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Umesh Kulshrestha and Pallavi Saxena

Being a living community on the planet earth,
utilization of natural resources is quite obvious
by humans. However, the overexploitation of
these resources during past two decades has
resulted in major environmental problems.
Increasing human population and energy demand
has contributed different kinds of harmful chemi-
cal and biological species in the atmosphere.
Recently, air pollution has become a burning
issue of common concern. The process of air pol-
lution can be defined as the atmospheric condi-
tions having high levels of pollutants which may
produce undesirable effects on materials, plants,
and human health. The major air pollutants
include sulfur dioxide, nitrogen oxides, carbon
monoxides, hydrocarbons and particulate mat-
ters, etc. which play a very significant role in
affecting the biochemical and physiological pro-
cesses of the plants and ultimately lead to yield
losses (Heck et al. 1988). In developing countries
like India, a very drastic change in the quality of
air has been observed during past two decades.
Many cities in Asia, Africa, Latin America are
facing major challenges of air pollution (Ashmore
2005). Delhi (the capital city of India) is also fac-
ing the problem of severe air pollution in spite of
the implementation of CNG-driven public trans-
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port (Saxena et al. 2012). The air quality in Delhi
has been the worst among 1,600 cities of the
world (WHO 2014-2015). According to the esti-
mates, around 1.5 million people are killed every
year. India has the world’s highest death rate
from chronic respiratory diseases and asthma.

Air Pollution and Plant
Health

1.1

Generally, atmospheric pollutants have a nega-
tive effect on the plants; they can have direct
toxic effects or indirectly by changing soil pH
followed by solubilization of toxic salts of metals
like aluminum. The deposition of particulate
matter covers the leaf blade reducing light pene-
tration and blocking the opening of stomata.
These impediments influence the process of pho-
tosynthesis due to which rate of photosynthesis
and growth declines sharply. On the other hand,
leaves of the trees have role in retaining particu-
late matter but they are much more affected when
the dry depositions are increased (Jyothi and Jaya
2010). Polluting gases such as SO, and NOy
entered into the leaves through the stomata fol-
lowing the same diffusion pathway as CO,. NOy
dissolved into the cells gives rise to nitrite ions
(NO,, which are toxic at high concentrations)
and nitrate ions (NO;") that enter into nitrogen
metabolism as if they had been absorbed through
the roots. In some cases, exposure to pollutant
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gases particularly SO, causes stomatal closure,
which protects the leaf against further entry of
the pollutant but also curtails photosynthesis. In
the cells, SO, is dissolved to give rise to bisulfite
and sulfite ions, the sulfite is toxic, but, at low
concentrations, it is metabolized by chloroplasts
to sulfate, which is not toxic. At sufficiently low
concentrations, bisulfite and sulfite are effec-
tively detoxified by plants. In such cases, the SO,
air pollution is a source of sulfur nutrient for the
plant. In urban areas these polluting gases may be
present in such high concentrations that these
cannot be detoxified rapidly enough to avoid
injury. For example, ozone is presently consid-
ered to be the most damaging phytotoxic air pol-
lutant in North America (Heagle 1989; Krupa
et al. 1995). It has been estimated that whenever
the mean daily O; concentration reaches 40, 50,
or 60 ppb (parts per billion or per 109), the com-
bined yields of soybean, maize, winter wheat,
and cotton would be decreased by 5 %, 10 %, and
16 %, respectively. Ozone is a highly reactive
gas. It combines with plasma membranes and
alters the metabolism. As a result, stomatal aper-
tures are poorly regulated, chloroplast thylakoid
membranes are damaged, RuBisCO is degraded,
and photosynthesis is inhibited. Ozone reacts
with O, and produces reactive oxygen species,
including hydrogen peroxide (H,O,), superoxide
(0y), singlet oxygen (!0,*), and hydroxyl radi-
cal (OH"). These denature proteins and damage
nucleic acids (thereby giving rise to mutations)
cause lipid peroxidation, which breaks down lip-
ids in membranes. Reactive oxygen species
(ROS) formed in the absence of O; too, particu-
larly in during electron transport process in the
mitochondria and chloroplasts, when electrons
can be donated to O,. Cells are protected from
reactive oxygen species by enzymatic and nonen-
zymatic defense mechanisms (Heterich and
Heterich 1990; Cape 2003). Defense against ROS
is provided by the scavenging properties of mol-
ecules, such as ascorbic acid, a-tocopherol, phe-
nolic compounds, and glutathione. Superoxide
dismutases (SODs) catalyze the reduction of
superoxide to hydrogen peroxide. Hydrogen per-
oxide is then converted to H,O by the action of
catalases and peroxidases. Of particular impor-
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tance is the ascorbate-specific peroxidase local-
ized in the chloroplast. Acting in concert,
ascorbate peroxidase, dehydroascorbate reduc-
tase, and glutathione reductase remove H,0, in a
series of reactions called the Halliwell-Asada
pathway, named after its discoverers. Glutathione
is a sulfur-containing tripeptide that, in its
reduced form, reacts rapidly with dehydroascor-
bate and becomes oxidized in the process.
Glutathione reductase catalyzes the regeneration
of reduced glutathione (GSH) from its oxidized
form (GSSG) in the following reaction:

GSSG +NADPH +H* — 2GSH + NADP*

Exposure of plants to reactive oxygen species
stimulates the transcription and translation of
genes that encode enzymes involved in protec-
tion mechanisms. In Arabidopsis, exposure for
6 h per day to low levels of O; induces the expres-
sion of several genes that encode enzymes asso-
ciated with protection from reactive oxygen
species, including SOD, glutathione S-transferase
(which catalyzes detoxification reactions involv-
ing glutathione), and phenylalanine ammonia
lyase (an important enzyme at the start of the
phenylpropanoid pathway that leads to the syn-
thesis of flavonoids and other phenolics) (Weiss
et al. 1997).

Therefore, in relation to air pollution phenom-
ena and physiological processes of plants, the
present book covers all the important topics in
order to justify the title “Air Pollution and Plant
Health: Climate Change Perspectives.” Chapter 1
deals with the general introduction. It basically
provides general information about air pollution
and its effect on plants. Chapter 2 summarizes the
air quality trends along with global and regional
emissions of particulate matter, SOx, and NO,.
Also, this chapter gives an overview of global
sources of air pollutants and their future projec-
tions. Chapter 3 deals with the effect of these
urban air pollutants on biota. It describes about
the effects of air pollutants such as particulate
matter, SOx, and NO, on plants as well as on
human health. This chapter highlights the need
for imperative shift toward renewable energy
sources for sustainable and environmental
friendly solution for new technologies and
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1 Introduction

industrial producers. Chapter 4 describes the
characteristics and mechanisms of plant which
help in the uptake of air pollutants giving insights
about the distribution of pollutants inside the
plant machinery. It also describes how the pine
needles and mosses accumulate air pollutants
demonstrating the role of plants as biomonitors.
Chapter 5 opens up the discussion about biogenic
VOC emissions and their role in atmospheric sci-
ences. In this chapter, plant chemistry and the
conditions under which it emits BVOCs are
detailed. Besides, this chapter also provides
information about BVOC linkages with global
warming and plant signaling processes. Chapter
6 deals with the biochemical effects of air pollut-
ants on plants. This chapter summarizes about
the significant effects posed by air pollutants on
plant health. Biochemical parameters such as
chlorophyll, proline content, and other enzymatic
activities act as bioindicators for determining the
health of the plant. Chapter 7 deals with air pol-
lutants and photosynthetic machinery of plants. It
describes how high concentrations of air pollut-
ants damage leaves and reduce leaf area, thereby
affecting the photosynthetic efficiency of plants
to a significant extent. The damage to the photo-
synthetic apparatus accounts for the decline in
photosynthetic efficiency, but each pollutant dif-
fers in its mode of action for damaging the photo-
synthetic apparatus of leaves. Photosynthesis and
respiration are interrelated processes involved in
the basic processes of plants. Therefore, Chap. 8
deals with the effect of air pollutants on plant
gaseous exchange process: effect on stomata and
respiration. This chapter describes about how
respiration acts as an indicator for environmental
stress. The study also shows that leaf characters
including cuticle, stomata, epidermal cells, and
guard cells get affected due to stress induced by
the air pollutants. This further affects the gaseous
exchange as well as respiration in plants. Chapter
9 deals with the effect of air pollutants on bio-
mass and yield. It also linkages how respiration
acts as an indicator in the physiological mecha-
nisms. It is to mention that any book of this theme
is incomplete without the provided dedicated
chapter on environmental stresses and plant
health. Therefore, Chap. 10 deals with air pollu-

tion stress and plant response. This chapter
describes about how the structural and physiolog-
ical changes occur due to stress imposed by air
pollutants. It is very important to control the
effect so as to the quality of air. Hence, Chap. 11
deals with the biomonitoring and remediation by
plants. This chapter describes about how respira-
tion acts as an indicator for environmental stress.
The study also shows that leaf characters includ-
ing cuticle, stomata, epidermal cells and guard
cells get affected due to stress induced by air pol-
lutants. Chapter 12 deals with air pollution con-
trol by policies and laws. It deals with different
laws or amendments made by government to
curb air pollution and other mitigation measures.
Chapter 13 deals with the pollution and plants in
relation to changing policies. This chapter deter-
mines the current pollution scenario in India and
various interventions made at policy levels in
particular for plants. Chapter 14 deals with tropo-
spheric ozone and effects on plants. Ozone is
important to study because it is the only phyto-
toxic pollutant having high oxidative capacity. It
can damage plant to a larger extent as compared
to other air pollutants. This chapter summarizes
the information available on plant responses to
O; at physiological, cellular, and biochemical
levels, crop yield, forest, and grassland commu-
nities at present concentrations and also under
projected future concentrations.

1.2  Conclusion

The collated information based on several studies
concludes that air pollutants not only affect the
vegetation near the point sources and urban cen-
ters but also affect the crops depending on the
environmental conditions in suburban and rural
areas. The physiology and metabolism of plants
are altered due to the oxidizing potential of the
pollutants. In order to survive, the responses of
plants vary between different species and their
cultivars. Responses of plants to air pollutants
also depend on type of pollutants, concentra-
tions’ duration, and its magnitude. There is a
need to screen out sensitive and tolerant cultivars
especially in developing countries and establish
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the exposure indices of all the important crops to
reduce the crop loss. The detailed description of
air pollutant effect on plants, sources of air pollu-
tion, and control policies is given in this book
through different chapters.
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Air Quality: Global and Regional
Emissions of Particulate Matter,
SOx, and NOx

Darpa Saurav Jyethi

Abstract

Poor air quality is known to have deleterious effects on the environment
and human health. A variety of air pollutants are identified at unprece-
dented levels. Particulate matter and oxides of sulfur and nitrogen are
common pollutants of the atmosphere. The emissions of these criteria pol-
lutants have been studied widely. An overview of their global and regional
emissions is helpful in assessing the status of contributions from various
sectors and efficacy of control strategies over the years in both developed
and developing nations of the world. Particulate matter levels in developed
regions have been observed to have decreased substantially toward the end
of the twentieth century, contrary to the trend of emissions in developing
countries. Transportation and power generation sectors are key sources of
PM emissions. Oxides of sulfur have been observed to have peaked in the
1970s and subsequently decreased thereafter on a global scale; however,
the developing economies have registered a rise in emissions. Similar
trend has been observed for oxides of nitrogen with decline of emissions
from developed regions of the world and subsequent increase from devel-
oping countries in the earlier part of the twenty-first century. Timely inter-
vention of suitable strategies to combat emissions in developing regions is
crucial to nullify the increasing trend of emissions. The present chapter
provides an overview of three criteria air pollutants — particulate matter,
oxides of sulfur, and oxides of nitrogen with respect to their changing
global and regional emission scenario in the past decades and sector-wise
contributions.

Keywords
Air quality ¢ Air pollutants ¢ Particulate matter  Oxides of nitrogen ¢
Sulphur ¢ Nitrogen
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2.1  Introduction

Air quality has gained immense concern because
of its wide-ranging implications. Poor air quality
has been generally attributed to population explo-
sion and subsequent overexploitation of natural
resources, urbanization, and industrialization.
Much of the burden in the present times is mark-
edly high in the developing nations of the world.
A thorough understanding of sources, global and
regional emission scenarios, and spatiotemporal
variations is crucial in order to develop and
implement strategies suitable to curb regional
and local sources of air pollution. Air pollution
sources are basically classified as natural (events
that are not the result of any human activities,
e.g., forest fires, dust, volcanoes) and anthropo-
genic (resulting from human activities).
Stationary sources (e.g., power plants, refineries,
and industries) and mobile sources (e.g., cars,
trucks, buses) are two broad categories of preva-
lent sources in urban areas. Outdoor or ambient
air pollution is mostly attributed to combustion of
fossil fuels; however, fuel evaporation has also
been known to contribute to pollution load (Black
et al. 1998). Indoor sources (e.g., building mate-
rials and activities such as cleaning, cooking,
etc.) are also other sources of outdoor air pollu-
tion. The United States Clean Air Act has catego-
rized “major” and “area” stationary sources, the
former being sources that emit 10 tons per year of
any of the listed toxic air pollutants or 25 tons per
year of a mixture of air toxics. Equipment leaks
when materials are transferred from one location
to another or during discharge through emission
stacks or vents are considered in the category. On
the other hand, “area” sources are those that emit
less than the aforementioned limit. Emissions
from single area sources are apparently often
relatively less; however, their emissions are
alarming when they are considered in a collective
scenario, for instance, in a densely populated
urban area. Apart from sources of air pollution,
meteorology and topography are two important
factors that determine the prevalence of pollution
(Seinfeld and Pandis 2006) and extent of expo-
sure and subsequent effects (Goncalves et al.
2005). Meteorology governs the dispersion,
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chemical transformations, residence time, trans-
port, and fate of pollutants in the atmosphere.
The following section deals with the implications
of air quality deterioration from various
perspectives.

2.1.1 Air Quality and Its

Implications

Air quality is recognized as an important indica-
tor of environmental sustainability, health status,
economic condition, and social well-being. The
effects of air pollution are not restricted in the
source region but are trans-boundary.
Environmental implications include damages of
life-sustaining systems such as atmosphere,
hydrosphere, and pedosphere, primarily caused
by introduction of toxic air pollutants and through
formation of secondary pollutants such as acid
rain and tropospheric ozone. These harm plants,
forests, food crops, wildlife, aquatic bodies, and
biota (DEFRA 2013). Air quality has been linked
to ocean acidification, eutrophication, long-term
changes in water quality, visibility degradation
and haze, and alteration of Earth’s radiation bud-
get (Seinfeld and Pandis 2006); bioaccumulation,
behavioral, neurological, and reproductive effects
in fish, birds, and wildlife; species extinction
(Welch 1998); altered soil chemistry; and conse-
quently plant species composition, agricultural
yield, and damage to historical built environment
(Thomas 1961; Brimblecombe 2003).

Health ramifications due to poor air quality
are generally complex. It includes a host of out-
comes that have been linked to short- and/or
long-term exposure to air pollutants. Short-term
or acute exposure to pollutants results in mild
outcomes such as eye and throat irritation, head-
aches, nausea, intense effects such as respiratory
tract infections — bronchitis and pneumonia —
allergic reactions, and worsening of asthmatics
and other sensitive populations such as infants,
children, and elderly. Incidences of lung cancer,
cardiovascular disorders, and detrimental effects
on the brain, nerves, liver, and kidneys are some
of the chronic effects of long-term exposure to
specific air pollutants (Kim et al. 2014 and refer-
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ences therein). The Organisation for Economic
Co-operation and Development (OECD) has
declared that exposure to outdoor air pollution is
expected to become the top environmental cause
of premature mortality globally by 2050 (OECD
2012). Cardiovascular, pulmonary, and respira-
tory systems are predominantly affected. It is
estimated that the global burden due to outdoor
air pollution manifested in seven million deaths
in 2012 (WHO 2014). On a regional scale, the
World Health Organization (WHO) Western
Pacific and Southeast Asian regions bear most of
the burden (WHO 2014). The International
Agency for Research on Cancer (IARC), WHO’s
specialized cancer agency, has declared outdoor
air pollution as carcinogenic (Group 1) to human
beings. Among various air pollutants studied,
particulate matter is most closely related with
increased cancer cases, especially lung cancer.
Additionally air pollution has been linked to
increase in cancer of the urinary tract/bladder
(IARC 2013). Air quality index (AQI) is com-
monly used as a tool to assess the local air quality
on a daily basis. It is expressed for individual pol-
lutant (particulate matter, sulfur dioxide, tropo-
spheric ozone, and carbon monoxide) and uses
numerical values and color codes to alert general
population regarding the status of air quality and
its health effects upon exposure (0 to 5 (good,
green); 51 to 100 (moderate, yellow); 101 to 150
(unhealthy for sensitive groups, orange); 151 to
200 (unhealthy, red); 201 to 300 (very unhealthy,
purple); 301 to 500 (hazardous, maroon) (USEPA
2014).

Air quality degradation has economic conse-
quences. The estimated cost of the deaths and ill-
ness attributable to air pollution in OECD
member countries was about USD 1.7 trillion in
2010 (OECD 2014). Significant amount of the
burden has been found to be arising from vehicu-
lar tailpipe emissions. The costs of deteriorating
air quality are generally higher for the weaker (in
terms of socioeconomic status) sections of the
society (Wong et al. 2008; ALA 2013). Studies
have concluded that sensitive population (Bateson
and Schwartz 2004; Sunyer et al. 2000) and
socioeconomically weaker sections of society
(Forastiere et al. 2006; Jerrett et al. 2004; Neidell

2004) are most strongly affected by air pollution.
The reasons attributed to such an observation are
cheaper costs of production and less stringent
environmental regulations for the shift of pollut-
ing industries into poorer areas from wealthier
areas (Pulido 2000).

2.1.2 AirPollutants

There are a gamut of chemical substances in the
atmosphere that are known to be harmful for the
environment and human health. The Clean Air
Actof the United States Environmental Protection
Agency (USEPA) defines air pollutant as “any air
pollution agent or combination of such agents,
including any physical, chemical, biological,
radioactive (including source material, special
nuclear material, and byproduct material) sub-
stance or matter which is emitted into or other-
wise enters the ambient air.” Certain air pollutants
are ubiquitous. The USEPA classifies air pollut-
ants as criteria and non-criteria pollutants for
monitoring and regulation purposes. Commonly
found air pollutants that are known to harm envi-
ronment and health are classified as criteria pol-
lutants. The term “criteria” emphasizes the need
for regulation and routine monitoring by devel-
oping human health-based and/or environmen-
tally based permissible levels. Presently, six
pollutants — particulate matter, tropospheric
ozone, carbon monoxide, sulfur oxides, nitrogen
oxides, and lead — are designated as criteria pol-
lutants by the USEPA. These are used as key
indicators of air quality all over the world. The
USEPA has set guideline values for these criteria
pollutants referred to as National Ambient Air
Quality Standards (NAAQS). Two standards —
primary and secondary — are specified. Primary
standard values of each of these pollutants pro-
vide public health protection, including protect-
ing the health of “sensitive” populations such as
asthmatics, children, and the elderly. Secondary
standards provide public welfare protection,
including protection against decreased visibility
and damage to animals, crops, vegetation, and
buildings (USEPA 2005). Non-criteria pollut-
ants, unlike criteria pollutants, do not have



assigned guideline value. In addition to criteria
and non-criteria pollutants, certain air pollutants
are classified as “air toxics” or hazardous air pol-
lutants (HAPs). These include those pollutants
that are known to cause cancer and other serious
health outcomes, such as reproductive, immune,
neurological, and congenital defects. Adverse
environmental and ecological effects are also
considered in classifying pollutants as HAPs.
Acetaldehyde, acetonitrile, asbestos, benzene,
carbon tetrachloride, chloroform, dibenzofurans,
phenol, polycyclic aromatic, nickel, arsenic, anti-
mony, lead, mercury, and cadmium compounds,
radionuclides, and pesticides are among 187
compounds that are listed as HAPs (USEPA
2015a). The USEPA regulates HAPs in two
phases — firstly, based on emissions from best
available technology and, secondly, on the basis
of health risks.

Air pollutants are either primary or secondary
in origin. Pollutants that are directly released into
the air from the pollutant source are termed as
primary pollutants. Once emitted in the atmo-
sphere, some of the primary pollutants are chemi-
cally and/or photochemically transformed into
secondary pollutants. Gaseous pollutants and
particulate matter are two broad categories with
marked differences in measurement techniques
and control strategies. Tropospheric ozone, car-
bon monoxide, sulfur oxides, nitrogen oxides,
ammonia, and benzene are some of the gaseous
pollutants commonly found in ambient atmo-
sphere. Particulate matter is a relatively complex
entity suspended in the atmosphere with size-
dependent atmospheric residence time. Size dis-
tribution of particulate matter in atmosphere
along with number, mass concentrations, and
chemical constituents is highly variable on a spa-
tial as well as temporal scale.

2.2  Particulate Matter

Particulate matter (PM), otherwise known as
atmospheric aerosol, is a criteria air pollutant.
The term “aerosol” denotes a system of particles
(solid or liquid) suspended in a gas (air). PM
underscores the particle component of atmo-
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spheric aerosols. It is highly complex in compo-
sition. Size is an important factor of particulates
and governs the transport and fate in the atmo-
sphere. “Fine” and “coarse” are two broad cate-
gories of particulates. Fine particulates are those
having an aerodynamic diameter of 2.5 microm-
eters (um) or less, whereas particulates having
aerodynamic diameter larger than 2.5 pm and
smaller than 10 pm are termed as coarse. Coarse
particulates are generally mechanically gener-
ated, whereas fine particulates are either directly
emitted from sources or formed in the atmo-
sphere from gas to particle conversion reactions.
Fine particulates are of particular concern due to
association with adverse health concerns as they
are inhalable and are able to penetrate deep into
the lungs. Fine particulates generally comprise
the accumulation mode (0.1 pm < particle size
<2.5 pm) and the nuclei mode (particle size <0.1
pm). Nuclei mode particles have relatively short
lifetimes in the atmosphere and end up in the
accumulation mode. Gas-phase condensations
and secondary formations on the existing parti-
cles in atmosphere also play a crucial role on the
chemistry of the particles. Concentrations of
ultrafine particles (UFPs, particulate matter of
less than 100 nm in aerodynamic diameter) are
also known to be of particular relevance espe-
cially from inhalation exposure perspective. It is
noteworthy that not only size of particulates but
size distribution is also an important attribute in
the study of PM. It has been reported that the
methods used for measuring PM concentrations
are affected by the size distribution. Capareda
et al. (2004) found that size distribution of PM
emitted in rural areas is significantly larger than
that of PM present in urban areas. The authors
reported that mass median diameter (MMD) of
urban PM is generally less than 10 pm aerody-
namic diameter, whereas agricultural PM will
have an MMD larger than 10 pm. The size of PM
also governs the process of removal from atmo-
sphere. Fine particulates are generally removed
through rainout and washout, whereas coarse
particulates are mostly removed through sedi-
mentation. Apart from size of particulates and
size distribution, the composition of PM is highly
variable and complex. PM is mostly composed of
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carbonaceous matter and includes inorganic and
organic components. These components drive
health outcomes upon inhalation and consequent
deposition in the respiratory system. Certain
chemical components trigger the production of
reactive oxygen species and induce oxidative
stress in lung cells (Tao et al. 2003). Other attri-
butes that influence the environmental and health
effects are mass concentrations and morphology.
Size and chemical composition have been often
debated to be the competing attributes of PM in
relation to health effects. The USEPA, however,
reports that the health outcomes due to PM expo-
sure vary by size and composition with both bio-
available metals and organic chemicals playing a
crucial role in the health outcomes. Studies have
concluded that no known chemical substance is
of sufficient toxicity given the current levels of
exposure to particulate matter to explain the
observed magnitude of health effects (USEPA
2002). Fine and coarse PM has been routinely
monitored in various cities across the world.
Anthropogenic exploitation of fossil fuels is
known to generate significant amount of
PM. Naturally occurring PM originates from vol-
canoes, dust storms, wild fires, and biogenic and
sea spray. Long-term exposure to PM has been
linked with morbidity and mortality (Dockery
et al. 1993; Pope et al. 2004). PM exposure for a
short term results inflammatory response in the
upper respiratory tract and decreased lung func-
tions in general population. Sensitive populations
such as children and elderly, asthmatics, and peo-
ple suffering from heart and lung ailments are
extremely susceptible to initiation of cough,
phlegm, wheezing, shortness of breath, bronchi-
tis, increased asthma attacks, and aggravation of
lung or heart disease (Cohen and Pope 1995).
Ambient and occupational exposure to elevated
levels of PM has been associated to chronic pul-
monary obstructive diseases (COPD) such as
bronchitis and emphysema.

Environmental concerns of PM include
absorption or scattering of solar radiation, conse-
quent alteration of the radiation budget of Earth,
and haze formation in the lower troposphere.
Composition and size of PM are important in the
manifestation of these effects. For instance, black

carbon or soot-dominated aerosol is absorbing
and sulfate aerosol is scattering in nature.
Exposure in plants is either through deposition
on vegetative surfaces or soil-root pathway.
Effects manifest in alteration of key physiologi-
cal processes such as photosynthesis and respira-
tion; foliar surface damage by acidic and alkaline
component; nutrient uptake from soil; foliar
nutrient leaching; reduced vigor, productivity,
reproductive success, and resilience; and dis-
turbed nutrient cycling, soil stabilization, water
cycling, and even energy flux (Grantz et al. 2003).
Other environmental effects of PM include acidi-
fication of aquatic and terrestrial ecosystems
upon deposition and degradation of heritage
monuments and built structures.

