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Abstract. The article discusses gaseous air pollutants that have the greatest impact on forest ecosystems. This group of pollutants
ncludes sulfur dioxide (SO,), nitric oxides (NO and NO,) and ozone (O,).

In the 20™ century, the major contributor to forest degradation was sulfur dioxide, a gaseous substance with direct and po-
werful phytotoxic and acidifying effects. Since then, sulfur dioxide emissions have been significantly reduced in Europe and
North America, but they continue to grow in East Asia along with China’s economic boom. Nitric oxides affect woody plants
directly by entering through the stomata and indirectly through soil acidification and environmental eutrophication. Ozone, in
turn, is found in photochemical smog and is produced by conversion of its precursors (nitric oxides, organic compounds and
carbon monoxide). It is a strong oxidizing agent which disrupts various physiological processes, mostly photosynthesis and

water use in plants, but is also the air pollutant that exerts the most toxic effect on forest ecosystems.
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1. Introduction

Forest ecosystems, which cover about one-third of the
world’s land area (Matyssek et al. 2012), present one of the
main parts of biosphere. They affect the composition and the
quality of atmosphere and also shape climate conditions both
on regional (local) and global scales. The presence of forest
ecosystems, which serve as the connection between atmo-
sphere and biosphere, influences cycling of large amounts
of matter as well as energy flow in nature (Noe et al. 2011).
Forests could be found in almost all climate zones. They are
very diverse both in their species composition and in their
vertical and horizontal structure (Misson et al. 2007). Owing
to the large area covered by forests, they are very sensitive
to pollutants present in atmosphere, especially gases (inclu-
ding sulphur dioxide (SO,), nitric oxides (NO ) and tropos-
pheric ozone (O,)). Such pollutants affect forest ecosystems
disrupting growth of trees (Wamelink et al. 2009; Liu et al.
2011), changing species composition or increasing suscep-
tibility of forests to biotic factors such as insect outbreaks
(Paoletti et al. 2010). Acid gases (SO, and NO ) indirectly

affect forests by acidifying soils, which changes soil fluids
and influences accessibility of nutrients (Bytnerowicz et al.
2007; Wu et al. 2011). Currently, around the world, more
and more attention is paid to air quality parameters. The re-
search is being conducted in order to limit negative effects
of gaseous air pollutants on forest ecosystems. Cross-bor-
der movement of air pollutants to large distances presents
another significant problem. Owing to such reasons, Japa-
nese forests are influenced by pollutants originating from
Eastern Asia (Gbondo-Tugbawa, Driscoll 2002; Chiwa
2010). In Europe during 1970s and 1980s, increased emis-
sion of sulphur dioxide, nitric oxides and dust resulted in ca-
tastrophic destruction of forests in central and northern parts
of the continent together with the so-called ‘black triangle’
covering the bordering areas of Poland, Czechoslovakia and
GDR. Large number of environmental projects were imple-
mented in order to improve air quality in that region as a re-
sult of which the situation in the area significantly improved.
New forest areas emerged as a consequence of decreased
emissions of toxic air polluting compounds (Blazkova 1996;
Szaro et al. 2002; Bytnerowicz et al. 2004; Mankovska et
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al. 2004; Muzika et al. 2004; Puig et al. 2008; Solberg et al.
2009; Neirynck et al. 2011).

2. Sulphur dioxide (SO,)

For several decades, emission of sulphur dioxide and de-
position of acids has been presenting a significant problem
to forest areas around the world. The influence of SO, is the
most famous example of direct phytotoxic impact on plants
(Warminski et al. 2005; Bytnerowicz et al. 2007). Similar to
other gases, SO, belongs to the group of abiotic stress factors
that cause decline in biomass growth (Noe et al. 2011). In fo-
rest ecosystems, sulphur dioxide can be deposited as dry or
wet matter directly affecting assimilation system and indirec-
tly through acidification of soil. Dry deposition depends on
plant species, their leaf structure and wax chemical compo-
sition on their surface as well as atmospheric conditions. Co-
niferous forests more effectively intercept dry deposition in
comparison to other plant cover (Derome et al. 2004). While
wet deposition results from dissolving of sulphur dioxide in
water. That leads to indirect influence of SO, through acidi-
fication of soils, which is revealed through decreased pH, in-
creased concentration of available forms of aluminium and
heavy metals as well as damage to mycorrhizal roots (Gbondo
-Tugbawa, Driscoll 2002). Direct influence of sulphur dioxide
occurs by penetration of gas particles through stomata to leaf
interior. The speed of penetration through stomata depends on
environmental conditions such as solar irradiance, humidity
and temperature. After penetrating leaf cells, sulphur dioxide
is oxidised to sulphites, which results in decreased leaf pH and
disturbance of oxidation—reduction balancing in plant tissue.
That causes loss of chlorophyll, disruption of photosynthesis
process at the enzymatic level, of electron transportation and
as a result in the decreased assimilation of CO, (Jim, Chen
2008; Sha et al. 2010). Biochemical response to elevated SO,
levels also includes changes in secondary metabolites levels
including phenolic compounds (Giertych, Karolewski 1993).
Symptoms of SO, injury in broadleaf trees include interveinal
necrosis indicated by changes in colour from white to black
as well as multiple chlorosis (light green spots) on mature
leaves. While on needles of conifers sulphur dioxide injury
could be seen as light to dark brown necrosis usually having a
very clear borderline with the healthy part of a needle (Karo-
lewski 1992; Flagler 1998; Warminski et al. 2005). In the end,
leaves get damaged and fall off prematurely (Biatobok 1989;
Legge, Krupa 2004).

