATERIALS ANd METhOdS

The study was carried out at the National Arboretum of Forest Research 
Institute – BAS. A main road with intensive car transport is located along 
the research area.

The subjects of this research were branches of T. cordata specimens, 
growing in natural environment conditions. 

The experimental equipment included a commercial ozone generator 
with air ozone output of 400 mg/h and a universal mixing chamber ‘ozone-
ambient air’. The generator produced ozone from the ambient air by corona-
discharge (voltaic arc) method. It was connected to the mixing chamber 
through a silicone tube. Because of the high output of the generator a part 
of the ozone concentration is reduced before entering into the chamber 
through the exhaust ports of the junction box. The universal mixing chamber 
‘ozone-ambient air; with dual purpose, was designed for ozone fumigation 
of the branches of mature trees or ozone fumigation of young seedlings 
with a height of 40 cm under field conditions. It is lightweight, making it 
easily portable. The camera corps has a cylindrical shape and it is made of 
transparent polyethylene. The principle of operation of the mixing chamber 
‘ozone-ambient air’ is to suck in atmospheric air through the air intake with 
a fan, then ventilated air is mixed with artificially generated ozone in the 
chamber (Fig. 1). The fan ensures uniform ozone fumigation of all leaves in 
the chamber.

Ozone concentrations in the chamber and the generator output were 
measured by ultraviolet absorption ozone analyzer, model ‘HORIBA APOA-
370’ (Japan) with experts from the Calibration Laboratory of the Executive 
Environmental Agency of Bulgaria. 

The chamber was tested for two different ozone fumigation regimes.
The approximately constant ozone concentrations of 400 ppb and 

200 ppb in the chamber were ensured through different regimes of the 
fan, respectively 6V and 12V. This provides different dilution rates in the 
chamber of the artificial ozone mixed with the air sucked through the fan 
from the ambient air. The continuous measurements with the ozone analyzer 
in the chamber for both regimes showed deviation from the target ozone 
concentrations (400 and 200 ppb) ± 20 ppb.

For this experiment by one non-cut off branch of three specimens 
of T. cordata, was ozone fumigated. Three branches were from the lower 
lighted part of the crown. Research was carried out only with acute ozone 
concentrations, which aimed to cause varying degrees of injuries to determine 
whether there are differences in symptom expression. The experiment was 
carried out late in the vegetation season of the year 2011. Ozone fumigation 
of each branch was conducted during daylight hours only in non-rainy 
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weather conditions. The first branch was ozone fumigated on August 3 and 
on August 4, both for 360 min with concentration of 400 ppb. The second 
branch was ozone fumigated on September 5 for 120 min, and on September 
7 for 180 min with concentration of 200 ppb. The third branch was ozone 
fumigated on September 9 for 210 min, and on September 12 for 240 min 
with concentration of 200 ppb. 

The ozone generator was disconnected mode during ozone fumigation 
period due to operating characteristics, such as every 30 min work, then rest 
30 min.

The assessment of ozone injuries on the leaves included monitoring 
of ozone-treated branches from first ozone symptoms appeared on the 
leaves and track out their growth over a period of time. The leaves were 
photographed under field conditions with a commercial digital camera on 
a blue background at approximately the same lighting conditions. Image 
processing methods of research and used а computer program to assess 
the damage caused by ozone on the leaves is described in detail in Krastev 
et al. (2011). In calculating of the total affected leaf area by leaves of the 
branch, the yellow leaves and prematurely fall off leaves are not included in 
assessment of ozone injuries.

The leaf injuries caused by insect pests are included only for calculation 
of the total leaf area, and the percentage of injuries caused by ozone on each 
leaf was calculated by the formula: the number of pixels for the leaf area of 
ozone symptoms/the total number of pixels for the whole leaf area х 100%.

RESULTS

The first ozone symptoms of T. cordata leaves were studied on August 
5 after the total double ozone exposure of 720 min with concentration of 
400 ppb.

Fig. 1. Principle of operation of the mixing chamber: “ozone-ambient air”
Legend: 1 – air intake; 2 – air vents; 3 – corpus; 4 – fan; 5 – branch limiter; 6 – air vents; 

7 – legs; 8 – input tube.
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The characteristic of ozone symptoms included necrosis formation of 
multiple spots scattered over the surface of heavily damaged older leaves. The 
colour of the damaged areas on the leaves had different nuances of gray, 
ranging from light gray to dark gray. Most affected leaves were greatly curled 
therefore the pictures were take after herbarizing of leaves. The leaves were 
cut off and herbarized on August 17 (12 days after the onset of symptoms).