2.2.1 Global and Regional
Emissions of Particulate

Matter

PM is one of the most widely studied criteria air
pollutants. Quantification of ambient PM load
has been achieved by gravimetric and continuous
or real-time measurements. Satellite-derived
aerosol optical depth (AOD) has also been used
to derive PM concentrations. Sampling and mea-
surement techniques are subjected to significant
uncertainty because of sampling artifacts, han-
dling procedures, and by the fact that a significant
portion of PM is semi-volatile and partition
between gas and particle phase is temperature
dependent (Van Dingenen et al. 2004). Satellite-
derived PM also suffers from uncertainty due to
aerosol vertical profile variability on a seasonal
and regional scale and cloud fraction (Li et al.
2015).

van Donkelaar et al. (2015) used satellite
observations as a surrogate to report an increased
population-weighted fine particulate concentra-
tions (2.1 %/year globally) from 1998 to 2012.
The authors also found that higher emission
trends in some developing countries influenced
the trend on a global scale. Figure 2.1 depicts a
world map exhibiting a measure of extinction of
radiation or total aerosol optical depth at 550 nm
due to aerosol scattering and absorption. It is
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Fig. 2.1 World map showing aerosol optical thickness
from Moderate Resolution Imaging Spectroradiometer
(MODIS) on NASA’s Terra satellite. Dark brown pixels
show high aerosol concentrations, while tan pixels show

indicative of the PM pollution status of the
regions in the world. The USEPA has reported
35% and 30 % reduction in the national average
of PM, ;s and PM,, levels, respectively, from 2000
to 2014 in the USA (USEPA 2016). Upadhyay
et al. (2011) studied PM levels in Southern
Phoenix, Arizona, and found that soil and com-
bustion processes explained the observed vari-
ance in PM,, levels, whereas combustion sources
explained the observed PM, s concentrations. The
difference in urban and rural PM, 5 levels during
2009-2012 was studied in the Midwestern region
of the USA, and it was concluded that the
observed levels in rural areas were generally
lower (8.4-10.4 pg m=) compared to the urban
sites (9.5-11.6 pg m=3). Crustal materials domi-
nated in rural areas, whereas secondary aerosols
and combustion products dominated in urban
areas (Kundu and Stone 2014). Karagulian et al.
(2015) reported that 24% and 30% of the
observed PM,s and PM,,, respectively, in the
USA can be attributed to traffic sources. It was
also reported by the authors that secondary par-
ticle formation contributed as high as 46 % and

lower concentrations, and light yellow areas show little or
no aerosols. Gray denotes that the sensor could not make
its measurement (Source: https://en.wikipedia.org/wiki/
Particulates)

44 % to the PM, s and PM,, levels, respectively.
Annual mean levels based on daily averages of
PM data monitored by the European
Environmental Agency (EEA) in various coun-
tries of the European Union were found to be
relatively higher in nations such as Turkey,
Bulgaria, Slovakia, the Czech Republic, Poland,
and parts of Italy as compared with the other
member nations during the year 2012 (EEA
2014). Primary PM,y, PM,5, and PM,;s_j, emis-
sions during 1990-2010 have been reported to be
decreased by 26 %, 28 %, and 21 %, respectively,
across regions in Europe. Increase in emissions
from road transport and agriculture since 1990
has been attributed as the reason for the resulting
difference in the trends in PM, 5 and PM, 5_;. The
transition of source (from coal to natural gas) for
power generation and better pollution control
strategies have been the key reasons for the
decrease in PM levels (EEA2012). Considerable
variations with respect to sites and seasons in the
contribution of non-combustion fraction to the
observed PM were observed in the cities of
Athens, Madrid, and London. PM,, levels in
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Athens and Madrid were found to be higher in
hot and dry season indicating toward secondary
formations and crustal particles (Kassomenos
etal. 2014). On a global scale, the highest contri-
bution of natural dust to observed levels of PM, 5
and PM,, has been found in the Middle East
region (52 % and 44 %, respectively) (Karagulian
et al. 2015). PM pollution is particularly worse in
Asian cities. Mean PM,, concentrations across
Northern China was found to be an order higher
than those recorded in European Union and the
USA. Coal and biomass fuel combustion for
heating in winter contributed the highest to the
observed levels in China (Luo et al. 2014). PM
emissions in the Indian subcontinent have been
considerably high in megacities. PM, 5 levels in
rural areas in the Indo-Gangetic plains are
reported to be higher than some urban centers
(Dey et al. 2012). Delhi, the capital of India, is
one of the worst in the world with respect to par-
ticulate pollution. Marrapu et al. (2014) esti-
mated the contribution of transportation, power
generation, industrial activities, and domestic
sources as 86.8%, 7.9 %, 4.6 %, and 0.8 % and
52.6 %, 9.9 %, 15.3 %, and 22.2 % for PM,, and
PM, s, respectively, for the city during 2010. On a
global level, Karagulian et al (2015) found 25 %
of urban ambient air pollution from PM, 5 is con-
tributed by traffic, 15% by industrial activities,
20% by domestic fuel burning, 22% from
unspecified sources of human origin, and 18 %
from natural dust and salt. Takeshita (2011)
examined the role of transport sector using
REDGEM70 global energy system model and
concluded that in a business as usual (BaU) situ-
ation (wherein an assumption is made that devel-
oping countries will adopt identical stringent
regulations as in developed countries but with a
lag of 20 years), global PM emissions from road
vehicles will decrease by 93% from 2000 to
2050. It is estimated that an early implementation
of strict regulatory measures in developing coun-
tries can potentially alleviate the PM pollution
scenario from road vehicles.

2.3  Oxides of Sulfur

Oxides of sulfur (SO,) is a generic term for a
group of compounds containing sulfur and oxy-
gen molecules. SO, emissions in the atmosphere
predominantly result from anthropogenic
sources, i.e., combustion of sulfur-containing
fuels such as coal and oil used in electricity gen-
eration. Petroleum refineries and smelting of
metal sulfide ores for metal manufacturing are
other sources. Apart from anthropogenic sources,
natural sources such as volcanoes and wildfires
are also known to emit considerable amounts of
SO, into the atmosphere. Sulfur dioxide (SO,) is
the predominant form emitted from usual high-
temperature combustion processes (Bowman
1991) and is considered a criteria air pollutant.
Harmful effects of SO, are well evidenced on
plant and human health (WHO 2000; ATSDR
1998; Chen et al. 2007). Once emitted in the
atmosphere, SO, is oxidized to sulfate aerosol
(Seinfeld and Pandis 2006). Saxena and Seigneur
(1987) suggested that in addition to the gas-phase
oxidation by hydroxyl (OH) radicals, SO, oxida-
tion in aqueous aerosols may also contribute sig-
nificantly to sulfate formation. Wet and dry
deposition are the removal modes of SO, and its
oxidation products. The most severe environmen-
tal effect associated with SO, is that of acid depo-
sition with consequent damage to terrestrial and
aquatic ecosystems. SO, dissolves readily in
water present in the atmosphere to form sulfurous
acid (H,SOs;). Sulfur trioxide (SO;), another
oxide of sulfur, is either emitted directly into the
atmosphere or produced from sulfur dioxide and
is rapidly converted to sulfuric acid (H,SO,).
Sulfate particles are responsible for scattering
visible light, global cooling, and haze formation
(IPCC 2007). Human health effects of SO, expo-
sure have been associated with respiratory illness
and exacerbation of existing cardiovascular and
pulmonary diseases in children, the elderly, and
asthmatics (Bremmer et al. 1999; Mar et al. 2000,
Maynard and Ayres 2014). Plant exposure to ele-
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vated levels of SO, is manifested through serious
effects such as foliar damage and reduced yield
in crops (Varshney et al. 1979; Malhotra and
Hocking 1976; Winner et al. 1985). Building
materials are also damaged due to the corrosive
action of the pollutant.

2.3.1 Global and Regional

Emissions of Oxides of Sulfur

Global emissions of SO, during 1850-2005 were
estimated by a bottom-up mass balance method,
taking into account country-level inventory data
with consideration of coal combustion, petro-
leum combustion, natural gas processing and
combustion, petroleum processing, biomass
combustion, shipping bunker fuels, metal smelt-
ing, pulp and paper processing, other industrial
processes, and agricultural waste burning (AWB).
It was found that global emissions peaked in the
early 1970s and decreased until 2000, with an
increase in recent years due to increased emis-
sions in China, international shipping, and devel-
oping countries in general (Smith et al. 2011).
The authors reported emissions from China and
international shipping to be source of uncertainty.
The authors have attributed the declining trend to
changes in fossil fuel use, increases in the amount
of sulfur removals from oil and nonferrous met-
als, and controls on coal-fired power plants. A
comparative discussion on quantitative differ-
ences in various other estimates is outlined in
Smith et al. (2004). It is also found that North
America and Europe (including Russian
Federation and Eastern Europe, Caucasus and
Central Asia (EECCA) countries) were responsi-
ble for over 50 % of total global SO, emissions in
1990. The contribution was found to drop to less
than 25 %, and Asian emissions represent more
than 50 % of the total during 2010 (Klimont et al.
2013).

Hand et al. (2012) reported that the total SO,
emissions have decreased from nearly 31 million
tons in 1970 to 8 million tons in 2010 in the
USA. It was also reported that regulation of
power plant emissions led to the decline in the
total emissions. Annual trend within the USA
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was found to be predominantly associated with
the total emissions and concentrations in the
Eastern United States. Western Europe was the
highest contributor to the global emissions of
SO, during 1850, a period marked by the end of
the industrial revolution (Smith et al. 2011). The
emissions were an order higher than those of the
USA and Canada during the same period. Peak
emissions in Western Europe were estimated to
be during the 1970s. 2005 emission levels in
Western Europe were comparable to 1890—-1900
levels. Emissions from former USSR have been
observed to increase steadily in 1940 and sharply
decline after the collapse of USSR in 1990.
Chinese emissions have also been observed to
rise during the 1940s; however, the emissions
were found to be on an all-time high in 2005.
Indian emissions were found to be on a steep rise
only in the 1980s. Overall, top countries/regions
in terms of total SO, emissions during 2005 were
found to be as China, the USA, Europe, South
and East Asia, India, and Russia (Smith et al.
2011). Figure 2.2 represents a world map depict-
ing SO, emissions across regions during 2010. It
can be observed that Chinese emissions are the
highest. Chinese emissions of SO, can be linked
to the increase (~73 %) in the total coal consump-
tion from 1995 to 2006, marked by rapid growth
of energy-intensive industries (Gao et al. 2009).
Lu et al. (2010) reported that Chinese SO, emis-
sion increased by 53 %, during 2000-2006
(annual growth rate of 7.3 %) with emissions
from power plants as the dominant source.
However, the emission growth rate slowed around
2005, and consequently decreased emissions
were observed after 2006 basically because of
policy interventions to curb power plant emis-
sions. The authors also highlighted the transport
of SO, from the Asian continent to southwestern
areas of Japan despite the relatively short atmo-
spheric lifetime of SO,. The United States Energy
Information  Administration (USEIA) has
reported that the reduction in SO, in the USA
after 1990 was basically the outcome of coal-
fired power plants employing strategies (flue gas
desulfurization (FGD), scrubbers, the use of
lower sulfur coal) to curb emissions, not due to
reduction in the use of coal. Coal generation was
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Fig. 2.2 Anthropogenic land-based emissions of SO, in 2010, gridded by 0.5x0.5°; Greenhouse Gas—Air Pollution
Interactions and Synergies (GAINS) model (Adapted from Klimont et al. 2013)

high in 2007 when significant SO, reduction was
already underway (USEIA 2013). Ray and Kim
(2014) analyzed the long-term trend (1989-2010)
of SO, levels in South Korea. The authors found
that the period 2000-2010 recorded three to five

times lower SO, levels than the period
1989-1999.
2.4  Oxides of Nitrogen

From an air quality perspective, oxides of nitro-
gen in the atmosphere include nitrous oxide
(N,0), nitrogen dioxide (NO,), and nitric oxide
(NO). N,O (a greenhouse gas) is mostly emitted
by natural sources and is usually not implied in
the notation NO,, which is expressed as the sum
of NO, and NO. Interestingly the atmospheric
residence of NO, (NO + NO,) is reported to be
<0.01-0.03 years, whereas for N,O it is around
120 years depending on photolysis rates and
other chemical feedbacks that alter the atmo-
spheric residence (IPCC 2001). NO is emitted
from natural and anthropogenic sources, whereas
NO, is emitted from combustion processes along

with NO and atmospheric oxidation of NO. NO;
and N,Os are yet other oxides of nitrogen found
in the atmosphere in comparatively lower con-
centrations and are primarily important from
atmospheric chemistry perspectives. Health
effects of NO,, primarily from NO, exposure,
include most notably respiratory effects, with a
marked increase of outcomes in susceptible pop-
ulations such as asthmatics, children, and elderly.
ASTDR (2002) reports that low levels of nitrogen
oxides in ambient air produce irritation of the
eyes, nose, throat, and lungs, shortness of breath,
tiredness, and nausea. High levels of nitrogen
oxides have been associated with rapid burning,
spasms, decreased oxygenation of body tissues,
fluid accumulation in respiratory tract and lungs,
and death. Secondarily, health effects due to
inhalation exposure of particles (formed by reac-
tion of NO, with moisture, ammonia, and other
compounds) and tropospheric ozone (formed by
photochemical reaction of NO, with volatile
organic compounds) are also of serious concern
(USEPA 2015b). Environmental impact of NO,
is manifested in the form of acid rain (oxidation
product nitric acid), photochemical smog initia-



14

tion (nitrous acid is the major source of the highly
reactive hydroxyl free radical), and tropospheric
ozone formation (Seinfeld and Pandis 2006),
eutrophication of water bodies, and deterioration
of plants, animal life, and buildings (USEPA
1998). Fossil fuel combustion (emissions, 33.0
Tg N year™) is the largest source of NO, emis-
sions followed by biomass burning (7.1 Tg N
year™), soils (5.6 Tg N year™!), lightning (5.0 Tg
N year™!), and aircraft (0.7 Tg N year™!) predomi-
nantly in the free troposphere at 8-12 km
(Seinfield and Pandis 2006). Motor vehicles and
other mobile sources contribute about half of the
emissions of NO,. Power plant boilers produce
about 40 % of the NO, emissions from stationary
sources (USEPA 1999).

2.4.1 Global and Regional
Emissions of Oxides

of Nitrogen

One of the earliest estimates of NO, emission
sources by Logan (1983) indicates that combus-
tion of fossil fuels contributes to ~40 % of the
total emissions followed by biomass burning
(~25%) and the remaining from lightning and
microbial activity in soils. The author also esti-
mated that industrial and agricultural activities
provide approximately two thirds of the global
source for NO,. The uncertainty in the estima-
tions, especially for the contribution from fossil
fuel combustion and industrial activities, was,
however, around 30%. Hameed and Dignon
(1988) observed that the greatest emission rate
during 1966-1980 was in the northern midlati-
tudes. However, the greatest increase in the
period was recorded in the tropics. Jaeglé et al.
(2005) wused satellite observations from the
Global Ozone Monitoring Experiment (GOME)
instrument onboard the European Space Agency’s
ERS-2 satellite and found that fuel combustion
dominates NO, emissions at northern midlati-
tudes, while fires are a significant source in the
tropics. Soil emissions over tropical savanna/
woodland ecosystems (Africa), as well as over
agricultural regions in the Western United States
(Great Plains), Southern Europe (Spain, Greece,
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Turkey), and Asia (North China Plain and North
India), were also evident. Summertime emissions
over these regions were found to be significant at
midlatitudes and during the rainy season in the
tropics. The authors found soil and biomass burn-
ing emissions account for 22% and 14% of
global surface NO, emissions, respectively. The
estimate for contribution of fuel combustion to
NO, emissions over Asia (8.8 TgN year~!, includ-
ing East Asia, Southeast Asia/India, and Japan)
was, however, found to be 28 % larger than the
bottom-up inventory of Streets et al. (2003) (6.9
TgN year™).

Richter et al. (2005) monitored tropospheric
column amounts of nitrogen dioxide for a period
of 1996-2004 and found notable reductions in
nitrogen dioxide levels over some Europe regions
and the USA. A highly significant increase of
about 50% along with an increased annual
growth rate was found over the Chinese industrial
areas. The authors used the data retrieved from
two satellite instruments: GOME and Scanning
Imaging  Absorption  Spectrometer  for
Atmospheric  Chartography (SCIAMACHY)
(launched on board ENVISAT). Figure 2.3
depicts a world map of nitrogen dioxide tropo-
spheric column density (10" molecules/cm?)
during 2011. High emission from Chinese region
is clearly evident. Ghude et al. (2009) also used
the data from the same source but for the period
1996-2006. The results exhibit that tropospheric
NO(2) column amounts have increased in China
(11+2.6 %/year), South Asia (1.76+ 1.1 %/year),
the Middle East (2.3+1%/year), and South
Africa (2.4+2.2%l/year). Tropospheric NO(2)
column amounts show some decrease over the
Eastern United States (-2+1.5%/year) and
Europe (0.9+2.1 %/year). It was concluded that
although tropospheric NO(2) column amounts
decreased over the major developed regions in
the past decade, the present tropospheric NO(2)
column amounts over these regions are still
significantly higher than those observed over
newly and rapidly developing regions (except
China). Tropospheric NO(2) column amounts
show some decrease over South America and
Central Africa, which are major biomass burning
regions in the Southern Hemisphere. Ghude et al.
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Fig.2.3 World map of nitrogen dioxide tropospheric col-
umn density (10" molecules/cm?) based on Ozone
Monitoring Instrument (OMI) onboard NASA’s Aura sat-

(2013) analyzed the scenario for India and found
a growth rate of 3.8 % +2.2 % yr!' between 2003
and 2011 for anthropogenic sources, which is
clearly related to the growth in oil and coal con-
sumption in India. Hilboll et al. (2013) measured
tropospheric NO2 columns and found it to be
strongly increasing over China, the Middle East,
and India, with values over East Central China
tripling from 1996 to 2011. Significant decrease
in NO2 amounts during the period was observed
in the USA, Western Europe, and Japan. In terms
of city-wise missions, Dhaka, Bangladesh
(+27.2£39% year!), and Baghdad, Iraq
(+20.7£1.9% year™'), were among the higher
ones, whereas Los Angeles, USA (—-6.00+0.72 %
year'), was among the lower ones. Megacities
(population >10 million) in China, India, and the
Middle East have registered increasing NO2 col-
umns of +5-10% year~!. Lamsal et al. (2011)
estimated an increase in anthropogenic NOx
emissions over land by 9.2% globally and by
18.8 % from East Asia during 2006-2009. North
American emissions were found to decrease by
5.7% during the same period. Delmas et al.
(1997) attributed combustion of fossil fuel

ellite during 2011 (Source: https://en.wikipedia.org/wiki/
Nitrogen_dioxide)

(~50%) and biomass burning (~20%) as the
globally dominant sources of NO,. Lightning and
microbial activity in soils were found to be con-
tributing less than 30% of total emissions.
Huntrieser et al. (2002) estimated higher NOx
produced by lightning (mean 3 TgN year™') than
produced by aircraft (0.6 TgN year™!) for Europe
as well as on a global scale.

2.5 Conclusions

The impact of ambient air quality on environ-
mental and human health cannot be overempha-
sized. Numerous studies have established strong
linkage between observed levels and deleterious
effects. Of the many air pollutants, particulate
matter and oxides of sulfur and nitrogen are ubiq-
uitous and widely monitored for ambient levels,
sector-wise contributions, regional emission
inventories, and global trends over the past
decades. Particulate matter is found to be on an
increasing trend on a global scale despite decline
in developed regions of the world around the start
of the twenty-first century. PM emissions from
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the developing regions are on an increasing trend.
Traffic sources including vehicular emissions and
non-exhaust emissions, domestic fuel burning,
and industrial activities are chief anthropogenic
sources of PM. Prompt and early intervention in
developing countries especially in the road trans-
port sector to curb PM emissions through fuel
switching, stricter emission norms, and newer
fleet with latest emission abatement technology
can potentially combat the increasing trend of
PM emissions as is evident in the developed
regions of the world. After industrial revolution,
peak atmospheric levels of oxides of sulfur were
witnessed in the 1970s which declined toward the
end of the twentieth century. However, China and
other developing countries have emerged in the
present times as the dominant source regions of
oxides of sulfur. Technological interventions
rather than coal use in the developing countries
which include controls on coal-fired power plants
have been attributed to be a leading reason for
significant decline in emissions. Similar trends
have been observed for oxides of nitrogen with
marked increase in Chinese emissions in the first
decade of the twenty-first century. It has been
found that although emissions of oxides of nitro-
gen from developed countries have reduced in the
last few decades but it is still higher than emis-
sions from developing countries, with the excep-
tion of China. Timely implementation of the
emission control mechanisms is urgently needed
to curb the future emissions from developing
countries.
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Urban Air Pollutants and Their
Impact on Biota

Svetlana Stevovi¢ and Jelena Markovic

Abstract

This chapter presents the results of studies of changes in the environment
caused by air pollution increasement, in urban areas in the function of time,
Vranje town case study, southern Serbia region. Vranje is a typical town
with increasing traffic and industry and consequently increasing air con-
tamination. Emissions of pollutants CO, nitrogen oxides, and soot were
measured, as well as consequent pollution of agricultural land and biota in
the town and region. Air quality measurements were carried out at two
locations in the town. Three hundred sixty-five samples of sulfur dioxide,
365 samples of soot, and 365 samples of nitrogen oxides were collected
and analyzed by physical chemical methods. The emission of pollutants
from stationary sources, which was maximal on two representative sites, is
determined by measuring and calculating the emission parameters, based
on the measurement results. Measuring emissions of pollutants is done
using special devices that are calibrated in accordance with EU legislation.
Results of measuring emissions were compared with emission limit values,
which are given by the Regulation and comply with EU environmental leg-
islation. Impact of air pollution is analyzed on the biota within the town and
in the surrounding agriculture areas. The conclusion is that pollution of air
and soil is more intense in the winter. Pollution arrives even to agricultural
products that are grown in the region. Findings indicate the imperative shift
toward renewable energy sources and sustainable environmentally friendly
technical and industrial solutions, in order to decrease pollutions in the
towns and to preserve the quality of the environment.
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3.1  Introduction

The air is a gas mixture of variable composition.
It consists of about 78 % nitrogen, 20.95 % oxy-
gen, 0.93 % of argon, and very small quantities of
krypton, xenon, and neon. The existing gases and
particles in free and indoor spaces are important
for the analysis of air pollutants. The emission
and immission concentrations are measured in
free space. The emission concentrations of pol-
luting substances are found in exhaust gases
before their release and dispersion into the envi-
ronment. The immission concentrations are those
which express the quality of the environment at a
given time and space after the dispersion of gases
in the surrounding area. A large number of differ-
ent substances, which are present in clean air in
very low concentrations or not present at all, are
found in polluted air. All the polluting substances
have never been found at one site, and this is the
reason why they are not measured at the same
location (Grsic et al. 2014). The substances
which are regularly measured do not have to be
measured on a daily basis.

Air protection is achieved by measures of sys-
tematic monitoring of air quality; by reducing
concentrations of air pollutants below the pre-
scribed limit values; by taking appropriate tech-
nical, technological, and other measures required
to reduce emissions; as well as by continuous
monitoring of the impact of air pollution on
human health and the environment.

Different models for selecting the appropriate
representative location for air pollution measure-
ment control are used in the world (Mazzeo and
Venegas 2000; Noll et al. 1977). The supporting
specific programs for data processing, i.e., for the
measured values of pollution (Tseng and Chang
2001), are carried out at the same time. Designing
monitoring networks (Lanstaff et al. 1987) are
particularly important in urban areas because a
large number of people are exposed to air pollu-

tion in cities. Therefore, the focus of researchers
on the pollution in urban areas is reasonable and
clear. Besides, the monitoring network in one
city (Coxford and Penn 1998; Noll and Mitsutomi
1983) is not only locally important, it is also
regionally important, because of transboundaring
pollutions (Milutinovic and Popovic 2001).

This chapter presents the results of research in
the field of monitoring pollutant emissions of
CO, nitrogen oxides (NO,) expressed as nitrogen
dioxide (NO,), and soot in the urban environment
and surrounding region. Measurements were
taken at two sites and these are the Department of
Public Health Vranje and the primary school
“Svetozar Markovic” in Vranje. Three hundred
sixty-five samples of sulfur dioxide, 365 samples
of soot, and 365 samples of nitrogen oxides were
collected and analyzed and examined by physi-
cochemical methods. The emission of pollutants
from stationary sources, such as these sites were,
was determined by measuring or calculating the
emission parameters based on the measurement
results. The measurement of emissions of pollut-
ants was conducted by using special devices that
have specific legislation regulated. The measure-
ment results were compared with the emission
limit values. Table 3.3 shows the maximum
allowed value of soot.

The main objective of this paper is to exam-
ine air pollution in quantitative and qualitative
terms and to indicate the direction and the imper-
ative to seek solutions for the established system
of air quality monitoring in the urban environ-
ment that is in the city of Vranje. Urban areas
affect the natural landscape changes and changes
in the environment (Borgstrom 2009). The
changes in air pollution affect the quality of the
environment in the region, and these changes are
reflected in people’s lives. The changes in tem-
perature, which has been varying and changing
lately, also affect the changes in air pollution
(Homer et al. 2010).
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3.2  Materials and Methods

The experiment of systematic monitoring of air
pollution was conducted in a small urban environ-
ment, the city of Vranje. Vranje is a city located in
southern Serbia and it belongs to the Pcinja
District. It occupies an area of 860 km? (the agri-
cultural area covers 44,721 ha and the forest area
covers 32,478 ha). Vranje has about 60,000 inhab-
itants. It is located in the valley of Vranje, on the
banks of the Vranjska River, near its confluence
with the South Morava. The climate is moderate
continental with a varied soil structure. There is
no significant industry in the city center, so the
biggest polluters are the boiler room and traffic.
The heating plant has boiler rooms which have
not been operating at full capacity. Boiler rooms
use convectional fuel that significantly affects the
quality of the environment.

They are not equipped with modern filters
which are used for air purification, and also they
are not constructed in accordance with the new
standards. Therefore, it can be said that during
the winter period, when the heating season is
underway, air pollution increases. This affects
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boiler rooms to operate at reduced capacity, and
therefore they cannot meet the heating needs of
the entire city. Since Vranje is a town that still
lags behind certain metropolitan areas, the indi-
vidual air pollutants which increase the air pollu-
tion in the city by their frequent and constant
fuelling are commonly found.