In the areas with high density of industrial factories, total
sulphur content in the needles of Scots pine could reach
from 0.6% to 1.0%, while in the areas with no air pollution,
sulphur content in pine needles varies between 0.03% and
0.12% (Grodzinska 1977). In the areas affected by highly

urbanised and industrialised places, high concentration of
sulphur dioxide causes damages to forest vegetation. Mul-
tiple research studies of different authors revealed general
reduction in tree growth observed through the decrease in
stem diameter and height as well as morphological damage
of needles and leaves (Gadzikowski 1980; Kawecka 1981;
Karolewski 1992; Mi$ 1995; Dincer et al. 2003; Malik et al.
2011). At the same time, layers of a forest cause variations
in environmental parameters, such as wind speed, light ava-
ilability or temperature. That hampers mixture of air layers
above and below tree crowns. As a consequence, different
concentrations of toxic gas substances could be observed in
different forest layers (Noe et al. 2011).

3. Nitric oxides (NO )

Toxicity of nitric oxides is most likely related to, as it is
shown by Wozny (2004), inefficiency of nitrate (NO,") re-
ductive pathway. Disruption of cell metabolism occurs as an
effect of lower pH of cytoplasm and disruptions in ion trans-
portation. Nitric acid III (nitrous acid) and nitric acid V, which
are formed from absorbed nitric oxide as the result of chemical
and biochemical reactions (Hu, Sun 2010), can damage biolo-
gical membranes and chloroplasts as well as cause chlorophy-
1l degradation. Indirect influence of nitric oxides includes soil
and water acidification by those compounds, which as a result
of plant nutrient uptake infiltrate plant interior causing various
types of damage. Favourable sunlight conditions cause wider
opening of leaf stomata, which increases intensity of nitric
oxides penetration into leaf interior. This process intensifies
in the conditions of high humidity (Bobbink, Lamers 2004).
It would be important to remember that nitrogen, as a biolo-
gically important chemical element, can have different effects
on forest ecosystems. From one side, its presence can increase
photosynthetic efficiency and, therefore, boost forest biomass
growth. From the other side, high nitrogen deposition redu-
ces respiration rate, accelerates nitrogen saturation in areas
which already have high amounts of nitrogen in soil as well
as decreases deposition of nitrogen on small roots. As a result
of the above processes, leaching of nutrients and decline of
net production of forest ecosystems can occur (Litton et al.
2007; Liu et al. 2011; Wei et al. 2012). It is estimated that dry
deposition presents a significant part of the total nitrogen de-
position (Wu et al. 2011). Deposition loads of nitrogen com-
pounds in forests are usually higher than that in other types of
ecosystems. It is related to higher aerodynamic coarseness of
forest areas and their ability to intercept small particles. Incre-
ased nitrogen deposition in forests results in acidification and
eutrophication, causing changes in biodiversity of forest eco-
systems (Simpson et al. 2006). High nitrogen deposition can
also lead to increased susceptibility to late spring and early
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autumn frosts (Matyssek et al. 2012). The presence of nitric
oxides and soil nitrogen compounds is linked to the process
of carbon sequestration, which is especially important in case
of forest ecosystems. The research conducted in European
and North American boreal and temperate forests allowed
to state a key positive role of nitrogen deposition in carbon
sequestration, which is expressed in increased net primary
production (Wamelink et al. 2009; Wei et al. 2012). Nitrogen
deposition in forests is also affected by a tree canopy struc-
ture. Throughfall, or the process of transporting deposition
through tree crowns, as well as nitrogen stemflow, or the flow
of those compounds from leaves, branches and further down
the trunk to soil, could increase the speed of deposition of
nitrogen compounds in soil. However, that could take place
in areas with higher dry and wet nitrogen deposition. Both
these processes depend on leaf shape and texture, crown den-
sity and shape, type of precipitation, its intensity and length
(Pelster et al. 2009).

