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Summary. Comparative analysis regarding micro-anatomic stomatal apparatus parameters of small-leaved linden
(Tilia cordata Mill.) and birch (Betula pendula L.) from the wider area of Banja Luka (entity of Republic of Srpska,
Bosnia and Herzegovina) in the course of two seasons was performed in this study. Sampling of selected plant spe-
cies was made on trees which were located next to the road (city centre) and on trees located in the suburban forest
estate of ,,Velika Gozna®, near the city. One of the objectives of this study was to examine the impact of particular air
pollutants on stomatal apparatus characteristics (stomata number, size of stomatal apparatus and pore). The obtained
results indicate significant differences in the stomatal apparatus characteristics between Tilia cordata (Mill.) and
Betula pendula (Roth.) as well as with respect to the origin of the examined material. Changes in stomata number
and stomatal apparatus size in the examined species can serve as an indicator of their resistance to air pollution in
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urban areas.
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INTRODUCTION

Air pollution is increasingly becoming a global problem
due to intensive industrialization and population growth.
In the majority of urban areas exhaust gases from motor ve-
hicles constitute 57-75% of total emissions (WHO 2006). In
addition, many other particles that can cause disturbances of
ecological homeostasis or adverse effects in humans, animals
and plants are dispersed into the atmosphere by mechanical
disintegration of solid substances (Somers et al. 2004; Ghor-
banli et al. 2007; Lindsay et al. 2010). In past few decades
many scientific studies have reported the harmful effects of
different air pollutants on plants, with a special focus on the
effect of sulphur and nitrogen oxides, as well as ozone (Ve-
lissariou et al. 1992; Dimitrova and Yurukova 2005; Kosiba
2008). The majority of sulphur and nitrogen oxides reach
plant leaves through stomata, thereby causing damage to
the photosynthetic apparatus and photosynthesis inhibition
(Miszalski and Mydlarz 1990; Jablanovi¢ et al. 2003). A par-
ticular manifestation of the harmful effect of air pollutants
is expressed in their interaction with other environmental

factors, such as increased air humidity, intense illumination
or increased CO, concentration (Mudd and Kozlowski 1975;
Pearson and Mansfield 1993; Govindaraju et al. 2010). In-
creased sulphur oxides concentrations cause stomatal closure
through complex signalling pathways, where Ca** ions have
the leading role in guard cells (McAnish et al. 2002). Stomata
closing are considered to be an adaptive strategy in plant
defence mechanisms, although such conditions decrease
the rate of photosynthesis and total yield (Duranni et al.
2004). Therefore, the synergistic effect of SO, with increased
concentration of CO,is considered to be the most harmful,
leading to inhibition of stomatal closing (Majernik and Man-
sfield 1972). Tropospheric ozone is believed to be a very toxic
pollutant for plants, also known as “photochemical smog",
generated from primary atmospheric pollutants, nitrogen
oxides and volatile hydrocarbons, especially under intensive
luminosity conditions. It is known that ozone concentrations
in urban areas are the highest in the afternoon hours dur-
ing traffic jams and higher insolation (Kley 1997). Increased
ozone concentrations lead to the oxidative damage of biomol-
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ecules that are most prominent in epidermal cells (Musselman
and Massman 1999; Jaffe et al. 2008). The majority of plant
species increase antioxidant metabolites in response to the
harmful effects of ozone, and use stomatal closing as a primary
reaction to ozone stress (Moldau et al. 2011).

Regular monitoring of atmospheric pollutants in urban
areas is a standard procedure for controlling environment
conditions, whereby chemical analysis provides exact data on
the concentrations of particular gases and particles. Recently,
air quality biological monitoring methods have seen increas-
ing use, possibly because they provide valuable data on the
interaction of chemical pollutants with living systems. Origi-
nally, air quality biomonitoring primarily involved studying
the ecophysiological characteristics of lichens and mosses,
which are traditionally considered indicators of clean air
(Nash and Gris 2002; Govindapyari et al. 2010). However, in
centres of large urban areas, lichens and mosses use is often
not possible, since such areas are usually characterized by a
complete absence of these organisms. Therefore, studies of
deciduous and coniferous woody plant species have become
increasingly important in air quality monitoring in urban
areas for all biological aspects, including plant biochemis-
try, physiology and morphology (Hagen-Thorn et al. 2004;
Tretyakova and Noskova 2004; Yilmaz and Zengin 2004).