In this paper, the two locations are shown. One
of the two is excluded from industrial pollution
and traffic and this is the Institute of Public
Health of Vranje, while the other takes into
account the individual contaminants and is also
exempt from the impact of industrial pollution
and traffic.

The monitoring program, or the process of air
quality monitoring, determines which pollutants
and by what mode (permanently or temporarily)
will be measured in the area where the air quality
is tested. It can be said that an increased amount
of air adversely affects the urban ecosystems and
the present biodiversities (Kowarik 2011). These
are usually those substances that may endanger
the tested area and those which are known to
occur in a particular area based on experience or
based on previous measurements (Fig. 3.1).

Fig.3.1 Block diagram of the
monitoring system for air
quality monitoring
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The concentration of gases in the air can be
changed significantly in a short period of time.
Therefore, the measurement of medium concen-
trations iS common in a certain time period,
usually 24 h.

One of the first measures of air quality control
is an organization system for continuous moni-
toring and testing of the most harmful substances
in the air. The system consists of a network of
measuring stations and a monitoring system that,
in addition to measurements, contains a subsys-
tem for the collection, processing, storage, and
distribution of data (Abellan-Nebot and Subiron
2010). The local Public Health Institute monitors
air quality measurements and examines the
amount of particles of SO,, soot, and NO, present
in the air. According to the Institute of Public
Health of Vranje, regarding the examination of
the amount of pollutants in the air, it can be said
that air quality across the city varies. This means
that air pollution changes over time. The findings
reveal that air pollution has increased in recent
years due to the development of industry and
heavier traffic. It can also be said that the soil is
exposed to pollution.

The purpose of monitoring is to determine the
concentration of substances in the air and to
compare the obtained values with the quality
standards or with the ILV values (limit values of
immission) and ELV (limit values of emission).
The limit value of immission represents the
maximum allowable concentration value of pol-
lutants in waste gases from stationary and mobile
sources of pollution that can be released into the
air in a given period. The substance to be mea-
sured is decided on the basis of knowledge
about the degree of influence of certain sub-
stances to the area of interest. Pollutants are most
commonly measured in the area of interest.
Concentrations of some specific pollutants are
measured within the framework of local monitor-
ing. Local monitoring networks provide informa-
tion on:

» Existence of characteristic point source emis-
sions (large energy facilities)

e The temperature regime of space (local
overheating, ventilation)
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e Meteorological parameters
e Characteristics of relief

e Traffic density

e Previous measurements

All the measurements of pollutants were car-
ried out in the laboratory for testing emissions,
noise, and wastewater into the environment at the
Institute of Public Health in Vranje. The methods
of chemical and physical tests were applied.

The limit value of emission (ELV) is the mass
expressed in the form of specific parameters of
concentration and/or level of an individual
emission that is not allowed to be exceeded dur-
ing one or more periods of time in accordance
with special regulations (Law on Environmental
Protection Official Gazette of RS 135/04. The
limit value of emission is determined on the basis
of characteristics of the installation, the geo-
graphical location, and the local environmental
conditions.

Figure 3.2 presents the measuring points in
the city of Vranje, the development of which has
increased pollution in the environment of the
entire region of South Serbia, Fig. 3.3.

The measurement and analysis of carbon
monoxide (CO) and nitrogen oxides (NO,)
expressed as nitrogen dioxide (NO,) were carried
out within the framework of the conducted
research; and the automatical determination of
the smoke number and the contents of certain
organic compounds were also conducted.

Based on the tests, it was shown that the con-
centration of nitrogen oxides (NO,) expressed as
nitrogen dioxide (NO,) is a key component of phy-
totoxic emissions (Gupta et al. 2015) and it high-
lights the potential for adverse effects of vehicle
emissions in urban ecosystems (Bell et al. 2011).

The following must be done in order to assist
the measurement of air pollutant emissions: iden-
tification of all stationary sources of emissions in
the air owned by the operator, identification of all
discharges (emitters) at stationary sources,
identification of pollutants and state parameters
of waste gases to be measured at each discharge,
identification method of measuring the emission
and immission, and identification of the limit val-
ues of emission.
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Fig.3.2 The measuring points, the city of Vranje

Fig. 3.3 Tllustration of sites with the highest level of air pollution within the territory of Vranje in the region of South
Serbia

The sampling of gaseous pollutants is conducted The samples of soot are obtained by filtering a
by Proekos brand devices (type AT-401) for airsam- known volume of air through a filter paper.
pling, by absorption of contaminants from a known Refractometric measurements of soot index are
volume of air in the proper absorption solution. performed on a device called a refractometer.
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3.3 Results and Discussion
3.3.1 Results of Monitoring

The control of air quality in the city of Vranje is
performed on two sites. One of these two is the
Institute of Public Health of Vranje, which is
located near the city center so the results would
represent the air quality mainly from traffic
impact. This measurement point is located within
the health center, in close proximity to several
busy roads. In order to monitor the degree of air
pollution, the Institute of Public Health of Vranje
measures the emission concentration of certain
parameters of air pollution on the basis of the
contract on the regulation of rights and obliga-
tions in performing air quality control and moni-
toring of the impact of air pollution in the city of
Vranje. The second measuring point is within the
primary school “Svetozar Markovic” in Vranje.
This measuring point is in the direction of the
dominant northeast wind in relation to the indus-
trial zone, so that the results can maintain the
impact of the industrial zone during the wind
flow and the impact of local furnaces and local
roads. The school is located in a residential area
dominated mostly by individual residential build-
ings of low level, so air pollution occurs from
individual furnaces and means of transport
(Vosniakos et al. 2008).

The process of the measuring point selection
took into account the following: the position and
type of pollution, population density, topography,
and meteorological conditions.

Air quality control is performed three times:
after a month, after 3 months, and after a year (12
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months). Daily systematic measurement of basic
pollutants SO,, NO,, and soot and analysis of
aero sediments in monthly precipitation samples
are performed at both measuring points. The
analysis of aero sediments determines the follow-
ing: total sediment matter, pH, specific conduc-
tivity, sulfates, chlorides, ammonium ion, nitrate,
nitrite, calcium, dissolved solids, combustible
part, and the ash content. All the collected and
analyzed samples of SO, and soot and the total
sediment matter for 2013 were statistically ana-
lyzed and presented in accordance with the Law
on Air Protection “Official Gazette of RS” No.
36/09, the Regulation on conditions and require-
ments for air quality monitoring “Official Gazette
of RS” No. 11/10, and Regulation on elections
and amendments and Regulation on conditions
and requirements for air quality monitoring
“Official Gazette of RS” No. 75/2010.

Three hundred sixty-five samples of sulfur
dioxide, 365 samples of soot, and 365 samples of
nitrogen oxides were collected and analyzed at
the two measuring points, at the Institute of
Public Health Vranje and the primary school
“Svetozar Markovic” during 2013.

Table 3.1 shows the results of individual emis-
sion measurements of gaseous substances (CO,
C,H,o, CsHys, CeHy,, C;Hg, CgH,, C,H,0, C,H,O,
C;H;0, C,H,,0, C¢H,,0, CHOH, C;HsO, HF,
CsH,,, C,Hg, and organic substances, expressed
as total carbon), as well as the limit values of
emission (ELV).

Based on measurements of emissions, which
are shown in Table 3.1, it can be concluded that
the measured values of pollutant emissions (CO
and NO,) and the smoke number are within the

Table 3.1 Measurement of gas emission concentrations of CO and NOj is expressed as concentrations of NO,

The unit of The measured value + measurement uncertainty

measurement The 1st The 2nd The 3rd
Measurement parameters measurement measurement measurement ELV
Concentration of CO mg/m? 832,50+2,2% 968,75+2,2% 925,00+£2,2% 1000
Concentration of nitrogen mg/m3 8,20£32% 8,20£3.2% 10,25+3,2% 250
oxides (NO,)*
The smoke number 1+0,2 1+0,2 1+0,2 <1

“Expressed as nitrogen dioxide (NO,)
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permitted emission limits. Also the concentration
of CO, individual organic matter, and organic
substances expressed as total carbon are within
the permissible limits of normal. Tables 3.2 and
3.3 show the results of the limit values and toler-
ance values of pollutants SO,, NO,, and the max-
imum permissible value of soot and total sediment
matter.

Sulfur dioxide (SO,) is a mandatory compo-
nent of polluted air in urban areas. It is the prod-
uct of the combustion of fossil fuels and other
fuels, especially those that are rich in sulfur. It
can be found in the air as a gas or dissolved in
water droplets. In conditions of increased humid-
ity, sulfur dioxide oxidizes and it partially trans-
fers to the sulfuric or sulfurous acid. The
concentration of sulfur dioxide in the air depends
on temperature, air movement, humidity, and
atmospheric pressure. The process of combustion
of fuel is accompanied by the appearance of
smoke (black smoke), which, depending on the
efficiency of combustion, may contain more or
less solid particles. Soot contains a large number
of organic polycyclic aromatic compounds,
whose particle size is around 5 p and they remain
in the air in the form of aerosols.

Based on the obtained results, it can be con-
cluded that the total concentration of the above
pollutants does not exceed the limit value allowed
by the current Regulation.

These tables show that the averaging time was
24 h, and the results are shown as mean monthly,
mean annual, and minimum and maximum val-
ues. Results in Tables 3.2 and 3.3 show that the
measured emission of pollutants is within the
acceptable limits, but there were days when the
measured values exceeded the limit value, toler-
ance value, and the maximum allowable value.
This occurs mainly in winter due to increased
concentrations of soot obtained by fuelling.

Data source from the Table 3.4 marked by
number 1 indicates that the data were obtained
from the Institute of Public Health in Vranje. The
methods of measurements marked by M in the
Table 3.4 mean that they were carried out manu-
ally, and those marked by A mean that they were
carried out automatically.

Table 3.2 Limit values and tolerance values of pollut-
ants SO, and NO,

The The averaging| Limit value| Tolerance
pollutant | period (pgm’) value (ug/m?)
SO, 1 day 125 125
Calendar 50 50
year
NO, 1 day 85 125
Calendar 40 60
year

Table 3.3 Maximum permissible value of pollutants
(soot and total sediment matter)

The maximum
The averaging | allowed value
The pollutant period (pg/im®)
Soot 1 day 50
Calendar year | 50
Total sediment | 1 day 450
matter Calendar year | 200

Table 3.4 Mean annual concentration of soot, SO,, and
NO,, the number of days when the daily values exceeded
the ELV and categories of air quality in 2014 determined
on the basis of mean annual values

Soot(pgin’) | SO,(ugn’) | NO,(ugin’)
The measuring | Vranje IPH | Vranje IPH | Vranje [IPH
point
The mean 13 14 25
value
The number 7 1 2
of days
Max daily 89 79 86
value
Data source 1 1 1
The method of | M A A
measurement
Availability 96 87 97
(%)

The measurements obtained in accordance
with the Art. 21 of the Law on Air Protection
show that the concentration of air quality in
Vranje is classified into the first category —
slightly polluted air or clean air.

However, changes in the concentration of
soot, nitrogen oxide, and sulfur dioxide greatly
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disturb the soil quality, as well as plants. Although
the concentration of sulfur dioxide is within the
normal range, these studies show that even small
changes in the concentrations have a negative
effect on the soil. Analyses carried out in the
Institute of Agriculture, concerning the concen-
tration of sulfur dioxide, have shown that gas
negatively affects the quality of the soil because
of the discoloration of plants within this period
followed by a collapse of leaves and their even-
tual dying off.

The concentration of nitrogen oxides in the
air, which is most commonly a result of exhaust
gases, also adversely affects the quality of the
soil. Since nitrogen is an important component of
plants, and they absorb it mostly from the soil,
polluted soil will cause the plants to be of poor
quality.

The concentration of soot, which is here within
the range of allowed values, reflects negatively on
the flora and fauna especially in the fall due to
stubble burning after which the soil is covered in
soot in a greater degree. Table 3.5 shows the val-
ues of the emission concentration of soot, nitro-
gen oxide, and sulfur dioxide, which are harmful
to the soil or disturb the quality parameters, which
are in fact indicators of the unpolluted soil.

Increased urbanization in South Serbia has
had a negative effect on the change of air tem-
perature as well. Urbanization, which has increas-
ingly become dominant in recent years,
constitutes a major source of anthropogenic car-
bon dioxide emissions from the burning of fuels
for heating purposes, from industrial processes,
and from transportation. The magnitude of urban
warming is highly variable in terms of time and
space (Mitchell et al. 2002). Urban air tempera-
tures are on average by 1-3 °C warmer although
air temperatures in winter warm up to 10 °C due
to constant fuelling when compared to rural
areas. Air temperatures differ across the urban
city. Temperatures from one to the other side of
the street, from the park to the industrial zone dif-
fer significantly (Svirejeva-Hopkins et al. 2004).
The largest intra-urban differences are associated
with the open sky and reduced velocity of the
wind, and they are spotted 2-3 h after sunset.
Table 3.6 shows the changes in air temperature

Table 3.5 Parameter values of the emission concentra-
tion of soot, nitrogen oxide, and sulfur dioxide, which are
harmful to the soil

The The Changes
concentration | concentration | in soil
of gas of gas quality in
emissions from | emissions from | values
traffic furnaces from 0 %
Pollutant | expressed in % | expressed in % | to 100 %
SO, 53 46 78
NO 27 21 56
NO, 39 32 63
Soot 20 40 58

Table 3.6 Changes in the value of air temperature
(average) per year from 2003 to 2014

Year Temperature (°C)
2003 18,9
2004 19,05
2005 20,3
2006 20,9
2007 23,5
2008 24,04
2009 25,18
2010 27,9
2011 28,37
2012 28,78
2013 29,45
2014 30,23

per years. It can be seen that the temperature has
risen along with the growth of urbanization,
industry, and transport, and it is shown graphi-
cally in Fig. 3.4.

The magnitude of the temperature range
within the city can be very large, according to the
season and depending on whether these are sur-
face or air temperatures. The temperature range is
larger in surface air temperatures, while air tem-
peratures are of smaller scale because of their
tendency to mix and collide with other surround-
ing air temperatures.

Figure 3.5 illustrates that increased urbaniza-
tion leads to the increased concentrations of SO,,
NO,, and soot, and thus the air quality becomes
worse, that is, the air is more polluted. So the first
three columns, marked with no 1, show that the
air is heavily polluted, while the last three
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columns,marked with no 5, that is hardly notice-
able, which means that the air is good (excellent),
almost no pollution. The last three columns show
the period before the start of global urbanization
in the southern region. The numbers 1, 2, 3, 4,
and 5 on chart 5 show how the air is polluted.
Listing 1 shows that the air is highly polluted,
number 2 the air is polluted, number 3 the air is
acceptable, number 4 the air is good (no major
pollution), and number 5 the air is not very pol-
luted (it is excellent).
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3.3.2 The Influence of Air Pollution
on Plants

In this study it was shown that increased urban-
ization affects the increased concentration of
harmful gases in the environment. These harmful
gases, primarily SO,, NO,, and CO,, reflect
harmfully on plants that grow in this environ-
ment. Considering an urban environment, where
no vegetables are grown, but it has woody and
decorative plants, the consequences of harmful
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effects of these gases are not so noticeable. The
tops of tall trees that grow in the city almost can-
not feel the adverse effects caused by polluted air.

Exhaust gases and particles pollute the atmo-
sphere of a narrower or broader area, to a lesser
or greater extent, sometimes with critical conse-
quences. The spread of pollutants around the
sources of pollution depends on many elements:
the type and strength of the wind, the position of
the pollutants, the quality of particles, the charac-
ter of buffer zones, etc. If the distance from the
source of pollution increases, the amount of pol-
luting particles in the air will reduce.

Plants are very important for the biotope and
play an important role in the performance of pho-
tosynthesis. The process of photosynthesis that
plants carry is multiplex, and the most important
is that with the process of photosynthesis, plants
produce food and prolong the life of other living
organisms. Plants are a source of oxygen on the
planet earth. If you disturb the natural balance,
and that can happen with a variety of contami-
nants that are more and more frequent, it comes
to many changes that reflect poorly on wildlife
and mostly on plants. Air pollution today is the
biggest problem. Nowadays there is less pure and
more polluted air. Those are the consequences of
increased industrialization, the development of
various technologies, the increased number of
vehicles, and fewer biological filters and air puri-
fiers (Biocanin and Obhoda$ 2011). The impact
of air pollution on plant species has a negative
impact on their quality and quantity. Air pollution
is changing some of the abiotic factors such as
light, temperature, humidity, the optimal amount
of oxygen and carbon dioxide, as well as edaphic
(soil) factors, which can indirectly change. Air
pollution affects the anatomical and morphologi-
cal structure, growth, development, and produc-
tion of organic plants.

Air pollution reflects on plants in two ways

1. Sedimentation of solid particles on the surface
of the leaves and minimize the doping of light
and perform the process of photosynthesis,
thus also minimizing the gas exchange.
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2. Harmful gases together with CO and oxygen
enter the internal structure of the leaves
through the pores of plants, which causes the
damage to the plant cells. Plants are less
exposed to the danger at night in the summer
and much more in a period of vegetation and
during the day.

As the air is more polluted in winter due to
increased smog, it can be said that in this period
the plants are “protected” because they are in the
phase of hibernation, and the great amount of
harmful gases cannot affect them “badly.”
Deciduous plants, as well as annuals, are more at
risk of the effects of air pollution than conifers
and perennial plants. Deciduous and annuals can-
not fight against the impact of harmful substances
and gases contained in the air, because they have
more delicate leaves, softer tree trunks, more
open pores than evergreen and perennial trees
((Biochanin and Obhodjash 2011). Tests show
that the needles of conifers retain up to 30 times
the amount of particles than certain broadleaf
species. In addition, there is the certain regularity
in the content of pollutants under the crowns of
trees, depending on the season of the year.

The greatest reduction of particle feels in
September (38%) and the lowest in May (about
20 %). During the period of vegetation, the low
content of polluting elements in the air is 42%
lower than in the surrounding area. The sanitary
importance of trees in the collection of particles is
very important in the winter. The canopy of trees
without leaves retain contaminants in great numbers
(on average 37 % of their total amount in the air).

Based on the research, it has been calculated
that during one vegetation period, adult speci-
mens of trees and bushes can retain the following
amounts of mechanical particles: elm tree, 28 kg
mechanical particles per vegetation period;
weeping willow, 38 kg; horse chestnut, 16 kg;
jelly, 28 kg; maple, 33 kg; Canadian poplar, 34
kg; and black currant, 0.5 kg.

The accumulation of contaminant particles on
the leaves of trees and bushes is even more impor-
tant if the green space is larger.
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Plants have certain mechanisms that protect
themselves from the effects of polluting ele-
ments. Tests show that most of the plants can
handle with no visible damage the amount of
sediment of 0.75-1.50 g/m?day, especially if
rain washes most of the deposited particles over a
short period of time. The researchers of the pollu-
tion with lead come to the similar conclusions.
Despite the extremely high concentrations of
lead on the leaves of plants along the roads, there
are no reports of their visible defects so far.

Plants filter the air using so-called vertical air
purification. Wetter and cooler air above the
green areas continuously replaces the air above
the open space, thus taking up gas pollutions.

The choice of plants depends on local condi-
tions, and some of the most resistant species in
our country are Ailanthus glandulosa, Celtis aus-
tralis, Acer rubrum, Celtis occidentalis, Cornus
mas, Corylus colurna, Platanus sp., Robinia
pseudoacacia, Juniperus sp., Quercus, Rosa
canina, Hedera helix, Thuja occidentalis, Juglans
nigra, Acer platanoides, etc.

The following measures are proposed for pro-
tection in cases of high air pollution: planting
shelterbelts in the direction of dominant wind,
combining resistant plants and plants with tenu-
ous crown with plants that have dense and com-
pact crown, concentrating plants as close to the
source of pollution as possible, and forming
wider belts, that is to say, larger green areas.

Table 3.7 shows the results of the values of
parameters of concentrations of soot emissions,
nitrogen oxides, and sulfur dioxide that have
adverse effects on woody plants, ornamental
plants, and fruit cultures.

Table 3.7 showed that the percentage of harm-
ful gases has different effects on different plants.

Table 3.7 Values of the concentration of soot emissions,
nitrogen oxides, and sulfur dioxide which adversely affect
woody plants, ornamental plants, and fruit crops

On woody On vegetables | On fruit
Pollutant | plants in % in % in %
SO, 25 61 52
NO 45 48 46
NO, 36 46 48
Soot 10 20 18
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In winter when the concentration of smog is
increased in the air, the impact of smog is higher,
provided that in this period the plants are at the
phase of hibernation so that it cannot do much
harm to them. But in the summer when the con-
centration of exhaust gases is increased (specifi-
cally the concentration of nitrogen is increased),
the plants differently absorb the gas. Increased
amounts of nitrogen oxides are differently
reflected plants. Vegetable plants due to increased
amounts of this gas can change the color of the
leaves and can have a reduced yield, and due to
increased amounts of SO2, fruits can be wizened
and dry.

If you look at the surrounding arable land in
the region of South Serbia, where different vege-
table species can be grown as well as cereals, you
can notice that there are no major changes to their
trunks, leaves, and fruit when it comes to the
impact of these harmful emissions. Due to the
moderate continental climate that dominates in
this region, there are no strong winds and no
increased greenhouse effect, so that there is no
large air pollution on plants. Plants grow on 80 %
of healthy soil, so that the small amount of harm-
ful gases in the environment cannot do much to
change their physiognomy, unlike some cities
and regions where air pollution drastically affects
the quality of the plants. For example, the City of
Pancevo where the refinery is located is subjected
to the air pollution, and thus the quality of the
plants is weaker.

3.4  Conclusion

This paper presents the research results of the
conducted monitoring system of air quality and
its impact on biota in urban areas such as the city
of Vranje. The measurement of pollutant emis-
sions, obtained as products of combustion and in
the form of exhaust gases, was carried out. After
the measurement, the averaging time was 24 h
and certain limit and total values were estab-
lished. It is shown in Tables 3.2 and 3.3 that these
values do not differ much for CO, and NO,. The
most important thing is that all these values are in
the range of normal. Although there are varia-
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tions, these are special conditions or special peri-
ods during the year, when the measured emissions
of air pollutants are increased. The increased
measured emissions coincide with the winter
period. The increased emissions are in direct cor-
relation with operating of boiler rooms that use
coal. The emissions from these boiler rooms
which use coal reflect negatively on the quality of
air, soil, and the entire city environment and on
the surrounding agricultural sites within the
region by reducing its quality parameters. This
opens up new possibilities for testing and demon-
stration, as well as the conclusions about the
necessity of seeking modern solutions for heating
which produce less pollution to the environment,
for example, from renewable energy sources.
Consequently, the environment will be cleaner,
and the soil will maintain the level of quality
required for the cultivation of agricultural crops
which is the goal of the region.

If the urbanization of cities were somehow
regulated (e.g., introduction of ecological fuel),
any type of pollution would be reduced, air tem-
peratures would not also rise rapidly, the soil
would not be exposed to harmful particles, and
air quality would improve.
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Abstract

Biomonitoring is a method that uses the responses of plants or animals to
their surroundings to evaluate the status of an environment. Among taxo-
nomic groups, pine needles and mosses are widely used for biomonitor-
ing, especially for atmospheric environments. However, several studies
have indicated that each of these plants reacts differently to changes in
their habitat. Here, we characterized these contrasting responses and
investigated the causes of these differences by comparing atmospheric
pollutants (polycyclic hydrocarbons: PAHs) that accumulated in pine nee-
dles and mosses. Our results revealed that pine needles absorbed lower
molecular weight PAHs, whereas mosses preferentially accumulated
higher molecular weight PAHs. Furthermore, the comparison of their PAH
isomer ratios showed that the pollution sources were not identical, even
though the plant samples were collected from nearly the same sites. These
differences can be explained by their distinct leaf structures and uptake
mechanisms, as well as the influence of soil particles. Our novel results
suggest that both pine needles and mosses can be used as bioindicators to
assess PAH pollution multi-directionally.
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4.1 Introduction
In this chapter, we discuss the mechanisms of

plant pollutant uptake and how this process can
be applied to environmental evaluation. More
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focus on two plant groups widely used for bio-
monitoring (pine trees and mosses) and explore
the differences in how these species accumulate
polycyclic aromatic hydrocarbons (PAHs), a haz-
ardous atmospheric pollutant (Sect. 4.2).
Furthermore, we evaluate the causes of plant-to-
plant differences observed in PAH accumulation
(Sect. 4.3). Finally, based on these findings, we
demonstrate how to efficiently use biomonitoring
to evaluate atmospheric environments (Sect. 4.4).
These results highlight the importance of the
understanding of plant uptake mechanisms when
attempting to establish effective biomonitoring
programs.

Air Pollution and Biomonitoring

Environmental problems have intensified because
of an increase in human activities, and, among
these, air pollution is one of the most concerning
threats (Gurjar et al. 2010; Kopacek and Posch
2011; OECD 2012; WMO/IGAC 2012; Shibata
et al. 2014). Atmospheric pollutants include a
variety of substances (e.g., metals, sulfur oxide,
nitrogen, and organic compounds) that can easily
move over wide areas, resulting in transboundary
pollution. Therefore, monitoring programs for
atmospheric environments have been instituted in
many parts of the world (e.g., Schroder et al.
2010; Harmens et al. 2015).

Air pollution has both direct and indirect
effects on plants and animals, and therefore
changes in these organisms can be correlated
with the level of air contamination. For example,
severe air pollution can cause a disappearance of
epiphytes such as bryophytes and lichens, and an
index based on the sensitivity of these plants to
air pollution can indicate the level of contamina-
tion in the atmosphere (LeBlanc and De Sloover
1970). This type of environmental evaluation that
uses the responses of living organisms to their
surroundings has been termed ‘“biomonitoring,”
and the subject organisms are known as
“bioindicators.”