Symptoms of leaf damage include irregular brown to
cream stains on a leaf blade between veins which eventually
change into white necrosis. High amounts of nitric oxides
result in appearance of rusty-reddish necrosis on needles
or needle discoloration (Flagler 1998; Karolewski 1998;
Greszta et al. 2002).

4. Ozone (O,)

Tropospheric ozone, because of its strong oxidation ca-
pabilities, can have a serious negative effects on forest eco-
systems. Currently, compared to other air pollutants, ozone
presents the biggest threat to plant biomass production, also
including that in forests (Schaub et al. 2005; Zapletal et al.
2011). High ozone concentration (above 40 ppb) can cause
decreased ability of forests to absorb carbon dioxide (Karlsson
et al. 2006). Ozone belongs to the group of secondary air pol-
lutants. It is formed as a result of photochemical reactions
involving initial substances such as nitric oxides and volati-
le organic compounds (VOC) under favourable atmospheric
conditions (high temperature and insolation). The majority of
European countries as well as the United States considerably
limited the emissions of ozone precursors. However, it did not
completely eliminate potential dangers of ozone. High indu-
strialisation of India and China contributes to constant supply
of precursors that can travel long distances across the borders
and cause ozone formation in different places of the globe as
well as harm forest ecosystems (Cape 2008).

Numerous research projects are conducted around the
world to study the phytotoxicity of ozone. It would be im-
portant to underline that in Poland, research on influence of
gaseous air pollutants, which includes effect of ozone on tree
plants, was started relatively early, that is, in 1970s (a.o. Bia-

tobok, Karolewski 1978; Karolewski, Biatobok 1979). At that
time, they demonstrated a link between ozone exposure and
appearance of damage on Scots pine (Pinus sylvestris L.) and
European larch (Larix decidua L.) assimilation organs.

Increased concentrations of ozone in European countries as
well as the United States have different effects on forest eco-
systems. At the physiological level, trees damaged by ozone had
a decline in chlorophyll content as well as more rapid ageing
of leaves and needles. Other physiological effects include in-
creased respiration rate, lower photosynthesis rate, disruptions
of carbon assimilation and transportation of water and nutrients
between roots and branches, which cause overall decline of tree
biomass growth (Tjoelker et al. 1995; Karnosky et al. 2007;
Augustaitis, Bytnerowicz 2008; Malik et al. 2011; Zapletal et
al. 2011). Trees growing in the areas with high ozone pollution
showed lower increment of tree trunk compared to trees gro-
wing in less polluted places (Weinstein et al. 2005).

The reaction of ozone with cell structures produces reac-
tive oxygen species (H,0,, O,, HO", '0,), which cause de-
naturation of membrane lipids and their peroxidation. This
process could be described by the oxidation state (Hunova et
al. 2010). Morphological changes are revealed through ap-
pearing chlorotic stains on the surface of leaves and needles,
which quickly change into necrosis. With time, such stains
cover the whole area of the leaf, which indicates its comple-
te dying (Ashmore 2004; Hayes et al. 2007). Deformation of
Scots pine (P. sylvestris L.) needles along with their abnor-
mal growth under the influence of ozone was observed by
Bialobok et al. (1980).

Besides infiltration of ozone through stomatal pores in
case of tree plants, it could also be absorbed by lenticels,
which are located within bark of well-developed branches.
In such cases, ozone damage occurs similarly to that in leaf
cells (Wittmann et al. 2007).

Phytotoxicity of ozone is significantly affected by meteo-
rological conditions. They include high air humidity, strong
sunlight as well as soil moisture. During the day and whilst
having optimal soil moisture content, stomata apertures are
open, which results in increased gas intake, also including
ozone, into leaves (Karlsson et al. 2007). Besides that, ozone
hinders closing functions of stomatal pores, which in turn
results in over intensive losses of water during transpiration
(Wagg et al. 2012). Implemented experiments allowed to
conclude that increased watering intensified ozone infiltra-
tion process through stomatal apertures, which induced vi-
sual damage in plants (Karlsson et al. 2007).