Air quality biomonitoring in the present study includes
analysis of two plant species: birch (Betula pendula Roth.),
referred to as species sensitive to air pollutants according to
literature data; and a small-leaved linden (Tilia cordata Mill.),
as a more resistant species to this type of pollution (Wright
1988; Kosiba 2008). The objective of the present study was
to determine the differences in stomata number and stoma-
tal apparatus size between these selected plant species (Tilia
cordata and Betula pendula) sampled in an urban area of
the City of Banja Luka and a suburban forest estate over two
seasons.

MATERIAL AND METHODS

Leaf sampling was conducted in two seasons (spring
and summer), and was performed in the main streets of
the city centre in Banja Luka (Mladena Stojanovica, Kralja
Petra I Karadordevica, Vuka Karadzi¢a and Aleja Svetog
Save) (Fig. 1). Leaves from individual trees of the urban area
were separated into two groups: samples from the crown
parts that were not directly exposed to roads were marked
as UA 1 (urban area 1) and samples from the other side of the
crown which were positioned directly toward the street were
marked as UA 2 (urban area 2). All trees were chosen directly
next to the street, and were not blocked by other facilities or
trees. As control samples, tree leaves were also collected from
a suburban area, about 30 km from the city centre in the
forest estate “Velika Gozna“ For each plant group sampling
was performed from three trees: leaves from three differ-
ent points (base, middle and top part) were taken, and three
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leaves were taken for each point. All samples were packed
in dark plastic bags, marked, transported to the laboratory
and forwarded to processing preparation the same day. De-
termination of stomata number was made by the method of
Petrovi¢ and Strbac (1996). Considering that stomata are not
equally distributed throughout the leaf plate, and that the
examined species have hypostomatic leaves, their prints were
taken from the abaxial epidermis, namely from three parts
(top, middle and base). Samples were analysed using a Leica
DMLB microscope, whereby the following parameters were
taken into consideration: stomata number/ mm?, length and
width of stomatal apparatus and stomatal pore, respectively.
All parameters were analysed in ten replicates per prepara-
tion and results were presented as mean values of three trees.
Statistical data processing was performed in the program
MAPLE 18 by analysis of variance (one-way ANOVA) with
a statistical significance of 5% (p < 0.05). Data presented in
Table 1 represent average monthly values for meteorologi-
cal conditions in May and August 2014 (RS Hydrometeoro-
logical Institute) and average monthly values for air quality
(Department of Public Utilities, Housing and Traffic) of the
City of Banja Luka.
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Fig. 1. Map of the City of Banja Luka with marked sampling
areas: UA- Urban area in the city centre with magnified sampling
points (X) close to the busiest streets; SUA- suburban area
located about 30 km from the city centre (source https://www.
google.ba/maps).

RESULTS

The obtained results show that B. pendula leaves taken
from urban areas have statistically significant lower stomata
number in comparison to those from suburban areas. The
same trend of stomata number decrease with B. pendula
was noticed during both seasons (Fig. 2). Also, a statistically
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Fig. 2. Stomata number/mm? in the leaves of Betula pendula
sampled in May and August, 2014. SUA- control samples
collectedin suburban area; UA 1-samples collected in urban area
from crown parts not directly exposed to roads; UA 2- samples
collected in urban area from crown parts directly exposed to
roads; Control samples (SUA) were compared with samples of
urban trees (UA 1 and UA 2) by statistical data processing, *
indicates statistically significant difference.

significant difference was found in stomatal pore length
between urban and suburban birch leaves in both seasons
(Fig. 3). In addition, stomatal pores in birch leaves sampled
in the urban area from both group (UA 1 and UA 2) were
wider in comparison with controls during both seasons
(Fig. 3). However, statistically significant differences were
not found in stomatal apparatus length between urban and
suburban birch leaves during both seasons (Fig. 3). On the
other hand, during summer, a statistically significant dif-
ference was noticed in stomatal apparatus width between
control leaves and leaves directly exposed to the road in an
urban area (samples UA 2). No significant difference was
observed in stomata number between leaves from different
crown parts taken in the urban area (samples UA 1 and UA
2). Stomata morphology of B. pendula leaves from urban and
suburban trees are presented in Figure 4.