Environmental conditions are generally evalu-
ated with measuring devices (e.g., a stack gas
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analyzer), which would presumably produce
more exact results than those of biomonitoring.
Are there any advantages then to using biomoni-
toring for environmental evaluation? Of course,
the answer is YES. One of the most important
benefits of biomonitoring is that they can assess
environments at a low cost and on a large scale.
Imagine that we are measuring the concentration
of atmospheric pollutants, which are affected by
many factors such as human activities and
weather and can even change drastically in a day.
In order to obtain reliable data, we must therefore
measure the concentration repeatedly with mea-
suring devices. In contrast, if we were to perform
this same environmental assessment using bioin-
dicators, we can eliminate the steps of repeated
measuring because by their nature, bioindicators
have been exposed continuously to atmospheric
pollutants, reflecting the time-integral effects of
air pollution. These valuable characteristics
enable the evaluation of air pollution on a large
scale.

Plants as Bioindicators
Vegetation has been utilized as a bioindicator to
identify point sources of pollutants and evaluate
regional and global contamination patterns
(Simonich and Hites 1995), particularly in atmo-
spheric environments. Each plant group has its
own morphology and life-strategy, qualities that
are directly correlated with their usefulness as
bioindicators. Among plant groups, pine trees
(specifically their needles) (Tremolada et al.
1996; Piccardo et al. 2005; Kldanova et al. 2009;
Lehndorff and Schwark 2009; Wang et al. 2009;
Ratola et al. 2010, 2011) and mosses (Holoubek
et al. 2000; Gerdol et al. 2002; Migaszewski
et al. 2002; Otvés et al. 2004; Liu et al. 2005;
Gatuszka 2007; Krommer et al. 2007; Skert
et al. 2010; Oishi 2012, 2013) are valuable bio-
indicators for airborne contaminants because of
their unique ecological characteristics (Figs. 4.1
and 4.2). Here, we describe the advantages of
these plant groups for the evaluation of air
pollution.

Pine needles are one of the most well-known
bioindicators for atmospheric environments.
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Fig. 4.1 Pine needles and mosses. (a) Pinus densiflora
Sieb. et Zucc., (b) Pinus pumila (Pall.) Regel, (¢) Hypnum
plumaeforme Wilson, (d) Racomitrium lanuginosum
(Hedw.) Brid. P. densiflora and H. plumaeforme (a, c) are

Their leaves can persist for several years, and
pine trees are widely distributed from urban to
rural areas. A notable characteristic of pine nee-
dles is that their age can be determined easily,
which enables us to calculate how long the leaves
have been exposed to air pollution. Therefore, we
can evaluate temporal trends of air pollution by
analyzing different populations of same-age nee-
dles. Furthermore, the surface of the leaf is cov-
ered with a waxy cuticle that accumulates
lipophilic organic contaminants from the air
(Piccardo et al. 2005).

Bryophytes are characterized by a lack of vas-
cular bundles and waxy cuticle layers. They absorb
water and nutrients through their leaf cells, which
allows them to grow on surfaces without soil, such
as rocks and tree trunks (Fig. 4.3). As they take in
pollutants efficiently from atmospheric environ-

distributed mainly in lowland areas, whereas P. pumila
and R. lanuginosum (b, d) are found in mountainous
areas. All species are used as bioindicators for air
pollutants

ments, their pollutant contents are indicative of
contamination by atmospheric fallout.

4.2 Comparison of PAH

Accumulation in Plants

PAH Accumulation in Pine Needles
and Mosses

Pine trees and mosses belong to different taxa,
and their morphology and ecology is distinct.
How then, and to what extent, can these contrast-
ing characteristics affect their use as bioindica-
tors? Here, we refer to the study by Holoubek
et al. (2000) that described the accumulation of
PAHs in pine needles and mosses in several parts
of the Czech Republic. The results indicated that
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Leaf section

Leaf surface

Fig.4.2 Leaf section and leaf surface of pine needles and
mosses. (a) Leaf section of pine needle (Pinus densiflora:
photoby Azuma, W.), (b) leaf section of moss [ Plagiomnium
acutum (Lindb.) T.J. Kop.], (c) leaf surface of pine needle,

the pattern of PAH accumulation in these plants
was different.

Why did this contrast occur, and how did the
differences between the structures of these plants
affect the results? To answer these questions, one
must understand how plants absorb air pollutants.
Such knowledge is also essential in order to pro-
pose effective plant biomonitoring strategies. For
these reasons, we investigated the characteristics
and pollution uptake mechanisms of pine needles
and mosses so that we could evaluate the most
effective means of instituting biomonitoring. The
questions we sought to answer were as follows:

1. Are the differences in PAH accumulation in
Holoubek et al. (2000) also observed in our
study site?

(d) leaf surface of moss. The leaf section of moss (b) shows
a simpler structure compared to that of a pine needle (a).
Stomata are clearly identified in the leaf surface of pine
needles (c), whereas mosses lack stomata (d)

2. If so, why do these differences occur?
3. How can these results be applied to effective
biomonitoring?

Characteristics of PAHs

PAHs are organic compounds with two or more
fused aromatic rings (Fig. 4.4). They are emitted
into the atmosphere through incomplete combus-
tion from both anthropogenic and natural sources
and are ubiquitous environmental contaminants
(Maliszewska-Kordybach 1999). The predomi-
nant human-related sources of PAHs are activities
that generate energy, such as vehicular move-
ment, domestic heating, industrial processes, and
electric power generation (Mastral and Callén
2000). Among them, motor vehicle exhaust is one
of the major sources of PAHs in urban areas
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Mosses on tree trunks

Mosses on rocks

Fig. 4.3 Mosses on substrates without soil layers. (a)
Leucobryum juniperoideum (Brid.) Miill. Hal., (b)
Venturiella sinensis (Vent.) Miill. Hal., ( ¢) A stone figure
(Ojizo-sama) covered with mosses, (d) Grimmia pilifera

(Piccardo et al. 2005). PAHs are hazardous to
human health and several have mutagenic and
carcinogenic properties (Maliszewska-Kordybach
1999; Aas et al. 2001). For these reasons, there is
increasing concern regarding the monitoring and
regulation of PAHs in ambient air.

Aerosolized PAHs can exist in either a gaseous
or a particle-bound phase. These phases are deter-
mined by several factors such as air temperature,
the physicochemical characteristics of the com-
pound, and the types of the absorbing surface
(Pankow 1987). In general, PAHs with two to three
aromatic rings exist primarily in the gas phase of
the atmosphere because of their relatively low
molecular weight (LMW). In contrast, PAHs with
five to six rings have a relatively high molecular
weight (HMW) and are more likely to be present in
the particle-bound phase (Bidleman 1988;

P. Beauv. Mosses absorb water and nutriment from the
surrounding environment (e.g., rain, dews, and fogs)
through the surface of their leaves. Therefore, they can
grow on tree trunks or rocks that have scant soil layers

Maliszewska-Kordybach 1999). A temperature-
dependent gas/particle phase partitioning occurs at
intermediate vapor pressures with four-ring PAHs
(Bidleman 1988; Liu et al. 2005; Wang et al. 2009).

An interesting property of PAHs is that their
isomer ratio differs according to their source and
the processes that they experienced. Using these
properties, we can determine the source of a PAH
based on the concept that isomeric PAHs behave
similarly and may also experience comparable
environmental transformations during their atmo-
spheric movement (Yunker et al. 2002; Bucheli
et al. 2004).

Differences in PAH Accumulation

in Pine Needles and Mosses

In order to examine the mechanism of pollution
uptake in plants, we compared accumulated



38
2rings
Naphthalene
§
2
3 rings Acenaphthene
1
Fluorene

4 rings O-%

Acenaphthylene

Y. Oishi

Anthracene

4
»
Phenanthrene

Fluoranthene Pyrene Benzo [a] Chrysene
anthracene
(J )
ngs (7
5rings O‘% C@-@ O@OO
Benzo [a] pyrene Benzo [b] Benzo [K] Dibenz [a,h]
fluoranthene fluoranthene anthracene

oG
Ly

Benzo [g, h, i] perylene

6 rings

Fig. 4.4 Sixteen polycyclic aromatic hydrocarbons
(PAHs) analyzed in this study. PAHs are characterized by
the presence of two or more aromatic rings. PAHs with

PAHs in pine needles and mosses by collecting
five sets of both pine needles (Pinus thunbergii
Parl.) and moss (Hypnum plumaeforme Wilson)
samples in a green area of Kyoto city. Each set of
samples grew within 2 m diameter circular plots.
The PAHs analyzed were as the follows: naphtha-
lene (NAP), acenaphthene (ACE), acenaph-
thylene (ACL), anthracene (ANT), fluorene
(FLU), phenanthrene (PHE), benz[a]anthracene
(BaA), chrysene (CHR), fluoranthene (FLR),
pyrene (PYR), benzo[a]pyrene (BaP), benzo[b]
fluoranthene (BbF), benzo[k]fluoranthene (BkF),
dibenz[a,h]anthracene (DBA), benzo[g,h,i]per-
ylene (BPE), and indeno[1,2,3-cd]pyrene (INP).
In this section, we show two main results of
this comparison: “Differences in PAH propor-

Indeno[1,2,3-c,d] pyrene

two to three rings exist mainly in the gas phase, whereas
PAHs with five to six rings are in the particle-bound phase

tions in pine needles and mosses” and
“Differences in PAH isomer ratios.” These results
are adapted from Oishi (2013).

PAH Proportions
The PAH analysis indicated that the total PAH
content was 122.6+50.5 ng g dry weight
(mean + SD) in pine needles and 44.5+10.7 ng g~!
in the moss samples, respectively. The PAH con-
tent was significantly higher in pine needles than
in the mosses (d.f.=8, r-value=3.0, p=0.016).
The percentage contribution to the total PAH
content by each individual compound is shown in
Fig. 4.5. NAP was the most predominant PAH
(29.5%) in the pine needles, followed by PHE
(26.8%), FLU (16.3%), and FLR (10.7 %). The
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Fig. 4.5 Proportion of total polycyclic aromatic hydro-
carbon (PAH) concentration attributable to each of three
PAH groups (two to three rings, four rings, and five to six
rings) in pine needles and mosses. Bars represent standard
deviations (this figure was adapted from Fig. 4.2 in Oishi
(2013)). Abbreviations of the 16 PAHs are as follows:
NAP naphthalene, ACE acenaphthene, ACL acenaph-

concentrations of PYR, PHE, FLR, and NAP were
relatively higher (18.4%, 15.7%, 13.0%, and
12.6 %, respectively) in the mosses compared to
other PAHs. Notably, NAP, ACL, ACE, FLU, and
PHE were primarily found in the pine needle sam-
ples, whereas BaA, PYR, BaP, BbF, BkF, BPE,
and INP were predominantly detected in the moss
samples. We also found that in general, pine nee-
dles preferentially accumulated LMW PAHs and
few HMW PAHs, as compared to mosses. These
comparisons indicate that the accumulation pat-
terns of pine needles and mosses are dissimilar.
To distinguish differences in PAH accumula-
tions, we grouped the PAHs into three types (two
to three rings, four rings, and five to six rings),
according to their phase in the atmosphere (gas,
intermediate, and particle bound), and compared
the total amounts and proportions of each type

BaA CHR FLR PYR|
4 ring PAHs

o5

BaP BbF BkF DBA BPE

5 + 6 ring PAHs
CO
OO‘O‘

thylene, ANT anthracene, FLU fluorene, PHE phenan-
threne, BaA benzo[a]anthracene, CHR chrysene, FLR
fluoranthene, PYR pyrene, BaP benzola]pyrene, BbF
benzo[b]fluoranthene, BkF benzo[k]fluoranthene, DBA
dibenz[a,h]anthracene, BPE benzo[g,h,i]perylene, INP
indeno[1,2,3-cd]pyrene

(Fig. 4.6). The LMW PAHs were preferentially
accumulated in pine needles, whereas the HMW
PAHs were more often found in the moss samples
(Fig. 4.6). The proportions of two + three rings,
four rings, and five + six rings for pine needles
were 78.5+4.8 % (mean + SD), 17.2+2.6 %, and
4.3+2.9%, respectively (Fig. 4.6a), whereas
those for mosses were 35.4+6.8 %, 39.5+4.5 %,
and 25.1+3.3 %, respectively (Fig. 4.6b). In this
way, the proportion of each PAH group to the
total decreased as the number of aromatic rings in
the pine needles increased. Mosses showed a
similar but less distinct decreasing trend. These
differences were statically significant; the pro-
portions of two + three rings in pine needles were
significantly higher (d.f.=8, t-value=10.4,
p<0.01), whereas those of four rings and five +
six rings were significantly higher in the moss
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Fig.4.6 Total amount (a) and proportion of total polycy-
clic aromatic hydrocarbon (PAH) concentration (b) attrib-
utable to each of three PAH groups (two to three rings,

samples (d.f.=8, r-value=-8.6, p<0.01; d.f.=8,
t-value=-9.5, p<0.01).

PAH Isomer Ratios

Next, we used PAH ratios to examine the differ-
ences in PAH sources between pine needles and
mosses. We compared the ratio of ANT and PHE
and the ratio of FLR and PYR. The plots of the
ANT/(ANT + PHE) versus the FLR/(FLR +
PYR) ratios for pine needle and moss samples are
shown in Fig. 4.7. The ANT/(ANT + PHE) ratio
for all samples except one was <0.1 [0.05+0.02
(mean + SD) for pine needles; 0.07+0.02 for
mosses]. The FLR/(FLR + PYR) ratio for pine
needles was approximately 0.7 [0.74+0.06
(mean + SD)] and approximately 0.40 [0.40+0.07
(mean + SD)] in the moss samples.

According to Yunker et al. (2002), the ANT/
(ANT + PHE) ratios of most samples fell pre-
dominantly in the range of petrogenic area (<0.1),
although the values of mosses tended to be higher
than those of pine needles. The high FLR/(FLR +
PYR) ratios in pine needles (>0.5) indicate that
pine needles accumulated PAHs released by the
combustion of coal and biomass. In contrast, the
FLR/(FLR + PYR) ratios in mosses showed that
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four rings, and five to six rings) in pine needles and
mosses. Bars represent standard deviations (This figure
was adapted from Fig. 4.3 in Oishi (2013))

they accumulated PAHs produced by petroleum
or petroleum combustion.

In summary, these results indicate that pine
needles and mosses do not accumulate PAHs
from the same sources, even though they grow in
similar regions.

4.3 Influence of Plant Uptake
Mechanisms on Their PAH

Accumulation

What Causes the Differences
in the Accumulation of PAHs?

Our results are in agreement with previous
research that reported high concentrations of
LMW PAHs in pine needles (Simonich and Hites
1995; Wang et al. 2009) and high concentrations
of HMW PAHs in mosses (Holoubek et al. 2000;
Migaszewski et al. 2002; Liu et al. 2005). We will
now discuss why these differences were observed
from the following three viewpoints: (a) Leaf
structure, (b) Uptake mechanism, and (c)
Influence of soil particles. A graphic summary of
these differences is shown in Fig. 4.8.
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Fig. 4.7 Cross-plot for ANT/(ANT + PHE) and FLR/
(FLR + PYR) ratios for pine needle and moss samples
(This figure was adapted from Fig. 4.4 in Oishi (2013)).

Leaf Structure
External leaf properties of plant bioindicators
greatly influence the characteristics of their PAH
profiles (Howsam et al. 2000; Jouraeva et al.
2002; Niu et al. 2003; Piccardo et al. 2005; Wang
et al. 2005). For example, the surface area of
leaves directly affects the efficiency of PAH
uptake; the larger the surface area is, the more
PAHs it can absorb (Simonich and Hites 1995).
In addition, according to Howsam et al. (2000),
hairs, or trichomes, on the leaf surface can effec-
tively trap PAHs. The presence of a waxy cuticle
can also affect the uptake of organic pollutants
(Simonich and Hites 1995; Piccardo et al. 2005).
Based on these previous studies, we conclude
that the lack of a waxy cuticle layer on moss
leaves may be a major factor in the differences in
PAH accumulation between pine needles and
mosses. As Piccardo et al. (2005) showed, LMW
PAHs diffuse and accumulate in the tissues of
pine needles either through the stomata or by dif-
fusion through the cuticle. However, HMW PAHs
tend to remain on the surface of the cuticle
because of their strong interactions with the con-
stituents of this waxy layer, making them more
susceptible to external environmental factors

Abbreviations: ANT anthracene, FLR fluoranthene, PHE
phenanthrene, PYR pyrene

(e.g., rain, temperature, ozone, and solar radia-
tion). These dynamics may cause the loss of
HMW PAHs from the leaves of pine needles
(Jouraeva et al. 2002; Piccardo et al. 2005). In
contrast, mosses lack the cuticle layers that facili-
tate the selective uptake of LMW PAHs, a dis-
tinction that can increase HMW PAH ratios in
mosses compared to pine needles.

The presence of a waxy cuticle layer can also
affect the total amount of PAHs accumulated in
pine needles. We again focus on the comparison
of the total amount of PAHs absorbed by pine
needles and mosses in Fig. 4.6a. The pine needles
examined in this study accumulated a signifi-
cantly greater total PAH concentration than
mosses. As Fig. 4.6b shows, this high PAH con-
tent can be attributed to the high content of LMW
PAHs preferentially absorbed by pine needles.

Uptake Mechanisms

The cross-plots of the PAH isomer ratios
(Fig. 4.7) show a clear distinction between the
PAH sources in pine needles and mosses. Why
did these differences occur? One potential expla-
nation is that there is a stronger influence of wet
deposition in mosses. Whereas mosses take up
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Fig.4.8 Graphic summary of polycyclic aromatic hydro-
carbon (PAH) uptake by pine needles and mosses. Pine
needles (a) uptake low molecular weight (LMW) PAHs
via stomata or diffusion across waxy cuticles. However,
high molecular weight (HMW) PAHs are not as effec-

dissolved pollutants from precipitation (Thomas
1986), pine needles predominantly absorb gas-
eous PAHs via their stomata or diffusion
(Lehndorff and Schwark 2004). This distinction
in the uptake of pollutants can explain the differ-
ences in PAH sources and isomer ratios between
these two plant types.

tively absorbed because of the strong interaction between
HMW PAHs and the waxy cuticle. In contrast, mosses (b)
efficiently absorb HMW PAHs because they lack cuticle
layers. Mosses on the ground can also uptake PAHs par-
tially through soil particles

Influence of Soil Particles

In addition to the differences in leaf structures
and uptake mechanisms, the relatively high con-
centration of HMW PAHs in mosses may partly
be influenced by their ability to take up PAHs
through soil particles (Migaszewski et al. 2009).
Although this absorption route has not been



4 Mechanisms of Plant Pollutant Uptake as Related to Effective Biomonitoring 43

proven experimentally, the possibility is sup-
ported by a previous study by Klos et al. (2012),
who used radioactive markers to determine that
mosses absorb soil particles along with the heavy
metals adhering to them. HMW PAHs exist
mainly as particles and therefore can easily be
absorbed into the soil (Bozlaker et al. 2008; Wang
et al. 2009). Therefore, mosses can uptake HMW
PAHs through soil particles in the same manner
as they absorb heavy metals from soil particles.

44  Conclusion

Our results showed that pine needles and mosses
absorb different types of PAHs, a contrast that
can be explained by their unique pollutant uptake
mechanisms. From the perspective of biomoni-
toring, these findings indicate that we can multi-
directionally assess PAH pollution by using both
pine needles and mosses as bioindicators. More
specifically, pine needles are reliable indicators
of airborne LMW PAH pollution, whereas
mosses can be used to evaluate complex HMW
PAH pollution in atmospheric and soil environ-
ments. Utilizing a combination of bioindicators
for a more comprehensive environmental evalua-
tion is a novel concept that can contribute to the
effective biomonitoring.
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Introduction

Abstract

Plants emit a substantial amount of biogenic volatile organic compounds
(BVOC:s) into the atmosphere having significant effects on atmospheric
chemistry, physics, and the organisms. In this chapter, important facts
about BVOCs’ production mechanism, storage, and emissions due to vari-
ous abiotic and biotic factors have been discussed. The role of BVOCs in
defense system through plant signaling has also been discussed. The chap-
ter continues with the discussions about the importance of BVOCs in the
formation of tropospheric ozone and secondary organic aerosols and ulti-
mately strengthens our understanding about global change research.

Keywords
BVOCs e Abiotic * Biotic * Plant signalling ¢ Defense systems e
Tropospheric ozone ® Secondary organic aerosol

Generally, any organic compound having vapor
pressure high enough under normal conditions to
be vaporized into the atmosphere is termed as a
volatile organic compound (VOC). VOCs emit-
ted by plants are widely known as biogenic vola-
tile organic compounds (BVOCs). BVOCs are
classified according to their structure and biosyn-
thetic origin (Pichersky et al. 2006). BVOCs rep-
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resent a group of organic trace gases (except
carbon dioxide and monoxide) released into the
atmosphere from the plants and soils. Biogenic
VOC:s include isoprenoids (isoprene and mono-
terpenes) as well as alkanes, alkenes, carbonyls,
esters, ethers, alcohols, and acids. The lifetime of
BVOCs in the atmosphere varies from minutes to
several days (Kesselmeier and Staudt 1999).
Isoprene (CsHy) is the most widely studied
single BVOC which accounts for >90 % of the
total BVOC emissions of a particular plant spe-
cies (Blande et al. 2007). The total annual iso-
prene emissions account for 440-660 TgC
(Guenther et al. 2006), which is a large fraction
of annual global BVOC emissions (700-1000
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TgC) (Laothawornkitkul et al. 2009). Isoprene
belongs to the biochemical class of terpenoids;
other BVOCs under the same class are monoter-
penes (C,gH;s) and sesquiterpenes (C;sH,,).
BVOC:s produced by plants are involved in plant
reproduction (by attracting pollinator), growth,
wound healing, development, and defense
against herbivores. They are also involved in a
communication process between plants and
insects, within plants, and within plant commu-
nities (Pichersky and Gershenzon 2002;
Peiiuelas et al. 1995; Shulaev et al. 1997) (Fig.
5.1). BVOCs can also protect plants against
high temperatures. But, on the other hand,
BVOC emissions increase with warming and
might produce both negative and positive feed-
back on global warming through aerosol forma-
tion as well as direct and indirect greenhouse
effects (Fig. 5.2).

Several authors have reported that plants re-
emit a substantial fraction of their assimilated
carbon into the atmosphere as BVOCs that can
affect chemical and physical properties of the
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atmosphere  (Pefiuelas and Llusia 2001;
Kesselmeier and Staudt 1999).

A large fraction of carbon can be lost during
BVOC emission and it was estimated to be
around ~10 % of the total carbon stored by plants
through photosynthesis (Pefiuelas Llusia 2003).
Apart from abovementioned functions, there is
another function of BVOCs that has dragged sci-
entist attention given global warming. Recently,
it is found that production and emission of certain
BVOCs such as isoprene and monoterpenes,
which contribute a large fraction of total BVOCs,
confer protection against high temperature. There
are various factors responsible for BVOC emis-
sions and biological and physicochemical pro-
cesses (Figs. 5.1 and 5.2). Several internal
(biochemical and genetic) and external factors
control emission rates of different BVOCs by
altering their synthesis, diffusion, or vapor pres-
sure to the atmosphere. The external factor
includes abiotic (light, wind, water availability,
temperature, and ozone) and biotic (animal,
plant, and microorganism interactions) factors
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(Fig. 5.2). The complex net of these factors and
their interactions and the different responses of
the different BVOCs produce large qualitative
and quantitative and spatial and temporal vari-
ability of emissions and frequent deviations from
current standard emission models, mostly based
on temperature and light response (Pefiuelas and
Llusia 2001). Plant emissions of BVOCs have
strong relevance for plant physiology and plant
ecology, atmospheric chemistry, and climate.

5.2 BVOCEmissions:Why

and How

It is now well reported by several authors that a
wide variety of volatile non-methane organic
compounds (referred to hereafter as biogenic
volatile organic compounds (BVOCs)) are emit-
ted into the atmosphere from vegetation (Fall
et al. 1999; Geron et al. 2000; Guenther et al.
1995, 2000; Fuentes et al. 2000). BVOCs are
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stored in specialized structures like glandular tri-
chomes, glands, and resin ducts/resin canals
(Turner et al. 2000; Franceschi et al. 2005) and
are tightly separated by the surrounding cells by
an impermeable layer, generally cuticular cells
(Gershenzon et al. 2000). On the other hand, if
plants have no storage structures for BVOCs,
they have some temporary pools/nonspecific
storage (observed in both conifers and broad-
leaved trees) in mesophyll that freely diffuse out
of the leaf along their concentration gradient. The
only determining factor for this process of gas
diffusion is stomatal conductance.

5.2.1 Mechanism of BVOC Emission

The mevalonic acid (MVA) pathway and the
2-deoxyxylulose 5-phosphate/2-methylerythritol
4-phosphate (MEP) pathway (Fig. 5.3) are the
two metabolic routs responsible for DMAPP for-
mation. Leucine metabolism is another pathway
which works as a source of isoprenoids. The
source of DMAPP within the chloroplast is the
MEP pathway (Rohmer et al. 1993). The MEP
pathway begins with pyruvate and glyceralde-
hyde 3-phosphate (Rohmer et al. 1993) and
involves skeletal rearrangement to make the
branched chain and finally ends with isoprene
(Arigoni et al. 1997). In the MEP pathway, each
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carbon in the starting intermediate costs three
ATPs plus two NADPH if at the redox level of a
triose phosphate with CTP equivalent to
ATP. According to Lichtenthaler and coworkers,
this pathway is responsible for most of the iso-
prenoids made in plastids (Lichtenthaler et al.
1997). It is proved that this pathway is responsi-
ble for isoprene synthesis (Schwender et al. 1997;
Zeidler et al. 1997). The MEP pathway is more
efficient (cost is only six carbon atoms, 20 ATPs,
and 14 NADPH) as compared to the MVA path-
way (cost is nine carbon atoms, 24 ATPs, and 14
NADPH).