Intensity of phytotoxic responses of tree plants depends on
the amount of ozone absorbed directly through stomatal aper-
tures; however, this parameter is not suitable for regular mo-
nitoring measurements. To avoid the above problem, various
exposure indices are used. The most known and commonly
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used index is AOT40. It describes ozone accumulated over
a threshold 40 ppb (80 pg-m). It is recognised that above
this level, ozone is toxic for plants, whilst its toxicity grows
proportionally to exposure time. This is true for daylight time,
when the most intensive gas exchange occurs through stoma-
tal pores. Therefore, in order to measure AOT40, differences
between measured ozone concentration (mean hourly) and
threshold value are summed. Calculations are done during the
peak of plant growing season, taking into account daylight
measurements and only concentrations above 40 ppb. Day
length and growing season depend on geographical location,
whilst day length additionally depends on season. So whilst
doing ozone measurement, they should be clearly defined.
During AOT40 calculations for the purposes of forest protec-
tion, growing season is assumed to be equal to 6 months (from
April 1 to September 30), and for the purposes of protection
of cultivated plants, the growing season used is from May 1
to July 31. The daylight time is the period when insolation is
above 50 W-m™ or more simply the time from 8 in the mor-
ning to 8 in the evening of Central European Time. For legi-
slative purposes, the second definition is used (Gerosa et al.
2007; Dyrektywa 2008/50/WE).

AOT40 value is easily estimated based on the continuous
ozone measurements done in air quality monitoring stations
using automatic ozone monitors (Sicard et al. 2011). Howe-
ver, more and more often AOT40 deficiencies are pointed
out in forecasting negative effects of ozone on plants (Fares
et al. 2010). It is also possible to estimate AOT40 with the
help of models based on 0zone concentration measurements,
which uses weekly measurements (1-2 weeks) obtained
from passive samplers. Such method is less expensive than
automatic measurements (Gerosa et al. 2007). That is also
why in many countries AOT40, in spite of its weaknesses, is
used in legislature. Table 1 presents AOT40 values received
during the studies of Gerosa et al. (2008), Marzuoli et al.
(2008), Gerosa et al. (2009) and Calatayud et al. (2011) using
various broadleaf tree species in open-top chambers (OTC).
During those studies, plant responses to elevated ozone le-
vels in different humidity conditions were described. The
table presents AOT40 levels at which first symptoms of leaf
damage caused by ozone were observed. Mentioned studies
indicated that trees growing in humid conditions responded
quicker to elevated ozone concentrations than trees growing
in dry conditions. Pyrenean oak (Quercus pyrenaica) appe-
ared to be the most susceptible to ozone damage.

5. Biological indicators of environmental damage

Plant organisms, which are sensitive to the presence of
damaging compounds in atmosphere, are called bio-indica-
tors (Greszta et al. 2002). Majority of biological monitoring

Table 1. Selected tree species and AOT40 values in OTC research

AOT 40

Tree species Year Source
P [ppb - h]
Quercus faginea 2006 28223
Portuguese oak 2007 26 181
1
Quercus pyrenaica 2006 2883 C\a, aet:‘ﬁ‘d
P k ) '
yrenean oal 2007 3720 2011)
Quercus robur 2006 26 181
English oak 2007 23367
004 10 227 (a) |
Populus nigra 11719 (b)  Marzuoli et
Black poplar al. (2008
pop 2005 9541 (a) (2008)
13 184 (b)
23 340 (a)
2004 G
Fagus sylvatica 27552 (b) G e;):li
European beech 18 793 i ’
P 2005 @ 008)
24 446 (b)
23340 (a)
2004 Gi
Fraxinus excelsior 27 552 (a) G e;?i?
European ash 14 829 (a) : .
2005 2009
22703 (b) (2009)

Explanations: a — wet conditions, b — dry conditions

methods are based on such organisms, which indicate the
presence of pollutants in the natural environment. Bio-in-
dicator shows the presence of pollutants in atmosphere by
the appearance of typical symptoms, which are not charac-
teristic in case of other changes occurring in the environ-
ment. The organism could react with a specific response in
case of one or several pollutants. Plants, which are used for
indication of pollution, should be wide spread for a given
environment, well studied from a biological and ecological
point of view and also easily collected and marked (Gresz-
ta et al. 2002; Wesotowski, Radecka 2003). Classifications
of organisms as bio-indicators could vary. Whilst descri-
bing changes occurring in the environment and the degree
of their change, bio-indicators are divided into qualitative,
quantitative and mixed. Taking into account sensitivity of
plants to pollution, they could be used as indicator species,
monitors or test plants (Falinska 1997; Alloway, Ayres 1999;
Greszta et al. 2002; Wesotowski, Radecka 2003; Merkert et
al. 2012).