A highly damaged leaf with 57.1 % injury is presented in Fig. 2. 
The symptoms of less damaged younger leaves were multiple dots 

concentrated near the main and lateral veins. The colour ranged from dark-
gray, gray to pale green. 

A less ozone affected leaf with 8.5 % injury is presented in Fig. 3.
The injuries for all ozone-treated leaves is presented in Table 1.
Table 1 shows various degrees of the foliar injuries as the larger injuries 

have older leaves (Fig. 2.) than the younger (Fig. 3.). As a result of the 
impact of ozone four injured leaves turned yellow and fall off prematurely. 
The average rate of ozone injuries of all leaves was 48.3%. The average rate 
of heavily injured leaves was 61.2% and the individual leaves injuries varied 
from 44.1 to 85%. The average rate of the less injured leaves was 9.7 % and 
the individual leaves injuries varied from 0.1 to 20.4%.

The ozone symptoms of T. cordata . leaves were studied on September 
12 after the total double ozone exposure of 450 min with concentration of 
200 ppb. The photos were taken on the next day.

In the initial period, the symptoms were characterized by detection of 
individual dots located close to veins. The colours were black, gray and pale 
green. 

At the end of the observation period the dots increased in number 
and size. They were located mainly close to the veins and only few necrosis 
points were found in the peripheral leaf area. The colour of necrosis was 
mostly black. As the other ozone exposure regimes the younger leaves had 
the smaller injuries than older.

Fig. 3. Low degree injury of young leaf 
of T. cordata caused by the total double 
exposure of 720 min with 400 ppb ozone

Fig. 2. High degree injury of old leaf 
of T. cordata caused by the total double 
exposure of 720 min with 400 ppb ozone
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A leaf injury of Tilia cordata Miller increased from 0.15% to 9% and 
is presented in Fig. 4. 

As shown in Table 2, the ozone leaf injuries are increased for all 
fumigated leaves, the mean from 2.3 to 6.8%, respectively for the first and 
the second date of observation.

The ozone symptoms of T. cordata leaves were studied on September 8 
after the total double ozone exposure of 300 min with concentration of 200 
ppb. The symptoms in the initial period of investigation were characterized by 

Table 1
Foliar injuries of T. cordata, caused by the total double exposure of 720 minutes  

with 400 ppb ozone
Ozone fumigated leaves Foliar injuries (%)

1 84
2 85
3 leaf yellowing
4 leaf yellowing
5 leaf yellowing
6 67.1
7 57.1
8 20.4
9 52
10 48.5
11 44.1
12 54
13 leaf yellowing
14 8.5
15 59
16 0.1

Average % injury 48.3

Fig. 4. Leaf injury of T. cordata, caused by the total double exposure of 450 min  
with 200 ppb ozone on 13. 09 .2011 (A) and on 17. 9. 2011 (B)
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occurrence of numerous small spots located near the main and lateral veins, 
the larger spots were observed occasionally. The colour of the majority of dots 
was pale green, while the others dots were gray. At the end of the experimental 
period on September 17, the amount of spots increased and dominated by 
dark gray spots. The younger leaves had smaller injuries than older leaves. 

A leaf injury of Tilia cordata Miller increased from 0.8 to 8% is 
presented on Fig. 5. 

Table 2
Foliar injuries of T. cordata, caused by the total double exposure of 450 min  

with 200 ppb ozone

Ozone fumigated 
leaves

Foliar injuries on 
13. 09. 2011

(%)

Foliar injuries on
17. 09. 2011

(%)

Foliar injuries increased 
for monitoring period 

(%)
1 13.6 18 4.4
2 14.3 15 0.7
3 3 9.6 6.6
4 0.4 3.7 3.3
5 0.25 7 6.75
6 0 1.3 1.3
7 0 4 4
8 0.5 3.6 3.1
9 0.5 4.2 3.7
10 0.15 9 8.85
11 0.96 2.3 1.34
12 0.43 12 11.57
13 0.5 11 10.5
14 0 1 1
15 0 0.03 0.03

Average % injury 2.3 6.8 4.5

Fig. 5. Leaf injury of T. cordata, caused by the total double exposure of 300 min  
with 200 ppb ozone on 08. 09 .2011 (A) and on 17. 09. 2011 (B)
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As shown in Table 3, the foliar injuries increased for the monitoring 
period. Only two leaves have not the symptoms. At the last data of observation 
four leaves turned yellow. The average rate of foliar injuries increase from 
1.8 to 4.7%, respectively for the first and second date of observation.