5.2.2 Role of Isoprene Synthase

Plants emit isoprene produced from DMAPP by
isoprene synthase (enzyme) (Silver and Fall
1991) which works at a relatively high pH and
needs Mg?* (Schnitzler et al. 1996; Silver and
Fall 1995) which is present inside chloroplasts
(Mgaloblishvili et al. 1979; Wildermuth and Fall
1996, 1998). Wildermuth and Fall (1998) also
found some isoprene synthase activity bound to
thylakoid membranes. Isoprene synthase activity
is found to be soluble (Wildermuth and Fall 1996,
1998). The membrane-bound form of isoprene
synthase activity appeared to have the same
kinetics as the soluble form. Whether the soluble
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Fig. 5.3 BVOC synthesis; MEP pathway. Note: CDP-
ME?2P2-phospho-4-(cytidine 50-diphospho)-2-C-methyl-D-
erythritol, CDP-ME 4-(cytidine 50-diphospho)-2-C-
methyl-D-erythritol, DXR deoxyxylulose-5-phosphate

reductoisomerase, DXS deoxyxylulose-5-phosphate syn-
thase, MECDP 2-C-methyl-D-erythritol 2,4-cyclodiphos-
phate, IPP isopentenyl pyrophosphate, DMAPP
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form is converted to the bound form or vice versa
and what effect this might have on the activity of
isoprene synthase is not known. Thylakoid-bound
isoprene synthase activity could be stimulated
threefold by the addition of GTP and palmitoyl
CoA (Wildermuth 1997). The conversion of
DMAPP to isoprene is catalyzed by isoprene
synthase. Perhaps isoprene is a product of the
breakdown of higher isoprenoids in E. coli. In
bacteria (Bacillus subtilis), isoprene emission
occurs during different phases of growth (Wagner
et al. 1999).

5.3  Atmospheric Chemistry
and Physics of BVOCs
5.3.1 Production of Tropospheric

Ozone

According to Fehsenfeld et al. (1992) and
Thompson (1992), isoprene emission from plants
plays a significant role in atmospheric chemistry
(Fig. 5.2). BVOCs such as isoprene can alter
atmospheric chemistry affecting the residence
times of gases that contribute to the greenhouse
effect. Isoprene oxidation in the atmosphere can
give rise to ozone and smog if nitrogen oxides are
present in the atmosphere (Daum et al. 2000;
Haagen-Smit 1952). In the high-isoprene emis-
sion zone, like a zone with extensive tropical for-
est, isoprene oxidation can account for up to 71 %
of the reduction in OH (compared to only 11 %
for CO oxidation and 5% for CH, oxidation)
(Grosjean 1995). Hence, it is very important to
understand the role of BVOCs in atmospheric
chemistry (Thompson et al. 1992; Fehsenfeld
et al. 1992). BVOC emissions can indirectly
increase the concentrations of other important
greenhouse gases such as methane resulting in
reduced atmospheric oxidation capacity due to
depletion of OH radicals (Lelieveld et al. 2008).
Hydroxyl radicals are very reactive oxidants and
act as the atmospheric detergent (Lelieveld et al.
2008). After the study of chemistry and transport
model by Wang et al. (1998), it is clear that global
emissions of BVOCs, particularly isoprene, can
cause a 15 % increase in the background levels of

O; and a 20 % decrease in the mean OH concen-
trations (Wang et al. 1998). Another study sug-
gested that global VOC emissions (isoprene as a
large fraction) cause an 18 % increase in the
global tropospheric O; concentration, a 16%
decrease in the global OH concentrations, and a
20 % increase in the tropospheric lifetime of CH,
(Poisson et al. 2000). Even the NOx spatial distri-
bution and deposition are affected by BVOC
interactions.

The oxidation of BVOCs by OH in the pres-
ence of sufficient NOx leads to the formation of
O; in the troposphere by disruption of the photo-
chemical steady state of O; (i.e., allows the oxi-
dation of NO to NO, without removal of an O;
molecule) and so causes elevated O; concentra-
tions. NOx emissions may result from fossil fuel
combustion, fertilizer application, and biomass
burning, as well as natural production by light-
ning. As tropospheric photochemistry is highly
nonlinear with respect to the emissions of O; pre-
cursors, modeling is required to determine the
effects of BVOC emissions on O; concentrations
in the troposphere (Fowler et al. 2008).

At night, NOx is present in the atmosphere as
NO,. According to Monson and Holland (2001),
sunlight photolyzes NO, which leads to the for-
mula of one molecule of ozone per one molecule
of NO,. In the absence of hydrocarbons, the total
NOx level determines the amount of ozone in the
atmosphere.

RH, +OH+0, > RO, +H,0 (5.1
RO, +NO — RO +NO, (5.2)
RO +0, —R'CHO +HO, (5.3)
HO, +NO — OH +NO, (5.4)
2(NO, +0, > NO+0;) (5.5)

NET:RH+40, - R'"HCO+20, +H,0 (5.6)

This cycle is continued as long as there are C—H
bonds available which enable the formation of
ozone. At a very high NOx level, one isoprene
molecule can result in multiple molecules of
ozone. But at a low NOx level, isoprene emission
can reduce ozone level via different set of reac-
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tions (Trainer et al. 1987). Isoprene also plays a
role in the growth of aerosols in the atmosphere.
Though aerosol’s yield per molecule in the atmo-
sphere is much lower than for monoterpenes, due
to its large emission, isoprene became a signifi-
cant source of secondary organic aerosol (Claeys
et al. 2004; Edney et al. 2005; Kroll et al. 2005,
2006; Ng et al. 2006; Olcese et al. 2007). The
resulting changes in climate may affect BVOC
emission rates, providing a positive feedback in
the climate system. The oxidation of BVOCs also
contributes atmospheric CO (Hatakeyama et al.
1991; Fehsenfeld et al. 1992; Bergamaschi et al.
2000; Griffin et al. 2007) which impacts the oxi-
dative capacity of the atmosphere similar to iso-
prene through acting as a sink for OH (Logan
et al. 1981). Thereby, the oxidation of CO is a
source or sink of O;, depending on the NOx
availability. Atmospheric oxidation of BVOCs
can also result in the formation of peroxyacetyl
nitrates (PANs) (Fehsenfeld et al. 1992). PANs
have longer residence time and can be trans-
ported to a larger distance. PANs are a source of
NOx when they are thermally decomposed in
warmer air (Fehsenfeld et al. 1992; Poisson et al.
2000), contributing a high level of NOx in the
regime without local NOx emissions which ulti-
mately lead to higher O; levels in remote areas.

5.3.2 Secondary Aerosol Formation

According to various laboratory and field studies,
BVOCs are a significant source of secondary
organic aerosol (SOA) (Fig. 5.1) (Leaitch et al.
1999; Joutsensaari et al. 2005). Through the
mechanism SOA formation via BVOC oxidation
is still not fully explained (Kulmala 2003), but it
is understood that BVOC oxidation results in
lower vapor pressure compounds which triggers
their condensation on preexisting atmospheric
molecules (Joutsensaari et al. 2005). Terpenes
and sesquiterpenes contribute more significant
amounts of SOA as compared to isoprene (Claeys
et al. 2004; Leaitch et al. 1999; Meskhidze and
Nenes 2006). Atmospheric aerosols are consid-
ered to have direct effects on climate as they scat-
ter solar radiation. Secondarily they also have

S.Sonwani et al.

indirect effects such as cloud condensation
nuclei, changing cloud albedo, and the degree of
cloud cover. The possibility that SOA formation
from BVOC emissions cools the Earth and so a
moderate temperature is dependent on BVOC
emission from plants — and other similar feed-
backs in Earth’s system — is the focus of much
current research. Hence, there is the potential for
feedback between BVOC emissions, SOA, and
climate.

5.4  Factors Affecting BVOC
Emission
5.4.1 Taxonomic Characteristics

Trees are traditionally considered to be the key
BVOC emitters. Isoprene, monoterpenes, and
sesquiterpenes are emitted from many plants and
they appear to have an adaptive role in protecting
plants from abiotic stress. However, only some
plant species emit isoprene. For example, taxo-
nomic groups as distinct as mosses and oak trees
emit isoprene, but in groups as closely allied as
mosses and hornworts or oak and maple trees,
both are emitters (mosses and oaks) and non-
emitters (hornworts and maples) (Lerdau and
Gray 2003; Hanson et al. 1999). Monson et al.
(2013) studied various isoprene-emitting genera
with high taxonomic diversity, such as the
Fabaceae (old name: Leguminosae). Mosses
(Hanson et al. 1999), ferns (Tingey et al. 1987),
gymnosperms, and angiosperms (http:www.
es.lancs.ac.uk/cnhgroup/iso-emissions.pdf ~ for
comprehensive list) consist of members emitting
BVOCs and not emitting BVOCs. Isoprene syn-
thases (IspSs) are the enzyme which catalyzes
the conversion of DMAPP to isoprene. IspSs
have been sequenced from several plant species
such as the Populus species (Sasaki et al. 2005;
Miller et al. 2001) and kudzu (Pueraria lobata)
(Sharkey et al. 2005). According to Bohlmann
et al. (1998), IspSs belong to the TSP-b family of
terpene synthases, also code for monoterpene and
sesquiterpene synthases in angiosperms. But
these are absent in gymnosperms. Isoprene syn-
thase genes analyzed so far have been found to
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have high-sequence homology with certain
monoterpene synthase genes (Miller et al. 2001;
Sharkey et al. 2005) and even a bifunctional acy-
clic monoterpene synthase/isoprene synthase
gene (Sharkey et al. 2013). A small change in the
gene sequences can easily alter both substrate
and product specificity of IspS genes (El Tamer
et al. 2003; Tholl 2006; Kampranis et al. 2007).
North American oaks all emit isoprene, but many
European oaks do not. Instead, among European
oaks a variety of behaviors is found. Some clades
emit isoprene, some emit monoterpenes in a light
dependent manner, and some emit very little ter-
pene (Loreto et al. 1998a, b; Csiky and Seufert
1999; Kesselmeier and Staudt 1999).

5.4.2 Temperature

BVOC emissions are highly temperature depen-
dent because higher temperature increases the
rate of chemical reaction and cellular diffusion
and increases the vapor pressure of volatile com-
pounds (Lerdau et al. 1994; Tingey et al. 1991;
Sharkey and Yeh 2001; Fuentes et al. 1999). The
emission rates of BVOCs are analyzed by their
synthesis rates and physicochemical parameters
like solubility, volatility, and diffusivity
(Niinemets et al. 2004; Kesselmeier and Staudt
1999; Laothawornkitkul et al. 2009). BVOC
emission rates are highly controlled by both
external and internal factors. Although there are
large uncertainties in the magnitude of emission
rates of BVOCs, a recent estimate for North
America (Guenther et al. 2000) suggests that of
an estimated 84 TgCyear-' of BVOC emissions,
30% are isoprene, 25% are terpenoid com-
pounds, and 40 % are non-terpenoid compounds
including methanol, hexene derivatives, and
2-methyl-3-buten-2-ol.

BVOC:s follow the Henry’s law constant (Ky)
and they partition between gas and liquid phases
in the plants. Leng et al. (2013) reported that the
measured Ky values for isoprene, limonene,
a-pinene, and linalool at 298 K were 0.036,
0.048, 0.029, and 21.20 mol L' atm™, respec-
tively. They also reported that diffusion of these
BVOC:s follow the first-order kinetics for rate of

loss and diffusion coefficients of all the species
as a function of temperature. Temperature affects
the evaporation and release of a minimal part of
the pools of BVOC:s that leaks out the imperme-
able cell layer. Herbivory, strong winds, and for-
est fires are the other strong factors responsible
for BVOC emissions (Litvak and Monson 1998).
High humidity also plays a significant role in
BVOC emission from the structures of plants
containing BVOC pools.

The enzymes which are responsible to cata-
lyze the synthesis of BVOCs can be easily con-
trolled or influenced by temperature. Emissions
of volatile terpenes have a Q,, = 2—4 at tempera-
tures variable between 20 and 40 °C (Monson
et al. 1992). Thus the elevation in atmospheric
temperature is a direct effect of terpenes formed
through enzymatic action.

5.4.2.1 Thermotolerance
Sharkey and Singsaas (1995) were the first
researchers who reported that isoprene plays a
significant role in thermotolerance function.
Singsaas et al. (1997) showed that adding iso-
prene to an air stream (or nitrogen gas) that
passed over these leaves could increase the tem-
perature at which damage occurred from as low
as 35 °C to as high as 45 °C. Thermotolerance
was also mentioned with special reference to
monoterpene emissions from Quercus ilex (oak
species) by Loreto et al. (1998a, b). Several stud-
ies have reported the positive link between iso-
prene and photorespiration (Pefiuelas and Llusia
2002). According to one study, “Thermotolerance
of leaf discs from four isoprene-emitting species
is not enhanced by exposure to exogenous iso-
prene” (Logan and Monson 1999) and was of
substantial concern. They found that leaf disks’
chlorophyll fluorescence held in darkness or light
plus nitrogen did not increase until 45 °C, irre-
spective of whether isoprene was in the air
stream. In their experiments the control leaf
pieces did not exhibit photosynthetic damage
below 45 °C. Measurements of the temperature
where CO, uptake fell to zero were not reported
in the study.

Two advancements were added in definitive
experiments. First was the refinement of the ther-
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motolerance hypothesis and the second was the
use of fosmidomycin, the inhibitor that elimi-
nates isoprene production without affecting pho-
tosynthesis. With these improvements, much
stronger evidence for the thermotolerance
hypothesis has been obtained (Sharkey et al.
2001). The study reported that the isoprene syn-
thesis provides tolerance of short high-
temperature episodes. The molecules similar to
isoprene were also tested to find out the basic
requirements for thermotolerance. One rule was
apparent in the results. The compounds taken
into consideration were alkenes (1,3-butadiene,
1-butene, and cis 2-butene) that provided ther-
motolerance though alkanes (n-butane, iso-
butane, and 2-methyl-butan) did not; they even
increased the damage caused by heat (Sharkey
et al. 2001).

5.4.3 Soil Moisture

Soil moisture is one of the important factors
responsible for BVOC emission from plants. Soil
moisture is significantly correlated with BVOC
(isoprene and monoterpene) emission (Gray et al.
2014). Several authors studied the global BVOC
emission model with soil moisture. Guenther
et al. (2006) estimated a 7 % decrease in isoprene
emission due to soil moisture’s effect, while
Muller et al. (2008) calculated a 20 % decrease.
The lower soil moisture can induce stomatal clo-
sure, which can reduce the production and emis-
sion of BVOCs coming directly from temporary
storage pools inside the leaves (McBean et al.
2005).

BVOC Emission and Global
Warming

5.5

Climate models suggest that, during the twenty-
first century, the mean global temperature will
increase by 1-6 °C (with a best estimate of 2-3
°C) (IPCC 2007). BVOC emissions are altered
by varying their temperature; their emissions
increase with temperature to a certain limit,
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beyond which enzyme degradation and physio-
logical responses to heat stress affect the emis-
sion pattern (Guenther et al. 1993).

Emissions of BVOCs are always run along a
vapor pressure gradient from the cellular level
(containing relatively high concentrations) to the
surrounding air of leaves (containing relatively
low concentrations) due to transport. Temperature
increases the emission rates of most BVOCs
exponentially by enhancing the enzymatic activi-
ties of synthesis, by elevating the BVOC vapor
pressure, and by decreasing the resistance of the
diffusion pathway (Tingey et al. 1991). Penuelas
and Llusia (2003) have suggested that increasing
mean global temperatures by 2-3 °C could
enhance global BVOC emissions by 25-45 %.
The dependency of BVOC emission rates on
temperature can be further explained with G93
algorithm, given by Guenther et al. (1993), where
the emission rate of monoterpene can be
expressed as:

E=E_exp{B(T -T.)}. (5.7)
where E and E, are measured emission rates and
basal emission rates at a standard temperature,
i.e., 30 °C, respectively. T and T, are measured
and standard temperatures, respectively. f is an
empirical coefficient (depends on species of veg-
etation and compounds emitted. With the similar
model at a local temperature regime (4 °C) for
Douglas fir trees, Constable et al. (1999) found a
predicted increase in emission of 52 %, 46 %, and
41% for a-pinene, B- pinene, and A-3 carene,
respectively. Whereas isoprene emission is mod-
eled as:

E =E xC,xC,, (5.8)

where E is the isoprene emission rate at tempera-
ture T and PAR flux L, Eg is the emission rate
measured at standard temperature Ts and PAR
(1000 mmol m=2 s7!), and the scaling factors Cr
and C_ are defined by:

exp[ Cy, x(T—T,) ]/ (RxT xT,)

= (5.9)
! 1+exp[CT2X(T—Tm)]/(RxTxTS)
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axC, xPAR
Jl+0>xPAR?

where, Cr; (95,000 J mol™), Cr, (230,000 J
mol™), T,, (41 °C), a (0-0027), and Ci, (1-066)
are parameters calculated from experiments
made on some BVOC-emitting plant species
(Guenther et al. 1993). R is the gas constant
(8134 J K~! mol™).

Applying the algorithms of emission response
to temperature (Llusia and Pefiuelas 2000; Tingey
et al. 1991; Peiiuelas and Llusia 2003) calculated
global warming over the past 30 years and found
that BVOC:s increased global emissions by 10 %
and a further 2-3 °C rise in the mean global tem-
perature, which is predicted to occur this century
(Houghton et al. 2001), could increase BVOC
global emissions by an additional 30—45 %.

At a very high temperature, isoprene emission
declines dramatically. It is possible that extreme
temperature rises will eventually cause a decrease
in isoprene emissions, irrespective of other
changes to ecosystems.

Global warming can also indirectly influence
global- and regional-scale BVOC emissions by
altering vegetation species composition and veg-
etation characteristics (Wilmking et al. 2004;
Starfield and Chapin 1996). Simulation model
studies predict forest dieback at a lower latitude
such as Amazonia (Cox et al. 2004). However,
the models predicted that boreal forests will be
exposed northward in a global warming scenario
(Chapin et al. 2000; Kittel et al. 2000). The
increase in boreal forests may increase BVOC
emissions for species such as Populus sp. and
Picea sp. (Lerdau and Slobodkin 2002). However,
forests at lower altitudes may reduce BVOC
emission, probably having no impact on global
budgets.

C, = (5.10)

5.6 BVOCs and Plant Signaling
(Plant-Plant and Plant-

Insect Herbivory)

Several authors discussed about the BVOC emis-
sions and their role in many abiotic stress toler-
ance, including thermotolerance of photosynthesis

and reduced oxidative stress (Sun et al. 2013;
Singsaas et al. 1997; Loreto et al. 1998; Sharkey
and Singsaas 1995; Possell and Loreto 2013;
Llusia et al. 2005).

As per the authors of the recent twenty-first
century, BVOCs are essential components for
communication within a plant, between plants,
and between a plant and an insect (Trowbridge
and Stoy 2013; Dicke and Baldwin 2010; Duhl
2008; Baldwin et al. 2002). In plant-herbivore
interactions, the volatiles can act as attractants or
repellents to herbivores (Laothawornkitkul et al.
2008). For instance the a-pinene (monoterpene)
released by wounded Pinus sylvestris L. (Scotch
pine) acts as an attractant to Hylobius abietis
(large pine weevil), and thus, previous damage of
a conifer can increase herbivory damage.
However, by repelling limonene attraction of H.
abietis can be reduced (Nordlander 1991).
According to Mithen (2001), heat-stressed
Brassica nigra (black mustard) plants may
become attractive to specialized feeders of
Brassicaceae (older name, Cruciferae) due to the
increasing emissions of allyl isothiocyanate
(organosulfur compound and responsible for the
pungent taste of the Cruciferae family). Arimura
et al. (2001) found that BVOCs emitted from
Tetranychus (spider mite)-infested lima bean/but-
ter bean (Phaseolus lunatus L.) can activate
genes encoding pathogenesis-related proteins
and phenylalanine ammonia-lyase in leaves of
noninfested neighboring plants, and GLVs can
serve as signal compounds in plant—plant com-
munication (Arimura et al. 2001). Later on it was
found that such kind of sharing of information
(between plants) depends on the diffusion and
convection of the BVOC information between a
sender and a receiver plant (Baldwin et al. 2002).

5.7 Conclusion

BVOCs played an important role in atmospheric
chemistry and were also involved in the several
mechanisms of plant physiology like plant sig-
naling. Any biotic or abiotic stress is responsible
for BVOC emission from plants. The overall
effect of increasing BVOC emissions will depend
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on the positive and negative feedback mecha-
nism. These emissions are released in support of
defense mechanisms from plant species. This
chapter signifies about the important component
of atmospheric sciences as well as plant physiol-
ogy, i.e., BVOCs which are still under progress;
very less attention has been put toward this mech-
anism. The important environmental issue of
global warming is also influenced by BVOCs.
BVOCs also played an important role in the pro-
duction of tropospheric ozone, aerosol formation,
and ultimately SOA. In short, this chapter con-
cludes with the fact that precursors play an
important role in the production of secondary
pollutants and these precursors like BVOCs take
part in climate change issues.
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Introduction

Abstract

Urbanization and industrialization processes contribute significant amount
of various air pollutants such as SO,, NO,, CO, particulate matter, etc.
These pollutants affect plant health and emit various forms of SO,, NOx,
and O; which may act in combination of a variety of ways: additive,
synergistic, and antagonistic. These pollutants can have a deleterious
effect on a variety of biochemical and physiological processes and on the
structural organization within the cells. Certain plant species are very
sensitive to these pollutants resulting in well visible and measurable
symptoms. Morphological damage is generally visible through lesions on
the leaves, flowers, and fruits while biochemical and physiological changes
which are invisible can be measured and quantified. In this chapter,
biochemical effects on plants have been described. These symptoms can
be used as indicators of air pollution stress for its early diagnosis and can
be used as markers for a particular physiological disorder.

Keywords
Urbanization ¢ Industrialization ¢ Biochemical ¢ Physiological e
Morphological * Air pollution stress

Some of the atmospheric gases at their supra
optimum level become pollutants and evoke vari-

Increasing air pollution has been a matter of con-
cern for plant health due to its adverse effects on
plant physiology, biochemistry, and morphology.

P. Saxena (D<) ¢ U. Kulshrestha

School of Environmental Sciences, Jawaharlal Nehru
University, New Delhi 110067, India

e-mail: pallavienvironment@ gmail.com

© Springer Science+Business Media Singapore 2016

ous types of visible and hidden plant responses
which ultimately lead to reduced plant growth
and productivity (Krupa et al. 1982; Srivastava
1999; Poschl 2005). The impact of such anthro-
pogenic emission into the atmosphere and its
movement into the biosphere by transformation,
reaction, and modification is responsible for a
variety of chronic and acute diseases at local,
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regional, and global scales (Rawat and Banerjee
1996). Impact on the plant community has also
been studied worldwide in terms of plant—envi-
ronment interactions, since the plants are much
more sensitive in comparison to other organisms
(Abbasi et al. 2004). The symptoms or effects in
plant anatomy, physiology, or biochemistry indi-
cate the state of the environment. Since the major
system and organs of plants are exposed to the
atmosphere and the leaves continuously exchange
gases in and out of the systems, any change in the
atmosphere is reflected in the plants’ physiology.
On the other hand, plants play an important role
in monitoring and maintaining the ecological bal-
ance by actively participating in the cycling of
nutrients and gases like carbon dioxide and oxy-
gen and also provide enormous leaf area for
impingement, absorption, and accumulation of air
pollutants to reduce the pollution level in the air
environment (Escobedoetal. 2008). Biomonitoring
of air pollution using plants is possible by using
both native and cultivated plant species present in
the studied area (Shannigrahi et al. 2004). Plants
take these air pollutants from the surrounding air.
Once taken, the selected pollutant may be
adsorbed, absorbed, accumulated, or integrated
into the plant body. If the nature of a particular air
pollutant is toxic, it may injure the plant exhibiting
specific symptoms. Generally, sensitive species
show quicker injury symptoms than that of toler-
ant ones. Hence, sensitive species act as early
warning indicators of pollution. On the other hand,
the tolerant species help in the scavenging of air
pollutants, reducing the overall pollution load
(Rao 1983). Among various air pollutants, gases

such as SO,, NO,, HF, PAN, and O; are highly
phytotoxic. These may harm higher plants very
rapidly in a drastic manner (Figs. 6.1 and 6.2). For
example, the phytotoxic effect of hydrogen fluo-
ride (HF) is well known for several plant species
such as monocotyledonous ornamental plants (as
tulips, gladioli), stone fruit species (as plums,
peaches, and apricots), crops (like maize), and
natural plants (like Hypericum perforatum L. and
Picea abies L.) (Flowers et al. 2007). When plants
are exposed to HF air pollution, the F ion accumu-
lates in the rims and tips of the leaves and causes
necrosis of leaf tissue, clearly separated from the
living, green tissue by a red-brown boundary zone
(Fig. 6.3) (Hogue et al. 2007).

Air pollutants cause damage to leaf cuticles
and affect stomatal conductance. They can also
have direct effects on photosynthetic systems,
leaf longevity, and patterns of carbon allocation
within plants. Pollutants interact with other
environmental factors and may alter plant—
environment relationships on a regional scale
(Winner 1981). Air pollutants’ impact on plant
life are mainly of two types — directly through
clear visible leaf injury (e.g., interveinal or needle
chlorosis and necrosis) or indirectly on growth
and reproduction. Some air pollutants cause only
visible effects on plants at a much higher
concentration than indirect ones. For example,
chlorine (Cl,), nitrogen dioxide (NO,),
hydrochloric acid (HCI), and ammonia (NH;) are
components that do not produce specific
symptoms, but all give rise to leaf chlorosis and
necrosis and growth reduction (Weinstein 1977).
Thus higher plants may be used as indicators and
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Fig. 1 Ozone damage to potato
Photo courtesy of Gerald JoHolmes, NCSU B8

)

Fig.6.2 Effect of ozone on potato (Source: https://exten-
sion.umd.edu/learn/air-pollution-effects-vegetables)

Fig. 6.3 Effect of hydrogen fluoride on Dracaena dere-
mensis (Source: http://mysticablog.wordpress.com)

accumulators of air pollutants for detection, rec-
ognition, and monitoring purposes. Some of the
important physiological processes such as photo-
synthesis, respiration, carbon allocation, and sto-
matal functioning are known to be effected by air
pollution (Darrall 1988). Certain plant species
may accumulate a particular component from the
air without changing it in such a way that the
component can be analyzed physiochemically
(qualitatively and quantitatively) after accumula-
tion in the plants (Hung and Mackay 1997). The
level of biochemical parameters such as chloro-
phyll, protein, soluble sugar, ascorbic acid,
superoxide dismutase, and peroxidase in leaves
have been found to be pollution load dependent.
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The effect of pollution on each of these biochem-
ical constituents has been described below.