Amongst vascular plants, broadleaf trees can also play
the role of biological indicators, including European beech
(Fagus sylvatica), pedunculate oak (Quercus robur), black
poplar (Populus nigra), European ash (Fraxinus excelsior),
Norway maple (Acer platanoides), and sycamore maple
(Acer pseudoplatanus L.), as well as coniferous: Scots pine
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(P, sylvestris), Norway spruce (Picea abies), European larch
(L. decidua) and Weymouth pine (Pinus strobus).

The German Federal Environmental Specimen Bank
(ESB) stores the following tree species: Norway spruce (P,
abies), Scots pine (P. sylvestris), European beech (F. sylvati-
ca) and black poplar (P, nigra Italica). In Poland, there is no
official environmental specimen bank; however, for many
years, environmental samples are collected for the purposes
of environmental monitoring. In our country, many polluted
areas, such as Gorny Slask or Legnicko-Glogowski Cop-
per Region, were evaluated based on the indicator species.
As a standard species recommended by the ESB for the re-
search of such land ecosystems in Europe, Scots pine could
be used. Pine is a main forest species in Poland. It also im-
plements most of the requirements stated by the ESB. More
rarely, Norway spruce is used as bio-indicator because of the
fact that borderline of its distribution is located in Poland
and also spruce is very sensitive to pollution (Jaszczak 2003;
Merkert et al. 2012).

6. Summary

In addition to natural biotic and abiotic factors, contem-
porary forests are also affected by anthropogenic factors,
which include besides others air pollution by phytotoxic
gases and dust. Gaseous air pollution in the first place affects
tree plants by decreasing their biomass growth and, what is
more significant, by reducing their resistance to biotic and
abiotic stress factors. The reports of the European Environ-
ment Agency (EEA 2015) present up-to-date data on atmos-
pheric air pollution levels by phytotoxic gases. Amongst the
most important phytotoxic gases found in the atmospheric
air are sulphur dioxide (SO,), nitric oxides (NO and NO,)
as well as ozone (O,). Limit values are set for those gaseous
pollutants for rural areas in consideration with vegetation
protection (Table 2).

Gaseous air pollution presents a significant problem at
a global scale. The presence of phytotoxic gases in the air
worsens growth conditions for forest ecosystems. Many re-
search studies and also field work pay special attention to
the response of plants to specific air pollutants. From one
side, familiarity with symptoms and knowledge of damage
mechanisms help to implement activities that are targeted
at abatement of damaging impact of toxic substances on
plants. From the other side, specific responses of plant spe-
cies to pollution allow the use and implementation of moni-
toring activities. Monitoring research, which is also called
bio-indication, enables conducting relatively inexpensive
and quick environmental analysis. Owing to that, protection
of environment becomes more effective and preventive me-
asures could be undertaken more promptly.

Sulphur and nitric oxides are primary air pollutants,
which are emitted mainly from the anthropogenic sources.
The sources of ozone in atmosphere vary, as ozone is not
directly emitted from any sources, but it is formed as a re-
sult of photosynthetic reactions of its precursors (nitrogen
oxides, organic compounds and carbon dioxide).

Sulphur dioxide and nitric oxides are the gases that enter
the plants through their stomatal apertures, and directly af-
fecting physiological processes in leaves, mainly CO, as-
similation and photosynthesis. Besides that, they are acid
gases, which after dissolving in water from atmospheric pre-
cipitation engage in acidification of the environment.

In the 20" century, sulphur dioxide played the biggest
role in forest degradation, whilst currently ozone took its
place. Ozone is not an acid gas, whilst it has very strong
oxidation potential. Similar to other gases, ozone enters
plants through their stomatal pores. It quickly damages
cells lying in close proximity to stomatal openings and
later affects tissues responsible for photosynthesis. Besi-
des its direct influence on the process of photosynthesis,
ozone also causes disruptions to plant’s vascular system
because of damages caused to stomatal pores, which result
in the decrease of biomass growth and resistance of trees.
It is currently acknowledged that amongst air pollutants,
ozone presents the most significant danger for forest eco-
systems. Owing to such reasons in the EU countries, ozone
concentration limits in the interest of plant protection are
being gradually decreased. If before 2010 in Poland, the
value acceptable for ozone level expressed by the AOT40
index was 24,000 pg'm=-h, after January 1, 2010, it was
decreased to 18,000 pg-m™=-h, whilst the long-term AOT40
goal, which should be achieved by 2020, is equal to only
6,000 pg'm=-h (Table 2).
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