The obtained results show smaller changes in the an-
alysed parameters of stomata in T. cordata leaves in com-
parison with B. pendula. Namely, for both seasons a smaller
stomata number was observed in the leaves of city trees ver-
sus control leaves, but this difference was not statistically
significant (Fig. 5). Likewise, during the summer none of
the analysed parameters for stomatal apparatus size or pore
changed significantly in urban area samples in comparison
with controls (Fig. 6). However, during May the situation was
somewhat different, since longer and wider stomatal pores
were noticed in the leaves which were directly exposed to
roads in the urban area in comparison with control, and
these differences were statistically significant (Fig. 6). Sto-
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Fig. 3. The size of stomatal apparatus and pore in Betula pendula
leaves sampled in May and August, 2014. SUA- control samples
collectedin suburban area; UA 1-samples collected in urban area
from crown parts not directly exposed to roads; UA 2- samples
collected in urban area from crown parts directly exposed to
roads; LSA- stomatal apparatus length; WSA- stomatal apparatus
width; LSP- stomatal pore length; WSP- stomatal pore width;
Control samples (SUA) were compared with samples of urban
trees (UA 1 and UA 2) by statistical data processing, * indicates
statistically significant difference.

mata morphology of T. cordata leaves from city and subur-
ban trees is presented in Figure 7.

DISCUSSION

Although contradictory results in the literature may be
found regarding the effect of air pollutants on stomata num-
ber (Gostin and Ivanescu 2007; Kardel et al. 2010), numerous
authors believe that morphological and stomatal character-
istics of the leaf are reliable indicator of air quality (Kurteva
2008; Balasooriya et al. 2009). Numerous reports confirm
that stomata number changes depending on the degree of air
pollution by different types of pollutants, primarily sulphur
and nitrogen oxides and ozone (Zelitch 1961; Mulgrew and
Williams 2000; Shweta 2012). Stomatal response to air pol-
lution is very complex and depends not only on air pollutant
concentration and type, but is also very selective depending
on plant species (Abeyratne and Ileperuma 2006). In addi-
tion, the interaction of plants and chemical pollutants often
varies if synergistic effects of several different pollutants is
present. With respect to Tilia cordata some authors believe
that this species is less sensitive to gaseous pollutants and
that it is more susceptible to the harmful effects of floating
cement particles and heavy metals (Antipov 1979; Kosiba
2007). According to chemical analysis results of gaseous at-
mospheric pollutants in the City of Banja Luka during May
and August 2014, the air was not first class quality in terms
of nitrogen oxide and ozone concentrations (Table 1). On the
other hand, analysed parameters for T. cordata leaf stomata
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Fig. 4. Stomata on abaxial epidermis of Betula pendula leaves from city and suburban trees sampled in May and August, 2014. SUA-
control samples collected in suburban area; UA 1- samples collected in urban area from crown parts not directly exposed to roads; UA

2- samples collected in urban area from crown parts directly exposed to roads.
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Fig. 5. Stomata number/ mm? in the leaves of Tilia cordata
sampled in May and August, 2014. SUA- control samples
collectedin suburban area; UA 1- samples collected in urban area
from crown parts not directly exposed to roads; UA 2- samples
collected in urban area from crown parts directly exposed to
roads; Control samples (SUA) were compared with samples of
urban trees (UA 1 and UA 2) by statistical data processing, *
indicates statistically significant difference.

Table 1. Average monthly values for meteorological param-
eters and gaseous atmospheric pollutant concentrations
measured during May and August, 2014 at the location City
of Banja Luka.