Table 3
Foliar injuries of T. cordata, caused by the total double exposure of 300 min  

with 200 ppb ozone

Ozone fumigated 
leaves

Foliar injuries on 
08.09.2011

(%)

Foliar injuries on
17.09.2011

(%)

Foliar injuries increased for 
monitoring period 

(%)
1 2.5 8 5.5
2 2.6 10.8 8.2
3 8 11.9 3.9
4 1.5 2 0.5
5 0.8 8 7.2
6 1.5 2.5 1
7 2.4 3.7 1.3
8 2 3.3 1.3
9 8 9.6 1.6
10 1.5 3.5 2
11 0.2 0.6 0.4
12 0 1 1
13 1.2 4 2.8
14 0 leaf yellowing leaf yellowing
15 0 leaf yellowing leaf yellowing
16 0.2 leaf yellowing leaf yellowing
17 0.7 1.6 0.9
18 1.5 leaf yellowing leaf yellowing
19 0.08 0.1 0.02

Average injury 1.8 4.7 2.9

dISCUSSION

So far in forestry practice, a visual method for assessment of leaf injuries 
is the most widely used. In order to facilitate this assessment the different 
scales are developed. For example, ‘Horsfall and Barratt’ (1945) scale: 0 to 3, 
3 to 6, 6 to 12, 12 to 25, 25 to 50, 50 to 75, 75 to 88, 88 to 94, 94 to 97 and 
97 to 100%, or scale with 5% increments (0, 5, 10, 15 ... 100%). 

In this study we used an integrated assessment method, based on the 
colour characteristics of pixels of the photo images incorporated in separate 
colour groups, which characterized non-injured and injured areas of leaves, 
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allowing greater precision to assess ozone symptoms, and the amount of 
injuries, unlike the subjective visuall assessment method.

Research in field conditions over two consecutive growing seasons 
to describe symptoms and percentage of leaf injuries caused by ozone of 
T. cordata, was conducted in Switzerland. The symptoms began in the first 
growing season as black stipple at the margins of the older leaves and 
progressed inward from the leaf edge. A very fine dark brown stipple was 
evident on the leaves as the season progressed, but no premature senescence 
or abscission was observed. The symptoms began very late in the second 
growing season as a very fine dark brown stippling on the upper leaf surface. 
The severity of the stippling was minimal and no significant progression or 
senescence was observed (Novac et al., 2002).

In this study, it was found that necrosis continue to grow after the end 
of ozone fumigation, which is an indicator of active necrosis.

The total twice ozone exposure of 720 min with concentration of 400 
ppb induced high level of foliar injuries. The necrosis affected almost whole 
leaf area as the injuries are spots and dots. The ozone symptoms included 
different nuances of gray colour.

The initial symptoms induced by the total twice ozone exposure of 450 
min with concentration of 200 ppb and the total twice ozone exposure of 300 
min with concentration of 200 ppb are similar but the average size of foliar 
injuries is larger for the longer ozone exposure period. 

The symptoms were characterized by occurrence of necrosis dots few 
in number and small in size, mostly located near the central and lateral veins 
at the base of the leaf. The colour of the damaged sections of the leaves 
was black, gray or pale green. The dots grew during the observation period 
in the form of spots and covered almost the entire leaf surface, between the 
main and lateral veins. Damaged areas of ozone on the leaves were black, 
light gray or dark gray. 

The all ozone treatments in the present study caused the highest injuries 
of older leaves, possibly due to anatomic and morphological differences 
compared with the younger ones as described in studies of Pääkkönen et al. 
(1995) for Betula pendula Roth, Fredericksen et al., (1996) and Ferdinand et 
al., (2000) for Prunus serotina Ehrhart.

The symptoms diagnosed in the present study corresponded to those 
described in our previous study for untreated with artificial ozone leaves of 
T. cordata (Krastev et al., 2011).

CONCLUSIONS

The use of a computer program showed that ozone symptoms and 
different size of foliar injuries of Tilia cordata from picture images could 
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be assessed successfully. It could be used to assess injuries of other tree 
species.

The results of this study show that both, the level of ozone concentration 
and duration of ozone exposure affects the size of leaf area injuries of Tilia 
cordata. The total double ozone exposure of 720 min with concentration of 
400 ppb cause significantly higher average rate of foliar injuries than the 
other two ozone exposure regimes of 450 and 300 min with concentration 
of 400 ppb.

The average size of foliar injuries was larger for older leaves than for 
younger ones. 

The symptoms diagnosed in this study can be use to recognize of the 
foliar injuries caused by ozone of Tilia cordata in areas with anthropogenic 
pollutions from intensive road transport or industry.
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