6.2 Effect on Pigment Content

Chlorophyll is one of the main essential parts of
energy production in green plants and its amounts
are significantly affected by environmental
condition. Depletion in chlorophyll causes a
decrease in the productivity of plants and
subsequently causes plants to exhibit poor vigor.
The total chlorophyll level in plants decreases
under stress condition (Speeding and Thomas
1973). Bell and Mudd (1976) opined that
tolerance of plants to SO, might be linked with
the synthesis of degradation of chlorophyll.
However plants maintaining their chlorophyll
under polluted conditions are said to be tolerant
(Singh and Verma 2007). Chlorophyll
measurement is an important tool to evaluate the
effects of air pollutants on the plants as it plays an
important role in plant metabolism. Any reduction
in chlorophyll content directly affects plant
growth (Agbaire and Esiefarienhre 2009). The
net photosynthetic rate is a commonly used
indicator of impact of increased air pollutants on
plant growth (Woo et al. 2007). Air pollution
stress leads to stomatal closure, which reduces
CO, availability in leaves and inhibits carbon
fixation. Sulfur dioxides, nitrogen dioxides, and
CO,, as well as suspended particulate matter, are
some of the air pollutants which are absorbed by
plant leaves causing reduction in the levels of
photosynthetic pigments, viz., chlorophyll and
carotenoids, affecting the plant productivity
directly (Joshi and Swami 2009; Honour et al.
2009). Rao and LeBlanc (1965) found that
destruction of chlorophyll occurred in lichens
following exposure to large doses (5 ppm for 24
h) of gaseous SOx. At this high concentration,
chlorophyll molecules were degraded to
pheophytin and Mg*. A similar conversion of
chlorophyll to pheophytin can occur with acids or
acidic substances. In this process Mg?* in the
chlorophyll molecule is replaced by two atoms of
hydrogen, thereby changing the light-spectrum
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characteristic of the chlorophyll molecules.
Rapid in vitro chlorophyll destruction can also be
caused by free radicals produced during the oxi-
dation of HSOj; -catalyzed decomposition of the
linoleic acid hydrogen peroxide (Peiser and Yang
1977, 1979). Shimazaki et al. (1980) presented
evidence that SO, fumigation of leaves increases
the formation of O, in chloroplasts that in turn
destroys chlorophylls. A superoxide radical has
been shown to influence chlorophyll at very low
concentrations (10-8 to 10-7 M) (Asada et al.
1977). In Spinacia oleracea leaves, gaseous SO,
destroyed chlorophyll a more rapidly than chlo-
rophyll b, but the loss of chlorophyll a was not
accompanied by a corresponding increase in
pheophytin a (Shimazaki et al. 1980). As scaven-
gers of free radicals inhibited chlorophyll break-
down in Spinacia oleracea leaves, it was
suggested that SO, destroys chlorophyll mainly
by a free-radical oxidation. This was further sup-
ported by the observation that chlorophyll a
breakdown was inhibited by superoxide dis-
mutase. Sulfur dioxide inhibits the superoxide
dismutase activity in the fumigated tissues
(Shimazaki et al. 1980). Furthermore, accumula-
tion of malondialdehyde, a lipid peroxidation
product, and a decrease in chlorophyll a in SO,-
fumigated Spinacia oleracea leaves were related
to the free-radical oxidation of chlorophyll.

Gradual disappearance of chlorophyll and con-
comitant yellowing of leaves is one of the most
common effects on plants which may be associ-
ated with the continuously decreasing photosyn-
thetic capacity of the plant (Joshi et al. 2009).
Carotenoids which help in capturing light in the
chloroplast are also affected by air pollution.
Carotenoids also play a more important role in
protecting the cells and live organisms as they
encounter damage from free-radical oxidative
cells (Fleschin et al. 2003). These pigments are
more stronger than chlorophyll but much less effi-
cient in light gathering, help the valuable but
much fragile chlorophyll, and protect chlorophyll
from photoxidative destruction (Joshi et al. 2009).
Similar to chlorophyll, the level of carotenoids
decreases with the increase in air pollution load
(Joshi et al. 2009; Tripathi and Gautam 2007,
Tiwari et al. 2006; Gupta et al. 2015).

P. Saxena and U. Kulshrestha

6.3  Effect on Sugar Content

Soluble sugars have osmoprotectant and cryopro-
tectant roles and their presence is important for
the plasma membrane. These are important parts
in the plant structure and source of energy in all
organisms. The concentration of soluble sugars is
indicative of the physiological activity of a plant
and it determines the sensitivity of plants to air
pollution (Tripathi and Gautam 2007).
Accumulation of sugars in different parts of
plants is enhanced in response to the variety of
environmental stresses (Prado et al. 2000).
Soluble sugars have been also reported to play a
protective role against stresses (Finkelstein and
Gibson 2001). In this study, there was an increase
in soluble sugar in polluted sites indicative of
stress. Soluble sugar is an important constituent
of plants which acts as a source of energy. Plants
manufacture sugars during photosynthesis and
breakdown during respiration (Bennett et al.
1984). The concentration of soluble sugars is
indicative of the physiological activity of a plant
which determines the sensitivity of plants toward
air pollution. Reduction in soluble sugar content
at polluted sites can be attributed to the increased
rate of respiration and decreased CO, fixation
because of chlorophyll deterioration (Wilkinson
and Barnes 1973). In a polluted environment,
gases such as SO,, NO,, and H,S can cause more
depletion of soluble sugars in the leaves under
hardening conditions. In an SO,-exposed plant,
the carbohydrate content is reduced due to sulfite
reaction with aldehydes and ketones of carbohy-
drates (Dugger and Ting 1970). Plants exposed to
SO, exhibit increasing amounts of soluble sugars
(Khan and Malhotra 1977; Koziol and Jordan
1978; Malhotra and Sarkar 1979). In Pinus bank-
siana, SO, fumigation (0.34 and 0.51 ppm)
increased the content of the reducing sugars and
reduced that of the nonreducing sugars (Malhotra
and Sarkar 1979). It was suggested that the
increase was due to a breakdown of polysaccha-
rides rich in reducing sugars. Koziol and Jordan
(1978) showed that SO, exposure of Phaseolus
vulgaris seedlings caused a reduction in starch
content. Reduction in nonstructural total carbo-
hydrates has also been reported following SO,
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exposure of Ulmus americana (American elm)
seedlings (Constantinidou and Kozlowski 1979).

6.4  Effect on Proline Content

Proline is a part of many proteins and enzymes
and has important roles in plants as source of
energy and osmoprotectant in stressed conditions
(Huber 1984). Proline accumulation in abiotic
stress reduces degradation of other proteins
(Thomas 1991). Proline accumulation in the cells
may happen because of decrease in proline degra-
dation, increase in proline synthesis, and hydroly-
sis of protein (Fikriye and Omer 2005). The
accumulation of proline is related to increase of
tolerance against salt and drought stress in many
plants (Nayar 2003). Proline acts as free-radical
scavenger protecting the plants against damage
due to oxidative stress. Higher exposure to air
pollutants makes chloroplasts more vulnerable to
generate ROS and induces oxidative stress (Woo
et al. 2007). Typical environmental stress can
cause excess reactive oxygen species (ROS)
which are extremely reactive and cytotoxic to all
organisms (Pukacha and Pukacha 2000). The del-
eterious effects of pollutants are caused by the
production of ROS in plants, which cause peroxi-
dative destruction of cellular constituents (Tiwari
et al. 2006). Hence, higher proline in plants is
considered as an indicator of higher stress like
osmotic stress (Szekely 2004; Gupta et al. 2015).

6.5 Effect on Enzymatic
Activities and Role

of Antioxidants

Since higher plants are immobile, they experience
environmental stress due to high air pollution load
in the atmosphere. The ability of higher plants to
scavenge the toxic effects of active oxygen seems
to be a very important determinant of their toler-
ance to these stresses. Antioxidants are the first
line of defense against free-radical damage. They
are critical for maintaining the optimum health of
plant cells. There are several antioxidant enzymes,
peptides, and metabolites involved in the scav-
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enging of active oxygen in plants, and their acti-
vation are known to increase upon exposure to
oxidative stress (Gill and Tuteja 2010). The exam-
ples of antioxidant enzymes are superoxide dis-
mutase (SOD), catalase (CAT), ascorbate
peroxidase (APX), monodehrydroascorbate redu-
catse (MDHAR), dehydroascorbate reductase
(DHAR) and glutathione reductase (GR) while
antioxidant metabolies include phenolic and
nitrogen compounds..

6.5.1 Enzymatic Activity

and Peptide Defense

Information on antioxidant levels and the activity
of antioxidant-regenerating enzymes are
somewhat contradictory; both decreases and
increases in the antioxidative capacity of the
tissues have been reported (Larson 1988; Foyer
and Noctor 2003; Tanou et al. 2009). Such
diversification partly arises from the response
specificity of a particular plant species and from
different  experimental conditions  (stress
treatment, duration of stress, assay procedure,
and parameters measured).

6.5.1.1 Catalase and Peroxidase

CATs are tetrameric heme-containing enzymes
with the potential to directly dismutate H,O, into
H,O and O, and are indispensable for ROS
detoxification during stressed conditions (Rao
et al. 2006). CAT has one of the highest turnover
rates for all enzymes: one molecule of CAT can
convert approx. six million molecules of H,O, to
H,O and O, per minute. CAT is important in the
removal of H202 generated in peroxisomes by
oxidases involved in B-oxidation of fatty acids,
photorespiration, and purine catabolism. The
CAT isozymes have been studied extensively in
higher plants (Griffiths et al. 1989), e.g., two in
H. vulgare (Zang et al. 2003), four in Helianthus
annuus cotyledons (Prasad and Sharma 2004),
and as many as 12 isozymes in Brassica (Kumar
et al. 2007). Srivastava et al. (2010) reported a
decrease in CAT activity in A. doliolum under
NaCl and Cu,O stress. Simova-Stoilova et al.
(2010) reported increased CAT activity in wheat
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under drought stress but it was higher especially
in sensitive varieties. In another study, Sharma
and Dubey (2007) reported a decrease in CAT
activity in rice seedlings following drought stress.
It has also been reported that high light condition
increased the CAT activity in P. asperata under
drought stress (Sharma and Dubey 2007). The
UV-B stress also led to a significant increase in
CAT activity in C. auriculata seedlings (Agrawal
2007). Contrarily, Pan et al. (2006) studied the
combined effect of salt and drought stress and
found that it decreases the CAT activity in
Glycyrrhiza uralensis seedlings.

Plant catalases are tetrameric homoproteins
that exist as multiple isozymes encoded by
nuclear genes. They are located mostly in
peroxisomes and glyoxysomes, although a
specific isozyme, Cat3, is present in maize
mitochondria (Cho and Seo 2005). The catalase
of soybean nodules is a typical homotetramer of
220 kDa (Miller et al. 2008). This enzyme may
be especially abundant in the peroxisomes of
determinate nodules by urease and possibly other
oxidases (Tanou et al. 2009). A long-known
metalloenzyme, catalase, is one of the most
efficient protein catalyses known; it promotes the
redox reaction.

2H,0, —2H,0+0,

Hydrogen peroxide itself is not particularly
reactive with the most biological precursor for
more reactive oxidants such as HO. Although
catalase is rather specific for H,0,, it reacts with
a limited number of organic hydrogen peroxides
such as MeOOH, using them to carry out
oxidative reactions on the acceptor molecules
while simultaneously reducing the peroxidic
substrate. Catalase (Cat) is a high-capacity but
low-affinity enzyme which destroys hydrogen
peroxide. Catalase is a sink for H,O, and that
higher-affinity peroxidases, such as ascorbate
peroxidase (APX), deal with lower concentrations
(Srinivas et al. 2008). The low-catalase plants
were more sensitive to stresses such as ozone and
high salinity, as well hydrogen peroxide and
methyl viologen.

Other important plant enzymes, the peroxi-
dases, also function in this mode. In addition to
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defense against active oxygen compounds, plant
peroxidases have other important cellular roles.
However, in different cases endogenous auxin
levels are regulated by the enzymes auxin oxi-
dase and peroxidase (Farmer 2007). The activi-
ties of some antioxidant enzymes increase during
stress treatment, and the types of enzymatic
activities that increase are dependent on the form
stress imposed. The enzymes whose activities
increase during stress treatment may play an
important role in defense against that particular
stress.

6.5.1.2 Dehydroascorbate Reductase
(DHAR)

DHAR is thought to play an important role in the
oxidative stress tolerance of plants by regenerating
ascorbate from dehydroascorbate (Foyer and
Noctor 2003; Bielski et al. 1983). In some plants,
DHAR activity has also been reported to increase
upon exposure to high temperature, high light
intensity, and water deficiency, respectively
(Demirevska-Kepova et al. 2006; Zhang et al.
2003; Larson 1988). DHAR regenerates ASH
from the oxidized state and regulates the cellular
ASH redox state which is crucial for tolerance to
various abiotic stresses leading to the production
of ROS. It has also been found that DHAR
overexpression also enhances plant tolerance
against various abiotic stresses. In a study, under
Al stress, the role of MDAR or DHAR in ASH
regeneration has been studied in transgenic
tobacco plants overexpressing A. thaliana
cytosolic DHAR (DHAR-OX) or MDAR
(MDAR-OX). It was found that DHAR-OX-
transgenic plants showed higher levels of ASH
with or without Al, whereas MDAR-OX plants
only showed a higher ASH level in the absence of
Al in comparison to WT. Significantly higher
levels of ASH and APX in DHAR-OX plants
showed better tolerance under Al stress but not
MDAR-OX plants. It is clear that plants
overexpressing DHAR showed tolerance to Al
stress by maintaining a high ASH level (Chen and
Gallie 2005). The overexpression of DHAR in
tobacco protected the plants against ozone
toxicity. Overexpression of DHAR increased salt
tolerance in Arabidopsis (Ushimaru et al. 2006)
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and drought and ozone stress tolerance in tobacco
(Eltayeb et al. 2006).

6.5.1.3 Ascorbate Reductase (APX)
and Glutathione
Reductase (GR)

APX is thought to play the most essential role in
scavenging ROS and protecting cells in higher
plants, algae, euglena, and other organisms. APX
is involved in scavenging of H202 in water—
water and ASH-GSH cycles and utilizes ASH as
the electron donor. The APX family consists of at
least five different isoforms including thylakoid
(tAPX) and glyoxysome membrane forms
(gmAPX), as well as chloroplast stromal soluble
form (sAPX) and cytosolic form (cAPX) (Smith
et al. 2008). APX has a higher affinity for H202
(pM range) than CAT and POD (mM range) and
it may have a more crucial role in the management
of ROS during stress. Enhanced expression of
APX in plants has been demonstrated during
different stress conditions. Increased leaf APX
activity under Cd stress has been reported in
Ceratophyllum demersum (George et al. 2010),
B. juncea (Singh et al. 2008), T. aestivum (Li
et al. 2009), and V. mungo (Su and Wu 2004).
Noctor and Foyer 1998reported that pretreatment
of O. sativa seedlings with H202 under non-heat
shock conditions resulted in an increase in APX
activity and protected rice seedlings from
subsequent Cd stress. Enhanced activity of APX
was also found in salt-stressed A. doliolum
(Foreman et al. 2003). A significant increase in
APX activity was noted under water stress in
three cultivars of P. vulgaris (Gratao et al. 2005)
and P. asperata (Flors and Nonell 2006). Sharma
and Dubey (2007) found that mild-drought-
stressed plants had higher chloroplastic APX
activity than control grown plants but the activity
declined at the higher level of drought stress.
Pekker et al. (2002) studied the expression of
cAPX in leaves of de-rooted bean plants in
response to iron overload and found that cAPX
expression (MRNA and protein) was rapidly
induced in response to iron overload. The findings
of Koussevitzky et al. (2008) suggest that
cytosolic APX1 plays a key role in the protection
of plants from a combination of drought and heat
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stress. Simonovicova et al. (2004) also reported
increase in APX activity in H. vulgare L. cv.
Alfor root tips under Al stress at 72 h.

APX and GR are the major scavengers of
hydrogen peroxide in plant cells (Asada 1999)
and their activities increase in response to various
environmental stressors. In leaves Arabidopsis
thaliana APX activity increased during exposure
of plants to ozone, sulfur dioxide (Radotic et al.
2000) chilling, and UV-B (Koji et al. 2009).
Ascorbate peroxidase (APX) and glutathione
reductase (GR) activities are increased in water-
stressed spinach leaves. In Arabidopsis leaves,
the decrease in CAT activity when exposed to
high temperature, high light intensity, and water
deficiency preceded the increase of APX and GR
activity. This decrease in CAT activity might
trigger the induction of APX and GR activities by
reducing the ability of cells to scavenge hydro-
gen peroxide (Larson 1988).

6.5.2 Metabolic Compounds’
Defense

Antioxidants when added in small quantities to
materials react rapidly with the free-radical
intermediates of an autooxidation chain and stop
it from progressing. The primary components of
this antioxidant system include -carotenoids,
ascorbate, glutathione, vitamin E (a-tocopherols)
flavonoids, phenolic acids, other phenols,
alkaloids, polyamines, chlorophyll derivatives,
amino acids and amines, and miscellaneous
compounds. It has been recognized that naturally
occurring substances too have antioxidant
activity including those found in higher plants.
Recently, oxygen-containing free radicals in
biological systems and their role as causative
agents in the etiology of a variety of chronic
disorders have been the topics of interests of
vegetation. It has also been reported that plants
with high levels of antioxidants, whether
constitutive or induced, have a greater resistance
to such oxidative damage (Edwards et al. 2000;
Creissen et al. 1999; Depege et al. 1998; Vierstra
et al. 1982; Foyer and Halliwell 1976). A number
of studies indicated that the degree of oxidative
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cellular damage in plants exposed to abiotic
stress is controlled by the capacity of antioxidative
systems (Sanchez-Rodriguez et al. 2010; Lin
et al. 2008; Bartoli et al. 2004; Zhang et al. 2003;
Noctor and Foyer 1998).

6.5.2.1 Phenolic Compounds

Phenolics are diverse secondary metabolites
(flavonoids, tannins, hydroxycinnamate esters
and lignin) abundant in plant tissues (Polidoros
and Scandalios 1999). Polyphenols possess ideal
structural chemistry for free-radical-scavenging
activity, and they have been shown to be more
effective antioxidants in vitro than tocopherols
and ascorbate. Antioxidative properties of
polyphenols arise from their high reactivity as
hydrogen or electron donors, from the ability of
the polyphenol-derived radical to stabilize and
delocalize the unpaired electron (chain-breaking
function), and from their ability to chelate
transition metal ions (termination of the Fenton
reaction) (Ferreira et al. 2002). Another
mechanism  underlying the antioxidative
properties of phenolics is the ability of flavonoids
to alter peroxidation kinetics by modification of
the lipid-packing order and to decrease fluidity of
the membranes (Sandalio and del Rio 1988).
These changes could sterically hinder diffusion
of free radicals and restrict peroxidative reactions.
Moreover, it has been shown recently that
phenolic compounds can be involved in the
hydrogen peroxide scavenging cascade in plant
cells (Harinasut et al. 2003).

6.5.2.2 Nitrogen Compounds

Alkaloids

Increasing evidence from a variety of sources
have indicated that the basic nitrogen compounds
of higher plants include many representatives
that are potent inhibitors of various oxidatives
(Gapinska et al. 2008). Caffeine, from the leaves
of tea (Thea sinensis) and coffee (Coffea arabica),
was shown to have antioxidative activity (in a
linoleic acid oxidation test) comparable to that of
butylated hydroxyanisole (BHA) and butylated
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hydroxytoluene (BHT). Several alkaloids of
various structural types have been found to be
potent inhibitors of 'O,. Particularly effective are
indole alkaloids such as strychnine and brucine
that have a basic nitrogen atom in a rigid, cage-
like structure. Such alkaloids appear to be strictly
physical quenchers and are not destroyed
chemically by the process of quenching. Hence,
each molecule of alkaloids could inactivate many
molecules of singlet oxygen (Khan et al. 2007).

Polyamines

Polyamines (spermidine and spermine) play a
variety of physiological roles in plant growth and
development (Singh et al. 2008; Azevedo et al.
1998). They are also potent ROS scavengers and
inhibitors of lipid peroxidation (Ali and Alqurainy
2006). Furthermore, exogenous application of
polyamines has been shown to protect against
various stress conditions such as cold, wilting,
pollution, and salinity (Leon et al. 2002). The
protection of plants against ozone damage (Wang
and Li 2008) by an exogenous supply of
polyamines is believed to be caused by the free-
radical-scavenging property of the polyamines
(Azevedo et al. 1998). Also, the protection of
plants against stress damage by an exogenous
supply of polyamines is believed to be caused by
the free-radical scavengers of the polyamines
(Singh et al. 2008).

Amino Acids and Amines

Many amino acids have been tested for their
antioxidant activity especially in food-based
systems. Antioxidant activity has been claimed
for selected amino acids such as arginine, his-
tidine, cysteine, tryptophan, lysine, methio-
nine, and threonine (Gapinska et al. 2008).
Certain amino acids may exhibit antioxidant
potential under some conditions of tempera-
ture or pH or oxygen concentration but have no
effect or actually promote oxidation in others.
For example, alanine and histidine were
reported to inhibit the oxidation of linoleic
acid at pH 9.5 and to promote it at pH 7.5
(Gapinska et al. 2008).
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6.5.2.3 Other Compounds

Ascorbic Acid

Ascorbic acid (AA) has been known as a biologi-
cal antioxidant. AA can directly scavenge super-
oxide, hydroxyl radicals, and singlet oxygen and
reduce H,O, to water via ascorbate peroxidase
reaction (Noctor and Foyer 1998). High concen-
trations of ascorbic acid have been reported in
many cellular environments, such as the stroma of
chloroplasts where its level is 2.3x10 M. In
many qualitative studies, ascorbate has been dem-
onstrated to possess significant antioxidant activ-
ity (Ferreira et al. 2002). For example, 10> M
ascorbate inhibited the photooxidation of a
kaempferol by illuminated spinach chloroplasts.
Ascorbate reduces two equivalents of O7,-
produced H,0, and the triketo derivative dehy-
droascorbic acid. Ascorbate also reacts with 'O, at
a relatively fast rate (Noctor and Foyer 1998). AA
is one of the most studied and powerful antioxi-
dants (Wang and Li 2008; Khan et al. 2007,
Larson 1988; Noctor and Foyer 1998). It has been
detected in the majority of plant cell types like
organelles and in the apoplast. Under physiologi-
cal conditions AA exists mostly in the reduced
form (90 % of the ascorbate pool) in leaves and
chloroplasts (Bergmiiller et al. 2003) and its intra-
cellular concentrations can build up to a milli-
molar range (e.g., 20 mM in the cytosol and
20-300 mM in the chloroplast stroma (Foyer and
Harbinson 1994)). The ability to donate electrons
in a wide range of enzymatic and nonenzymatic
reactions makes AA the main ROS-detoxifying
compound in the aqueous phase. AA acts as a
cofactor of violaxanthin de-epoxidase thus sus-
taining dissipation of excess excitation energy in
chloroplasts (Khan et al. 2007). Recently, Gupta
et al. (2015) have reported a higher concentration
of AA as an antioxidant which has been attributed
to the levels of pollution load and its stress.

6.6 Conclusion

The present chapter highlights the significant
effects posed by air pollutants on plant health
through biochemical parameters such as
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chlorophyll, proline content, and other enzymatic
activities acting as bioindicators for determining
the health of the plant. Moreover, among all the
other air pollutants, O; and SO, affect plant
metabolism mostly and can reduce the plant
growth. Both morphological and physiological
symptoms will be considered while analyzing the
health of the plant.
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Abstract

Absorption and accumulation/integration of air pollutants by leaves induce
physiological and biochemical alterations in plants. Photosynthesis is the
basic physiological event affected in plants exposed to air pollutants.
Reduction in leaf area, closure of stomata and the damage to the photosyn-
thetic apparatus limit the photosynthetic capacity of plants. High concen-
trations of sulphur dioxide (SO,), ozone (Os) and nitrogen oxides (NO,)
induce stomatal closure limiting the availability of carbon dioxide (CO,)
for photosynthesis. Reactive oxygen species (ROS) generated during oxi-
dative stress damage photosynthetic apparatus via alteration in thylakoid
structure and function. The photosynthetic electron transport, carboxyl-
ation efficiency of RuBisco and chlorophyll biosynthesis are the major

processes negatively affecting the photosynthetic efficiency of plants.

Keywords

Photosynthesis ¢ Leaf area ¢ Thylakoid structure ¢ Stomatal closure
Reactive oxygen species ® Chlorophyll

7.1 Introduction

The combustion of fuels, automobile emissions
and industrial operations release toxic gases such
as sulphur dioxide (SO,), nitrogen oxides (NOx),
carbon dioxide (CO,), carbon monoxide (CO),
hydrogen fluoride (HF) and particulates (PM) in
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the atmosphere (Agbaire and Esiefarienrhe
2009). Primary pollutants undergo further reac-
tions such as photolysis to produce secondary
pollutants viz. peroxyacetyl nitrate (PAN) in the
atmosphere (Agbaire 2009). The presence of
polycyclic aromatic hydrocarbons (PAHs) and
heavy metals makes the particulate matter (PM)
(size >100 pm) toxic (Jouraeva et al. 2002; WHO
2006; Yu et al. 2006; Uzu et al. 2010). The
increase in the emission of most of the pollutants
noted in the last few years with an annual incre-
ment of 0.5-2 % has adversely affected the living
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organisms all over the world (Ashmore 2005).
Predictions suggest the increase in the emission
rate by 40-60 % by 2100 (IPPC 2007). The con-
centrations of gaseous pollutants are much higher
in urban air in developing and developed coun-
tries (Li 2003; Tiwari et al. 2006). Among all the
pollutants, carbon dioxide (CO,) emissions have
seen a drastic increase over the decades and are
expected to exceed 700 pmol mol™! by the end of
the twenty-first century (IPCC 1997).