Season May August
Temperature 25°C 27°C
Wind East, 7 km/h Northeast, 2.9 km/h
Air humidity 38% 87%
UV index 2 6.4
CO, (mg/m?) 0.23* 0.33*
SO, (ug/m?) 17.17* 14.49*
O, (ng/m?) 38.66 48.51
NO, (ng/m?3) 31.91* 31.96*
NO (ug/m?3) 13.97 13.71
NO, (ug/m?) 45.88 45.67
Char 12.80 13.26

*indicates that air quality is in the first class quality category in comparison with
the given parameter.

were not significantly different between urban and suburban
trees; although wider stomatal pores were observed in urban
samples. Although it is possible that gaseous atmospheric
pollutants’ are responsible for the stomata characteristics we
observed, one must also consider other environmental fac-
tors as well, since the sampled plants were not under con-
trolled conditions. In addition to temperature, light levels
and relative humidity, microclimate conditions in the habitat
must be taken into consideration, since all of these factors
affect the number and characteristics of stomata (Taiz and
Zeiger 2002). The absence of a stomatal response in T. cor-
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Fig. 6. The size of stomatal apparatus and pore in Tilia cordata
leaves sampled in May and August, 2014. SUA- control samples
collectedin suburban area; UA 1-samples collected in urban area
from crown parts not directly exposed to roads; UA 2- samples
collected in urban area from crown parts directly exposed to
roads; LSA- stomatal apparatus length; WSA- stomatal apparatus
width; LSP- stomatal pore length; WSP- stomatal pore width;
Control samples (SUA) were compared with samples of urban
trees (UA 1 and UA 2) by statistical data processing, * indicates
statistically significant difference.

data leaves from urban areas with a high concentration of
atmospheric pollutants might suggest other mechanism(s)
neutralizing toxic substances play a role in this species.
Some authors have reported that T. cordata has relatively
high tolerance for sulphur oxides and ozone due to inherent
peroxidase activity, which is greatly increased in response to
high concentrations of these gases (Jager et al. 1985). Also,
literature data indicate that proline, a reliable biochemical
marker of this type of stress, plays a significant role in the ad-
aptation of T. cordata to increased concentrations of sulphur
and nitrogen oxides (Supuka 1996). Contrary to T. cordata,
B. pendula displayed a stronger stomatal response, given that
stomata number was significantly smaller in statistical terms
in comparison with controls during both seasons. Apart
from visual reduction of stomata number in the leaves of
urban trees, greater width and length of stomatal pores was
noticed. This effect was particularly pronounced in leaves
directly exposed to roads. The higher sensitivity of B. pendula
to increased ozone concentrations was confirmed in many
studies (Matyssek et al. 1991; Padkkonen et al. 1997). Also, it
has been shown that birch trees exposed to increased ozone
content display an increase in guard cell length in addition
to a decrease in stomata density (Riikonen et al. 2008). The
author Wright (1988) states that nitrogen and sulphur ox-
ides lead to microanatomic damage in the structure of guard
cells that prevents guard cell closing. Thus, opening stomatal
pores in response to nitrogen and sulphur oxide pollution
increases the sensitivity of birch trees, due to increased water
loss via transpiration. That is why birch leaves can reduce
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Fig. 7. Stomata on abaxial epidermis of Tilia cordata leaves from city and suburban trees sampled in May and August, 2014. SUA-
control samples collected in suburban area; UA 1- samples collected in urban area from the crown parts not directly exposed to roads;
UA 2- samples collected in urban area from crown parts directly exposed to roads.
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cuticular transpiration in response to increased concentra-
tions of sulphur and nitrogen oxides (Neighbour et al. 1988).

CONCLUSIONS

Based on analysis of stomata characteristics in the ex-
amined species, we conclude that T. cordata and B. pendula
possess different strategies for adaptation to urban conditions
with increased concentrations of atmospheric pollutants. Bet-
ula pendula has shown to be a more sensitive species, since
a significant reduction in stomata number was observed in
leaves taken from the urban area in comparison with con-
trol samples from the suburban area. Also, microanatomic
changes in the size of stomatal apparatus were noticed in the
examined species on samples taken from the urban zone.
On the other hand, no significant changes were noticed in
T. cordata in the majority of analysed stomata characteris-
tics, indicating that this species possesses higher degree of
resistance to atmospheric pollutants common in urban areas.
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