Exposure to high concentrations of gaseous
pollutants such as NO,, SO,, Os;, HF, particulate
matter and PAN causes detrimental effects in
plants (Malhotra and Khan 1984; Guderian et al.
1985; Joshi and Swami 2009; Joshi et al. 2009;
Niu et al. 2014). Absorption and accumulation of
pollutants by leaves alter the physiological pH
and induce oxidative stress causing metabolic
and physiological disturbances in plants
(Dizengremel et al. 2008). The alterations in pho-
tosynthetic efficiency adversely affect growth
and productivity of plants (Maier-Maercker and
Koch 1992; Tiwari et al. 2006; Ali et al. 2008; Liu
and Ding 2008; Woo et al. 2007). The extent of
the physiological damage in plants varies among
the species depending on the pollutant exposure
and sensitivity level of species (Agbaire and
Esiefarienrhe 2009; Rai et al. 2009) (Fig. 7.1).

7.2 Leaf Damage

Reduction in leaf number and leaf area and pre-
mature senescence are the primary effects of air
pollutant damage to foliage. The reduction in leaf
blade and petiole size results in less absorption of
radiation and subsequent reduction in photosyn-
thetic rate (Fiihrer et al. 1993; Tiwari et al. 2006;
Seyyednejad et al. 2009a, b; Koochak and Seyyed
Nejad 2010). Foliar uptake of pollutants through
stomata or cuticle or both is generally followed
by accumulation in thick external walls of the
epidermal cells and subsequently entry into
mesophyll cells. The pollutants react with the
water present in the apoplastic space and change
the cellular pH which causes alterations in the
major metabolic events. The structural alterations
in epidermal cells, palisade and spongy paren-
chyma cells and stomata have been noted in
response to air pollution (Robinson et al.
1998; Gostin 2009).

Chlorophyll is the principal photoreceptor pig-
ment in photosynthesis and the index of plant pro-
ductivity. Carotenoids are the accessory pigments
that form an essential structural component of the
photosynthetic antenna and reaction centre mole-
cules. The reduced leaf area amounts to reduced
levels of photosynthetic pigments, hence leading
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to lowering of photosynthetic efficiency in plants
(Agbaire and Esiefarienthe 2009; Joshi and
Swami 2009; Giri et al. 2013). Decline in the pro-
duction of chlorophyll and carotenoid pigments
has been noted as the primary response in plants
exposed to pollutants such as SO,, NO,, CO, and
suspended particulate matter (Tiwari et al. 2006;
Tripathi and Gautam 2007; Joshi and Swami
2009; Joshi et al. 2009; Shiragave et al. 2015).
The deposition of suspended particulate matter on
the leaf surface leads to closure of stomata. This
affects gaseous exchange reducing the photosyn-
thetic efficiency of plants to a greater extent. The
oxidative stress resulting from generation of reac-
tive oxygen species (ROS) causes lipid peroxida-
tion of chloroplast membranes, and this also
accounts for the loss of chlorophyll in the leaves.

The alteration in size of stomata or stomatal
closure reduces the availability of CO, in leaves
reducing the carbon fixation potential of plants
(Honour et al. 2009). The decrease in the carbon
fixing potential by ribulose-1,5-biphosphate car-
boxylase/oxygenase (RuBisCO) in plants leads
to decline in production of sugars. In contrast,
high accumulation of sugars and carbohydrates
in plants results from altered electron transport
(Britz and Robinson 2001). Reaction of com-
pounds such as sulphite, nitrous acid (produced
in the apoplast) with aldehydes and ketones of
carbohydrates also correlates to their decline
(Seyyednejad and Koochak 2011; Seyyednejad
etal. 2011, 2013).

Effects of Gaseous Pollutants
on the Photosynthetic
Apparatus

7.3

In plants, photosynthetic electron flow is driven
by photochemical reactions catalysed by photo-
systems, namely, PSII and PSI, which are linked
by the electron transport chain. Both photosys-
tems consist of reaction centres and light-
harvesting complexes (LHCs), chlorophyll- and
carotenoid-binding proteins, which absorb the
sunlight. Light energy trapped by LHCs is trans-
ferred to antenna proteins (Yakushevska et al.
2003) and then transmitted to the reaction centre
molecules. The LHCs associated with PSII and
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PSI contain proteins, namely, LHCII and
LHCI. The photochemical activity of PSII cre-
ates a charge separation across the thylakoid
membrane with a strong oxidant on the donor
side capable of oxidizing water. This results in
concomitant release of protons and molecular
oxygen in the thylakoid lumen and also causes
reduction of the primary electron acceptors of
PSII. The electrons are then transported via elec-
tron transport chains in the thylakoid membrane
to PSI. The cytochrome b6f complex mediates
electron transport to PSI via plastocyanin (PC).
PSI transfers the electrons across the membrane
and reduces NADP* to form NADPH. NADPH is
then used as reducing power for the biosynthetic
reactions. The proton-motive force generated by
linear electron flow from PSII to PSI generates
ATP by F1FO-complex. Photosynthesis provides
a route through which light energy generates a
proton gradient across the thylakoid membrane
of chloroplasts to produce ATP (Tarasingh 2013).
Under normal conditions, an efficient energy dis-
sipation cycle prevents over-reduction in the
chloroplasts and creates a trans-thylakoid proton
gradient in chloroplasts (Veljovil-jovanovii
1998; Veljovic-Jovanovic et al. 1993).

7.3.1 Ozone

High concentrations of O; induce stomatal clo-
sure or rupture stomatal aperture due to damage
to epidermal cells making them open wide. The
entry of O; in leaf through stomata forwards it to
mesophyll cells dissolving it in the aqueous layer
of the apoplast to produce reactive oxygen spe-
cies (ROS) such as hydrogen peroxide (H,0,),
hydroxyl (OH), peroxyl (OH,) and superoxide
(O,~) radicals (Felzar et al. 2007). The stomatal
closure induced by acute exposure of O; decreases
stomatal conductance (Tiwari et al. 2006;
Calatayud et al. 2007; Rai et al. 2007; Pellegrini
et al. 2011a, b, 2015). Reactive oxygen species
cause injury to plasma membrane via lipid per-
oxidation by inducing changes in membrane per-
meability and fluidity, potassium (K*) exchange
via ATPase reactions and calcium (Ca”) exclu-
sion (Heath 2008; Ainsworth et al. 2014). Free
radicals produced in the guard cells damage the
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chloroplast membranes and hence the photosyn-
thetic apparatus. Swelling of thylakoids, increase
of plastoglobuli per chloroplast and disruption of
membranes lead to leakage of ions and conse-
quent change in photosynthetic capacity
(Torsethaugen et al. 1999, Plazek et al. 2000;
Pellegrini 2014). Mesophyll cells are damaged
directly (via oxidative stress in photoactive com-
partments) or indirectly by leakage of organic
and inorganic solutes caused by the disorganiza-
tion of the biomembranes (via change in perme-
ability). The closure of stomata results in
decreased production of energy equivalents such
as ATP and NADPH, hence limiting the dark
reactions of the photosynthesis.

The parameters such as quantum yield and
photochemical quenching (qP) significantly
decrease, while non-photochemical quenching
(gN) increased in leaves of plants exposed to Os
(Hassan 2006; Thwe et al. 2014). Increase in qN
with corresponding decrease in qP indicates a
non-radiative dissipation of energy as heat
(Lorenzini et al. 1999; Ismail et al. 2014). The
decrease in quantum yield of electron transport is
responsible for downregulation of photosynthetic
electron transport. The reduction of photochemi-
cal efficiency (Fv/Fm) indicates damage to PSII
reaction centres (Plazek et al. 2001; Ainsworth
and Long 2005; Calatayud et al. 2007; Pellegrini
et al. 2011a, b; Ainsworth et al. 2012; Thwe et al.
2014). Increase in Fo suggests impairment of the
transport of excitation energy from light-
harvesting complexes to reaction centres. In the
light reactions, the production of electrons by the
water-splitting reaction in PSII (electron genera-
tion site of PSII) is impaired, and electron trans-
port from PSII to PSI (electron donor site of PSII)
is damaged. Alterations in light-reaction centres
and Chl-associated proteins in photosystem I
affect the carboxylation potential of the photosyn-
thetic apparatus (Tognini et al. 1997). The reduc-
tion in the density of thylakoid proteins such as
DI, cyt f and polypeptides of OEC is noted.

The closure of stomata decreases rates of CO,
assimilation but increases the diffusive resis-
tance of CO, in the mesophyll, thereby altering
allocation of carbon to different plant parts
(Darrall 1989; Wolfenden and Mansfield 1990).
The decline in the carboxylation efficiency
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affects the light and dark reactions of photosyn-
thesis (Farage and Long 1999; Shavin et al.
1999; Castagna et al. 2001). The negative effects
on the carboxylation (V,..) efficiency indicate
direct oxidative damage and indirect heat-related
injuries to RuBisCO. Reduced stomatal opening
may be the primary mechanism for protection in
plants against the damaging effects of O;.
Alternatively increased production of antioxi-
dants has been shown to curtail oxidative stress
induced by gaseous pollutants (McKee et al.
1995). A loss of RuBisCO activity primarily
contributed to the decline in photosynthetic
capacity of plants (Shavin et al. 1999; Castagna
et al. 2001).

Loss of chlorophyll content leads to a reduc-
tion in light-harvesting and net assimilation rate.
The decline in the light-harvesting capacity of
chlorophyll coupled with a reduced efficiency of
photosynthetic energy conversion leads to
decreased net assimilation. Potassium flux
changes the guard cell volume and regulates the
stomatal aperture (Torsethaugen et al. 1999).
Acute O; exposure inhibits the guard cell K*
channels, which mediate stomatal opening, thus
leading to decreased photosynthesis
(Torsethaugen et al. 1999). Cytosolic Ca21 is a
signalling molecule in guard cell and has been
reported to inhibit the inward K1 channel due to
oxidative stress. Disturbed Ca signalling involved
in stomatal movement regulates oxidative stress.

Non-stomatal factors affecting the photosyn-
thetic efficiency include (1) lower RuBP regen-
eration from the lower pools of Calvin cycle
intermediates, (2) decreased efficiency of
RuBisCO due to direct enzyme oxidation and (3)
reduced CO, transport to the enzymes. Ozone
induces reduction in level of RNA transcript for
the small subunit (rbcS) and large subunits (rbcL)
of RuBisCO (Feng et al. 2008). It also decreases
the expression of photosynthetic genes for
RuBisCO activase (Sarkar et al. 2010; Calatayud
et al. 2011). Proteomic changes have been noted
in RuBisCO content, photosynthetic machinery
and Calvin cycle enzymes including RuBisCO
activase, ATP synthase, subunit of photosystem
I1, aldolase, phosphoglycerate kinase and NADP-
glyceraldehyde-3-phosphate dehydrogenase. The
oxidation of SH groups in the Fraction 1 protein
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of RuBP carboxylase results in granulation of the
chloroplast stroma.

Pigments such as zeaxanthin also mediate
photoprotection in O;-treated plant species.
Antioxidant enzymes such as ascorbate peroxi-
dase cause detoxification of H,O, by reducing it
to water through a series of reactions in the
ascorbate-glutathione cycle (Noctor and Foyer
1998). The plasma membranes are protected by
antioxidants such as hydrophilous ascorbate
(vitamin C) and lipophilous a-tocopherol (vita-
min E). Ascorbic acid (AA) plays a role in the
defence against ROS generated by O;. Apoplastic
ascorbic acid protects the photosynthetic machin-
ery. Phenylpropanoids are the compounds known
to scavenge ROS in plants (Srivastava 1999;
Pasqualini et al. 2003; Vollenweider et al. 2003;
Fini et al. 2012; Muneer et al. 2013). The biosyn-
thesis of phenylpropanoids increases more in sen-
sitive species than the tolerant ones. Reduction in
carbon assimilation of plants treated with O;
increases the PAL activity which is responsible
for the synthesis of phenylalanine and transcin-
namic acid, precursor of phenylpropanoids.
Polyamines such as putrescine (Put), spermidine
(Spd) and spermine (Spm) protect plastids and
thylakoid membranes against O; damage.
Addition of exogenous polyamines reduces dam-
age caused by O; in plants. Putrescine (Put), sper-
midine (Spd) and spermine (Spm) get associated
with thylakoid membranes and various photosyn-
thetic subcomplexes (thylakoids, PSII mem-
branes, LHCII, PSII complex), while spermine
get associated with PSII core and the reaction
centre of PSII. They conjugate with hydroxycin-
namic acids and protect photosynthetic machin-
ery from Os-triggered ROS (Langebartels et al.
1991; Navakoudisa et al. 2003). A decrease in
thylakoid-bound Put significantly increases the
antenna size of the LHCII, although the number
of reaction centres per unit area as well as the
maximal photosynthetic rate and the maximum
yield of photochemistry (Fv/Fm) decreased
(Reichenauer et al. 1997; Reichenauer and
Bolhar-Nordenkampf 1999). The protection by
polyamines against oxidants includes: (i) scav-
enging of ROS, (ii) increasing the permeation of
antioxidant enzyme SOD through the mem-
branes, (iii) protecting the membranes against
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oxidant damage, (iv) changing the redox state of
the cells or (v) regulating the expression of genes.
Isoprene scavenges ROS and provides protection
against oxidative stress (Sauer et al. 1999). It
effectively reacts with O; forming hydroxymethyl
hydroperoxide, thus aggravating the Os-induced
damage. It quenches O; by directly reacting with
it in the intercellular spaces and thus counteracts
the O; damaging effect on membranes (Sharkey
1996; Sharkey and Yeh 2001). It is suggested that
isoprene produced by leaves protects the photo-
synthetic apparatus against oxidative stress
induced by ozone. Increase in flavonoid content
in plants in response to Os stress suggests their
role in scavenging ROS including superoxide
anion, hydrogen peroxide and hydroxy radical.
They also play a role in peroxidase-mediated
catabolism of H,O (Loreto and Velikova 2001).

7.3.2 Sulphur Dioxide

Exposure to high SO, concentrations turns toxic
inducing physiological and metabolic alterations
in plants, hence reducing growth and productiv-
ity of plants (Agrawal and Deepak 2003; Agrawal
et al. 2006). Stomata directs SO, in the nearby
subsidiary or epidermal cells where it readily dis-
solves in the apoplastic water to produce sulphite
(SO5?), bisulphite (HSO5") and H* ions making
the pH of the medium acidic (Liu et al. 2008,
2009). The phytotoxicity of SO, is due to SO,*
and HSO;™ ions (DeKok 1990). The protons
formed by the dissociation of sulphurous acid
have deleterious effects on the cellular metabo-
lism (Pfanz and Heber 1989). Photosynthesis is
majorly affected by SO, (Darrall 1989; Agrawal
et al. 2006; Chauhan and Joshi 2010). Alterations
in photosynthetic capacity are ascribed to changes
in permeability of plasma membrane and inter-
ference with enzymatic activities (Li et al. 2007).
The response of stomata to SO, largely depends
on leaf age, concentration and combination of
pollutants (Parshina and Rygalav 1999).

The chlorophyll degradation in SO,-exposed
plants results from its strong redox properties.
Chlorophyll destruction is also caused by free
radicals produced during the oxidation of HSO;™.
The chlorophyll degradation produces phaeophy-
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tin molecule and Mg*. Magnesium ions in the
chlorophyll molecule are replaced by two atoms
of hydrogen, thereby changing its light use effi-
ciency. The chlorophyll b breakdown results
from splitting of the phytol chain by chlorophyl-
lase. A reduction in the Chl a/b ratio indicates
that the ratio of the reaction centre pigments to
light-harvesting pigments in the photosystem on
the thylakoid membrane in chloroplasts is noted
in SO,-treated plants. The reaction centre is vul-
nerable to simulated SO, treatment than the light-
harvesting antenna system. Decreases in Fv/Fm
and ®PSII indicate that part of the PSII photo-
chemistry and photochemical energy conversion
in PSII were inactivated by NaHSOs. The reduc-
tion in electron transport from high concentra-
tions of SO, is attributed to the destruction of
epidermal cells adjacent to stomata and accumu-
lation of sulphur within guard cells (Black and
Unsworth 1980). The inhibition of electron trans-
fer occurs at the site close to the reaction centre
of photosystem II. Studies conducted using iso-
lated chloroplasts indicate that oxidizing side of
photosystem II is more affected by SO,. The
denaturation of the protein component in the pig-
ment protein complex caused by destruction of
disulphide bonds also account for reduction in
photosynthetic  efficiency. Sulphurous acid
(H,S0;) formed by the by-product of SO, degra-
dation in plant irreversibly inhibits both cyclic
and non-cyclic photophosphorylation.
Short-term SO, fumigation causes a transient
decrease in photosynthetic CO, uptake but
increase in non-assimilatory electron transport.
Inhibition in the activity of enzymes of the Calvin
cycle including 3-phosphoglycerate and hexose
phosphate relates to the decline in the rate of pho-
tosynthesis. The competition between CO, and
SO;™ for active sites of RuBisCO (Agrawal and
Deepak 2003) is mainly responsible for the
decline in carbon fixation by RuBisCO. Sulphur
dioxide showed inhibition of CO, assimilation
accompanied by increased reduction of the qui-
none acceptor, Q,, of photosystem II, and
increased oxidation of the electron donor pig-
ment P700 of photosystem I is reported. Plants
exposed to SO, exhibit increase in the soluble
sugars. This results from the breakdown of poly-
saccharides. Polyhydric sugars act as scavengers
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of free radicals and help to cope with increasing
SO, pollution. The decrease in content of non-
structural carbohydrates and starch of damaged
leaves probably corresponds with the photosyn-
thetic inhibition or stimulation of respiration rate
(Tzvetkova and Kolarov 1996).

The xanthophyll cycle (de-epoxidation) and
antioxidant system (1,1-diphenyl-2-
picrylhydrazyl radical-scavenging capacity) are
the two protective mechanisms active under sim-
ulated SO, treatment (Veljovic-Jovanovic et al.
1993; Demmig-Adams and Adams 1996). The
dominant component of carotenoids, lutein, par-
ticipates in the non-radiative energy dissipation
through the quenching of Chl fluorescence. The
activation of the VAZ cycle under the influence of
SO, is the result of a decrease in intrathylakoid
pH caused by ATP consumption or as a conse-
quence of SO,-inhibited carbon assimilation.
Plants exposed to low concentrations of NaHSO;
depict the scavenging capacities against
DPPH. The lutein content in leaves increases in
response to SO, stress (Liu et al. 2006).

7.3.3 Carbon Dioxide

CO, concentrations above ambient consistently
increase net photosynthetic rates in the short term
due to improved water use efficiency. The ana-
tomical changes such as increase in leaf thick-
ness and alterations in cell and chloroplast
development have been observed under elevated
CO, in plants. Carbon dioxide enters the plant
leaves through stomata. The closing or opening
of stomata is regulated by CO, concentration
(Joshi and Bora 2005; Ainsworth and Rogers
2007). High concentrations of CO, change the
turgor pressure of guard cells, hence mediating
the closure of stomata. Elevated atmospheric CO,
generally reduces stomatal conductance (Darrall
1989). High concentrations of CO, induce clo-
sure of the stomata, thus limiting CO, assimila-
tion and fixation rate (Warren et al. 2007). The
stomatal closure is related to loss of membrane
permeability because of oxidation of membrane
channels and transport proteins or increased sen-
sitivity of the stomata to closure signals such as
internal Ca levels or abscisic acid.
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Increase in atmospheric CO, concentrations
increases photosynthetic rate because of high
RuBisCO activity. Increased availability of CO, as
the substrate leads to more carbon assimilation and
hence more photosynthesis (IPCC 2007; Reddy
et al. 2010). Long-term exposure to increasing
CO, concentration leads to reduction in RuBisCO
activity or concentration because the amount of
RuBisCO required for maintaining the same
assimilation rate decreases. Due to the diminished
photorespiration rate, the energy demand per fixed
carbon decreases, and consequently, the demand
for compounds involved in light reactions, such as
chlorophylls or carotenoids, also decreases. All
these alterations result in enhanced rates of respi-
ration. The possible changes in respiration may be
due to structural changes imposed by elevated
CO,, accumulation of carbohydrates or changes in
the biochemistry of respiration. Stimulation in
photosynthetic efficiency is majorly reflected in
C3 species (Long et al. 2004; Ainsworth and Long
2005). Species with the C4 pathway are able to
concentrate CO, at the site of carboxylation for
photosynthate production.

7.3.4 Nitrogen Oxides

The foliar uptake of NO, in plants occurs pre-
dominantly by stomatal openings (Darrall 1989).
Plants absorb gaseous NO, more rapidly than
nitrogen oxide (NO). It rapidly reacts with water
and gets converted to HNO, and HNO; before
further utilization in plant metabolism. Nitrous
and nitric acid dissociates to form nitrate, nitrite
and protons (Ramge et al. 1993). Nitrite is more
toxic than NOj;~. NO, exposure reduces chloro-
phyll content in plants. High concentration (100
ppb NO,) reduces stomatal conductance. The
acidic conditions produced by NO, influence
electron flow and photophosphorylation. The
damage to the photosynthetic apparatus occurs
by swelling of chloroplast membranes.
Biochemical and membrane injury produced
from NO, inhibits photosynthesis by uncoupling
electron transport and inducing structural altera-
tions. Photosynthetic inhibition could also be
caused by NOx because of competition for
NADPH for the processes of nitrite reduction and
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carbon assimilation in chloroplasts. Exposure of
low levels of NO, increases RuBP carboxylase
activity. Short exposures to a relatively high con-
centration stimulate RuBP carboxylase as well as
glycollate oxidase activity. Polyamines such as
spermine and spermidine prevent NO,-induced
decline in leaf damage.

7.3.5 Pollutant Mixtures

Stomatal physiology is differently affected by
pollutant mixtures in comparison to a single pol-
lutant. Mixtures of pollutants such as O3;-NO,,
S0O,-0; and SO,-NO, produce synergistic effects
and hence cause severe damage to the photosyn-
thetic machinery. High concentrations induce sto-
matal closure. Stomatal regulation of pollutant
uptake is limited since O; fluxes to individual
leaves are not reduced by elevated atmospheric
CO,. A common feature of Os-treated leaves
under ambient CO, was an initial stimulation of
photosynthesis and stomatal conductance. The
Os-induced decline in chlorophyll content was
less rapid under elevated CO,, and photosynthesis
was increased relative to the ambient CO, treat-
ment. An increase in the amount of in vivo active
RuBisCO may be involved in mitigating Os-
induced damage to leaves. The results obtained
suggest that elevated atmospheric CO, has an
important role in restricting the damaging effects
of O; on photosynthetic activity during the vege-
tative growth (Mulholland et al. 1997). Changes
in stomatal responses influence the absorption of
pollutants from the pollutant mixtures. Stomatal
resistance increased more in response to pollutant
mixtures than single pollutants (Noormets et al.
2001, 2010). Even low concentrations of pollut-
ant mixtures inhibit photosynthesis.

Changes in concentrations of NO,, SO, and O,
predominantly influence leaf photosynthesis rates
(Teughels et al. 2005; Hassan 2010). The decline
in photosynthesis predominantly occurs by
reduced chlorophyll production resulting from
reduced formation of precursor molecules,
d-aminolevulinic acid and protochlorophyllide.
High exposure to air pollutants leads to genera-
tion of ROS, induces oxidative stress and forces
chloroplasts into an excessive excitation energy
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level. The damage of guard cells and change in
cell density occur in plants exposed to stress. The
reduction in photosynthetic rates might be associ-
ated with increased stomatal conductance and
decrease in components of the photosynthetic
apparatus such as chlorophyll concentration, sol-
uble protein, adenylates, RuBP regeneration and
RuBisCO (ribulose-1,5-biphosphate carboxylase/
oxygenase) activity (Schmidt et al. 1990). The
decrease in photosynthetic parameters under CO,
NOx and SO, might be due to the inactivation of
reaction centres of photosystems which receive
an initial amount of light energy and further
transfer it for efficient use due to oxidative stress
(Yun 2007). Ineffective energy exploitation leads
to increase in energy dissipation and hence
decrease in photosynthesis. Long-term treatments
to low-concentration mixtures of O;, NO, and
SO, are known to increase the D-1 protein con-
tent in the reaction centre of photosystem II; how-
ever, exposure to high concentrations reduces
D-1 protein content. Inhibition of photosynthesis
also occurs due to loss of carboxylation efficiency
resulting from reduced RuBisCO activity (Farage
et al. 1991). The loss of RuBisCO protein might
be due to the progressive depletion of biochemi-
cal pathway associated with signal transduction
and gene regulation, and excessive production of
ROS which leads to incorrect folding or assembly
of proteins, and consequent protein degradation.
The partial stomatal closure induced by ele-
vated atmospheric CO, has been suggested to
decrease the impact of air pollutants such as O;
by restricting their uptake by plant (Allen 1990).
Studies suggest that elevated CO, increases the
amount of active RuBisCO, thereby providing
strong evidence that this may be a mechanism
contributing to the limitation of Os-induced dam-
age. The responses of stomatal conductance to
pollutant mixtures are cultivar and species spe-
cific (Darrall 1989). Mixtures of SO, and NO,
decrease photosynthesis. Studies suggest that
SO, and NO, exposure under ambient CO, condi-
tions prevents stomatal closure, while similar
treatments applied under elevated CO, promoted
closure (Atkinson et al. 1991). Both SO, and NO
affect chloroplast ultrastructure by causing swell-
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ing of the lumen within the thylakoids of chloro-
plasts. Swelling of thylakoid membranes has
been caused by ionic disturbances and acidifica-
tion caused directly by products of the pollutants
(Pukacki et al. 2000). Active transport of pollut-
ant products such as sulphite and sulphate into
the chloroplast takes place by means of the phos-
phate translocator of plastid envelopes, and addi-
tional orthophosphate appears to enhance the
influx of sulphur anions. Indirect proton uptake
via a shuttle involving both nitrite and HNO, may
consequently interfere with such events by caus-
ing a breakdown of the trans-envelope pH gradi-
ent inhibitory effects of nitrite upon CO, fixation.
Significant reductions of cyclic photophosphory-
lation have been noted in plants exposed to SO, +
NO, treatments. Elevated CO, and O; affect
apparent quantum yield, photosynthesis, carbox-
ylation efficiency and electron transport capacity.
The negative impact of elevated O; gets exagger-
ated by elevated CO,.

Pollutants like SO,, NO, and H,S cause deple-
tion of soluble sugars in the leaves. The reaction
of sulphite with aldehydes and ketones of carbo-
hydrates causes reduction in carbohydrate con-
tent (Tripathi and Gautam 2007). The negative
effect of hazardous gases on carbon metabolism
is a result of their possible interaction with the
reactive centre of ribulose bisphosphate
carboxylase. The decrease in total carbohydrates
and sucrose content of damaged leaves probably
corresponds with photosynthetic inhibition.
Higher starch accumulation in damaged leaves
results from export from the mesophyll.

Singlet oxygen and hydrogen peroxide (H,O,)
content increased in CO-, NOx- and SO,-treated
leaves. Increased ROS act as a signal to induce
defence responses such as antioxidant enzymes
of ascorbate-glutathione cycle to CO, NOx and
SO, gas stress. High exposure to CO, NOx and
SO, concentrations causes disturbance in
ascorbate-glutathione pathways. Increased APX
activity and CAT activity in stressed plants indi-
cate their role in detoxification of ROS and hence
resistance in plants. Proton gradients across thy-
lakoid membranes are harnessed by chloroplast
coupling factors.
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7.4  Effect of Other Pollutants
on the Photosynthesis
7.4.1 Peroxyacyl Nitrates

Peroxyacetyl nitrate (PAN), a phytotoxic pollut-
ant, is absorbed mainly through stomata. Low
concentrations of PAN inhibit electron transport,
photophosphorylation and CO, fixation in chlo-
roplasts. The inhibitory effect of PAN on enzymes
has been attributed to its ability to oxidize SH
groups in proteins and metabolites such as cyste-
ine, reduced glutathione, CoA, lipoic acid and
methionine.

7.4.2 Fluorides

The gaseous form, i.e. hydrogen fluoride (HF), is
absorbed through the leaves. Gaseous fluoride
absorption through stomata influences stomatal
responses. The significant reduction in epidermal
cell size and stomata results from inhibition in
cell elongation. Studies suggest that after passing
through the cell wall, fluoride attacks cytoplas-
mic membranes and is partially retained there
and thereafter transferred to  vacuoles.
Chloroplasts have also been suggested as the site
of fluoride accumulation in leaves. Exposure to
HF causes a decline in photosynthetic CO, fixa-
tion. Low concentrations of fluoride (1.3—12 ppb)
cause depression in the amounts of chlorophyll.
The quantum yield (Y (II)) of PSII, the relative
electron transport rate (ETR), non-regulatory
energy dissipation quantum yield (Y(NO)), non-
photochemical quenching coefficient (NPQ) and
the relative physiological characteristics show
reduction in response to HF. The significant
changes in the chlorophyll levels influence the
photosynthetic capacity under chronic fluoride
exposure conditions (Doley 1988; Kumar and
Rao 2008; Yang et al. 2015).

7.4.3 Acidic Rain and Fog

Exposure to highly acidic fog (pH 1.68) causes
significant depression in net photosynthesis due
to reduction in leaf buffering capacity and exten-
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sive leaf injury. This accounted for decrease in
growth and yield (Trumble and Walker 1991).
Defoliation caused by acidic conditions stimu-
lates the chlorophyll destruction and reduces fruit
yield significantly due to the imbalanced source
to sink ratio. The depression in photosynthesis
results from reduction in photosynthetically
active leaf area. Carbon dioxide assimilation
rates are significantly decreased (20 %) by acidic
fog with pH values of 2.5 and 3.0, while rates of
stomatal resistance increased. Epidermal, pali-
sade and spongy mesophyll cells are shrunken or
obliterated. Damage to cells results from acidic
conditions in the leaf (Odiyi and Bamidele 2014).
Stomatal closure followed by increased stomatal
resistance causes reduction in assimilation rate.

Simulated acid rain treatment affects mainly
the epidermal cells causing erosion of the cuticle
and altering the leaf permeability (Takemoto
et al. 1988). Plants polluted with simulated acid
rain show symptoms such as chlorosis, necrosis,
stunted growth, lesion, suppression of leaf pro-
duction, leaf curling, withering of leaves, leaf
abscission and leaf death (Silva et al. 2006). The
greater foliar injury is associated with the
decreased chlorophyll content and the damage to
the photosynthetic apparatus (Liu et al. 2010).
Chlorophyll content was significantly reduced by
simulated acid rain treatment at pH 2.0 and pH
3.0. Reduction was due to the removal of Mg*
from the tetrapyrrole ring of the chlorophyll mol-
ecules by H* or due to the increase of transpira-
tion by acid rain (Evans et al. 1997).

7.4.4 Particulate Matter

Accumulation of particulate matter (PM) has
negative impact on plants (Nawrot et al. 2011).
The deposition of particulate matter on leaves
clogs stomata, hence reducing the absorption of
photosynthetically active radiation (PAR). The
clogging of stomata affects the gaseous exchange.
Accumulation of PM on foliage decreases the
chlorophyll production. The reduction in the
availability of light and CO, (stomatal conduc-
tance), low chlorophyll content and increased
stomatal resistance negatively affect photosyn-
thesis (Vardaka et al. 1995; Beckett et al. 1998;
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Farmer 2002; Heerden et al. 2007; Rai et al.
2010). High stomatal resistance makes the CO,
flow to chloroplast more difficult and results in
lower light access. Fluorescence studies showed
significant decrease in photosynthetic efficiency
of PSII (Fv/Fm) with increasing dust deposition
on leaves in plants such as Quercus coccifera and
Z. prismatocarpum (Vardaka et al. 1995; Heerden
et al. 2007; Przybysz et al. 2014).

7.5  Conclusions

The photosynthetic apparatus is an essential part
of plant cell as it assimilates and fixes atmo-
spheric CO, during photosynthesis. Light energy
initiates the excitation of the light-harvesting
complexes I and II (LHCI and LHCII) and is fur-
ther transferred into reaction centres (photosys-
tems I and II, PSI and PSII). The electron
transport reactions transfer electrons from PSII to
PSI, where they are reenergized and used for the
production of NADPH and ATP in an enzymati-
cally regulated reaction used in CO, fixation in
stroma. During the course of light reactions
occurring in the thylakoid membrane, protons are
accumulating into the thylakoid lumen creating a
pH difference between the chloroplast stroma
and lumen.

High concentrations of air pollutants damage
leaves and reduce leaf area, thereby affecting the
photosynthetic efficiency of plants to a signifi-
cant extent. The damage to the photosynthetic
apparatus accounts for the decline in photosyn-
thetic efficiency, but each pollutant differs in its
mode of action for damaging the photosynthetic
apparatus of leaves. SO, damages the leaf by
acidifying action, weakening the PS II donor side
and inhibiting Calvin cycle activation, while O,
reacts with cell membranes, primarily the plasma
membrane. In general, pollutants enter the leaf
through stomata, react with the water in the
mesophyll cells and trigger the synthesis of
ROS. Oxidative stress caused by ROS damages
cell membranes and denatures critical enzymes.
Reactive oxygen species react with cell mem-
branes of the photosynthetic apparatus, thereby
inhibiting PS II donor side and Calvin cycle.

B. Dhir

Alterations in the stomatal conductance affect
rate of carboxylation and electron transport. Loss
of chlorophyll content reduces light-harvesting
capacity. This affects the efficiency of photosyn-
thetic energy conversion leading to decreased net
assimilation and dissipation of excess energy as
heat. Exposure of pollutant concentrations makes
the stomata wide open decreasing the efficiency
of photosystem II for CO, assimilation and hence
lowering carbon sequestration. Acclimatory
decreases in photosynthesis have also been asso-
ciated with reductions in RuBisCO activity, con-
tent and oxidative damage-induced injuries.
Increase in atmospheric CO, concentration ini-
tially increases its diffusion into the leaf support-
ing photosynthesis. Increase in CO, concentration
promote carboxylation efficiency of RuBisco
thereby affecting photorespiration. This adversely
affects the stomatal control which decreases the
transpiration rate but increases water use effi-
ciency (WUE) (the ratio of assimilated carbon to
water loss). In a nutshell, direct oxidative dam-
age, as well as indirect heat-related injuries to the
photochemical apparatus, induces downregula-
tion of photosynthesis.
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Abstract

Air pollution has become an extremely serious problem. Air pollutants
affect both plants and animals. Under polluted conditions, plants develop
different physiological, morphological and anatomical changes. Pollutants
cause damage to cuticular waxes by which then they enter the leaves
through stomata. This further leads to injury to plants which can be either
acute or chronic. Changes in stomata due to air pollutants which seem to
be small can be of great consequence with respect to survival of the plant
during stress. These effects can further lead to disturbing the water balance
of leaf or whole plant. Respiration also gets affected because of the expo-
sure of plants to air pollutants. The present paper deals with the effect of
air pollutants on stomata as well as on respiration leading to affect gaseous

exchange.

Keywords
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8.1 Introduction

Air pollution has become an extremely serious
problem for the modern industrialised world. The
prime concern for today’s world is changes in the
gaseous composition of earth’s atmosphere.
Fossil fuel consumption has accelerated due to
increase in human population, industrial revolu-
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tion, technological advancement and urbanisa-
tion (Watson et al. 1990). The atmospheric
concentration of CO, has increased from about
275 ppm prior to industrial revolution to a present
value of 365 ppm, and it is increasing at the rate
of 1-1.5 ppm/year (Conway et al. 1994). Its con-
centration is expected to be doubled by the mid-
dle of the next century (IPCC 1990).
Uncontrolled use of fossil fuels in industries
and transport sectors has led to the increase in
concentrations of gaseous pollutants such as SO,,
NO,, etc. (Rai et al. 2011). The general state of
the environment, including air quality, is
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deteriorating in many cities of the developing
countries. World Bank studies in selected cities
of developing countries have shown that swelling
urban populations and the growth of industrial
activities and automotive traffic in Asia have
caused serious air pollution (World Bank 2009).
The adverse effects of air pollution have been
associated with three major sources: sulphur
dioxide and solid particulates from fossil fuels;
photochemical oxidants and carbon monoxide
from motor vehicles and miscellaneous pollutants
such as hydrogen sulphide, lead and cadmium
emitted by smelters, refineries, manufacturing
plants and vehicles (Birley and Lock 1999).

It is a known fact that 60 % of air pollution in
city is caused by automobiles only. On sensitive
species of both plants and animals, the effect of
these pollutants is observed at acute level. Plants
are considered for investigation of effect of auto
exhaust pollutants. Response of plants towards
air is being assessed by the air pollution tolerance
index (APTI). Some plant species and varieties
are so sensitive that they can be conveniently
employed as biological indicators or monitors of
specific pollutants. They can further assist the
planner in managing the wurban cities
(Horaginamani and Ravichandran 2010).
Agarwal and Bhatnagar (1991) studied APTI of
some selected plants and described Mangifera
indica as reliable bioaccumulator plant. Air pol-
lution affects plants mainly through the uptake of
pollutants through stomata. Sulphur dioxide and
ozone are the two most important pollutants that
affect the plants (Emberson 2004). SO, is a wide-
spread phytotoxic air pollutant in the environ-
ment with ambient concentration of about 0.001
ppm in the air (Allen 1990).

8.2  Plant Responses to Air

Pollutants

Air pollution may or will have harmful effects on
living things and materials. It may interfere with
biochemical and physiological processes of
plants to an extent, which ultimately leads to
yield losses (Heck et al. 1988). Studies have
shown that under polluted conditions, plants
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develop different morphological, physiological
and anatomical changes (Inamdar and Chaudhari
1984; Igbal 1985; Gravano et al. 2003; Dineva
2004). Sulphur dioxide, one of the most promi-
nent phytotoxic by-products of fossil fuel burn-
ing, is also rising progressively in large areas
around the world, especially in developing coun-
tries. Both elevated CO, and SO, are anthropo-
genic stress factors and have potential influence
on biological systems including agricultural
crops (Aggarwal and Deepak 2003).

Sulphur dioxide is a widespread toxic air pol-
lutant which can cause positive effects on physi-
ological and growth characteristics of plants at
low concentrations, especially in plants growing
in sulphur- deficient soil (Darrall 1989) when the
sulphate might be metabolised to fulfil the
demand for sulphur as a nutrient (De Kok 1990).

Increased uptake of SO, can cause toxicity
and reduce growth and productivity of plants due
to accumulation of sulphite or sulphate, by inter-
acting with different physiological processes, and
also it damages tissues and pigments (Darrall
1989; Agrawal and Verma 1997). In certain cases,
SO,-induced reduction in plant growth and alter-
ation of physiological and biochemical processes
are not accompanied with visible foliar symp-
toms (Crittendem and Read 1978). Reduction in
yield is also reported without visible symptoms
when plants are treated with low concentration of
SO, for long duration (Godzik and Krupa 1982).

Sulphur is necessary for the general metabo-
lism of plants because it is a major component of
amino acids, proteins and some vitamins. In
healthy leaves, sulphur content ranges from 500
to 14,000 ppm by dry weight (0.5-14 mg/g dry
weight) depending upon species. Concentrations
below 250 ppm are considered critical, giving
rise to deficiency symptoms and to the substitu-
tion of selenium (when available) for Sulphur in
amino acids and proteins (Treshow 1970). Part,
or all, of the sulphur requirements of plants may
be met by direct uptake of SO, from the atmo-
sphere if it is present at very low concentrations.
On the other hand, if the concentration of SO,
increases beyond a certain critical level that may
vary with species (biochemical threshold level),
it can result in the general disruption of photo-



8 Effect of Air Pollutants on Plant Gaseous Exchange Process: Effect on Stomata and Respiration 87

synthesis, respiration and other fundamental
cellular processes. Injury becomes irreversible,
leading to death, as concentration and time of
exposure increase further. Tolerance varies with
many factors of the plant and of its environment
(Malhotra and Hocking 1976).

8.3  Entry and Effects

of Pollutants on Plants

The following are the effects and route of the pol-
lutants entering the plant leaf through stomata,
affecting respiration and other gas exchange
processes.

8.3.1 Uptake of Pollutants

The most susceptible part of a plant to injury is
the leaf due to the presence of abundant stomata
which permit the penetration of pollutants into
the tissues of the leaves. Boundary layer resis-
tance is the first barrier of gaseous air pollutants
which varies with a number of factor including
wind speed, size, shape and orientation of leaves
(Heath et al. 2009). More pollutants enter the
leaves at higher wind speed as boundary layer
resistance declines. Waxy cuticle is a potential
barrier to most of the pollutants but the cells most
exposed to air pollution action are epidermal
cells. However, cuticular waxes can be dissoci-
ated by acidic gases and these gases can enter the
leaves by penetrating the cuticle (Rai et al. 2011).

8.3.2 Effect on Cuticle and Stomata

Cuticle and stomata are the first receptors or tar-
gets where the pollutants encounter. Stomata pro-
vide the direct path through which the gases enter
the leaf, but the direct impact on cuticle must also
be considered. The response of stomata to air pol-
lutants is varying and varies from species to spe-
cies. It also varies with concentration, age of the
plants as well as environmental conditions
(Abeyrante and Illeperuma 2006). Plant species

differ in their ability to mitigate traffic pollution
due to differences in their leaf surface character-
istics which include epicuticular wax, cuticle,
epidermis, stomata and trichomes (Neinhuis and
Barthlatt 1998).

Pollutants absorbed by guard cells and subsid-
iary cells may initially affect the stomatal aper-
ture. Sulphur dioxide has a notable effect in
stimulating stomatal opening (Mansfield and
Majernick 1970), interacting with CO, and atmo-
spheric moisture.

Different plant species can respond differently
when exposed to same concentrations of SO,
(Biggs and Davis 1980). It can cause opening of
stomata in one species and closing in another
(Mudd 1975). It has also been reported that short-
term exposure to SO, causes stomatal opening,
whereas long-term exposure can lead to partial
closure (Abeyrante and Illeperuma 2006). The
effects of SO, and acid deposition are well seen
on cuticular waxes and are well documented
(Fowler et al. 1980). Degradation of cuticular
waxes due to air pollution has been seen in spe-
cies such as Scots Pine. Due to air pollution and
acid deposition, the weathering of needle cuticle
is many times faster in unpolluted forest areas.
Similar observations have been described in
lichens and mosses (Huttunen and Lane 1983).
Due to this evapotranspiration would be greater
which would be critical in arid environments.
SO, had been found to show decrease in photo-
synthesis and respiration in cultured lichen sym-
bionts (Showman and Rudolph 1971). Air
pollutants and oxidative stresses can also have a
marked effect on the Ca** homeostasis of guard
cells and the intracellular machinery responsible
for stomatal movement (McAnish et al. 2002).
Pollutants like SO, enter the leaves mainly
through the stomata, resultant injury is classified
as either acute or chronic. Abeyrante and
Illeperuma (2006) have given a plot showing the
average values calculated for stomatal pore width
versus SO, concentration at the three sampling
sites (Fig. 8.1). Sampling site 1 recorded high
SO, conc. as compared to other two sites. Site 1
had 50 % of the pore size of the stomatal of leaves
as compared to other two sites.
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Acute injury results in the appearance of
symptoms like two-sided (bifacial) lesions that
usually occur between veins and along the
margins of the leaves occasionally. Rai and
Kulshrestha (2006) have suggested that due to air
pollutants the inhibited cell elongation, leaf area
and consequently the increase in cell frequency
resulted in reduction in the size of stomata and
epidermal cells. In order to avoid entry of harm-
ful constituents of exhaust which can otherwise
cause adverse effects, the reduction in the size of
stomata could be considered as an adaptive
response (Satyanarayana et al. 1990; Salgare and
Thorat 1990).

Distorted shapes of stomata observed in
Pongamia pinnata populations exposed to
exhaust pollution might have resulted due to low-
ering of pH in cytoplasm of guard cells and thus
change in the turgor relations of the stomata com-
plex (Kondo et al. 1980) due to physiological
injury within the leaf (Ashenden and Mansfield
1978). Further, Rai and Mishra (2013) have illus-
trated that the plants growing along the roadsides
have modified leaf surface characters including
stomata and epidermal cells due to the stress of
automobile exhaust emission with high traffic
density in urban areas.

Rahul and Jain (2014) have reported that dust
particles of a range less than 5 mm in diameter
can interfere with the mechanism of stomatal
pores. These small openings are largely respon-
sible for the basic respiration and transpiration
function of plants.

Most of the air pollutants which are known to
show effect on stomata, are natural components of
the atmosphere, but they are present now in higher
concentrations in the atmosphere than their natu-
ral concentration. The changes in the stomata due
to air pollutants which seem to be small can be of
great consequence with respect to survival of a
plant during stress (Robinson et al. 1998).

Stomatal resistance should be considered as
the main obstacle to Ozone flux (Kollist et al.
2000), the direct reaction of the pollutant with
cell wall ascorbate is frequently involved (Plochl
et al. 2000). The first detoxifying layer which
represents the antioxidant system found in the
cell (apoplasm + symplasm) at the time of Ozone
attack will scavenge ozone and its derivatives
(Fig. 8.2). This system is highly linked to the
level of ascorbate and especially apoplastic
ascorbate, which was primarily proposed as a
good indicator for ozone tolerance (Turcsanyi
et al. 2000; Tausz et al. 2007).

8.3.3 Effect on Plant Water Balance

Many atmospheric pollutants interfere with the
control of stomatal aperture even when present at
low concentrations. Therefore they have potential
to upset the water balance of the leaf or the whole
plant. Pollutants such as SO, and CO, cause sto-
matal closure at higher concentrations, whereas
at low concentrations the stomatal conductance is
often increased (Robinson et al. 1998).
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Fig.8.2 Summary of
the relationships
between stomatal
uptake, metabolic
changes and
detoxification system
under chronic ozone
attack in plant cells.
ASC ascorbate, PEPcase
phosphoenolpyruvate
carboxylase, ROS
reactive oxygen species,
Rubisco ribulose-1,5-
bisphosphate
carboxylase (Source:
Dizengremel et al. 2008)
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8.3.4 Effect on Respiration

Exposure to air pollutants may result not only in
damage of leaf, reduction in growth and yield of
crops but it also interferes with physiological
processes (Unsworth and Ormrod 1982).
Exposure of plants to air pollutants at high con-
centration for a long period of time results in the
development of symptoms of visible injury and
associated physiological disturbances. These
responses are generally irreversible and may lead
to reduction in plant growth and yield. Many fac-
tors including plants, pollutants and environment
will affect the sensitivity of plants to a range of
pollutants. These include toxicity of the pollut-
ant, concentration, frequency and duration of
exposure to pollutant, stomatal behaviour, pollut-
ant uptake by plants and prevailing environmen-
tal conditions like sunlight, humidity and
temperature.

Although the process of respiration includes
dark respiration and photorespiration which are
important components of carbon budget, the evi-
dences for pollutant-induced modification of
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respiration are less well documented than for
photosynthesis. Since these processes of respira-
tion occur in several sites in the cell, including
mitochondria, peroxisomes, cytoplasm, these
processes are very much vulnerable to pollutant
attack (Koziol and Whatley 2013).

In a study by Aggarwal and Deepak (2003),
investigating the long-term influence of elevated
concentration of CO, and SO,, singly and in com-
bination on the physiological and biochemical
characters of two cultivars of wheat (Triticum
aestivum), showed that the respiration rate, total
phenolics and total soluble sugars increased in
response to SO,. Dark respiration (Rs) increased
in response to SO,- and CO, + SO,-treated plants
as compared to control. In contrast, elevated CO,
caused decline in Rs insignificantly. Rs increased
at individual treatment of SO, because the series
of reactions leading to detoxification of SO, are
ATP mediated which is provided by respiration.
In contrast to this there was an insignificant
decline in Rs due to CO, enrichment (Aggarwal
and Deepak 2003). Respiration rates were found to
be function of both leaf nitrogen and carbohydrate
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concentration (Tjoelker et al. 1999). Aggarwal
and Deepak (2003) have also reported that rate of
respiration was affected by declining leaf nitrogen
and increasing TNC in response to CO,.

A number of studies have been done on the
effect of SO, on respiration and oxidative
phosphorylation. In contrast to the above study,
sulphur dioxide has been reported to reduce
respiration in plants (Gilbert 1968). Ballantyne
(1973) showed sodium sulphite inhibited ATP
formation in both bean and corn mitochondria.
This inhibition due to sulphite was partially
reversed by the addition of oxidised glutathione
to the reaction mixture following addition of
mitochondria.

Although most of the workers have investi-
gated photosynthetic response, effects on respira-
tory processes have also been observed.

8.3.4.1 Respiratory Response to High
Concentration of Pollutants

When plants get exposed to high concentration of
pollutants, plants develop visible injury to the tis-
sues. Depending upon the degree of injury, the
respiration is either inhibited or stimulated. As
the repair processes utilise energy because of
this, the rate of respiration in the non-damaged
tissues adjacent to these necrotic areas is
increased. A wasteful loss of carbohydrate and
energy which is normally used in growth occurs
due to the enhancement of respiration in response
to high concentration of pollutants. If exposures
are not extreme, physiological processes are
altered but no visible damage occurs. If stress
periods are prolonged, these effects may lead to
reductions in growth in the long run (Koziol and
Whatley 2013). Reduced respiration in plants
grown at elevated CO, has common response but
not universal (Ziska and Bunce 1993). Carbon
dioxide serves as the substrate for photosynthe-
sis. Results of several experiments at elevated
CO; have indicated stimulation of photosynthesis
and reduction in photorespiration, thereby
increasing the growth and productivity of plants
(Allen 1990). Under CO, enrichment, the amount
of carbon fixed is greater than the amount of car-
bon lost and therefore growth and productivity
are enhanced (Ryan 1991).
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8.3.4.2 Respiratory Response to Low
Concentration of Pollutants

On exposure to a low concentration of pollutants,
stimulation of respiration is usually exhibited by
plants, which may be due to the operation of
detoxification and repair mechanism. In response
to pollutants, shift from the glycolytic pathway to
the pentose phosphate pathway is often observed.
If the pollutant exposure periods are short, this
enhanced use of energy by the plant is likely to be
of benefit. So it prevents the pollutants to reach
the sensitive metabolic sites like photosynthetic
pathways within the cell. Prior to any observed
depression of photosynthesis, indeed respiration
can be affected (Koziol and Whatley 2013).

8.3.4.3 Effect of Pollutants
on Photorespiration

Evidences generally are not available to allow an
assessment of effect of pollutants on photorespi-
ration. This is due to some reasons like difficul-
ties involved in measuring rates of respiration in
the light and also due to the fact that early inves-
tigations were unaware of the existence of this
process. Indeed, photorespiration is a wasteful
process; pollutant-induced effects may be benefi-
cial to the growth of the plants because in the
short term, the rates of net photosynthesis will
increase (Koziol and Whatley 2013).

8.3.4.4 Changes in Respiration

in Association

with Photosynthesis
If the rate of photosynthesis in plants is very
high, a small change in the rate of respiration will
not effect significantly on the carbon balance of
the plant. On the other hand, if the rate of photo-
synthesis is very low, change in respiration can
lead to change in growth and yield of the plant
(Koziol and Whatley 2013).

If the environmental conditions like light and
temperature are limiting for the plant photosyn-
thesis and plant is exposed to very high
concentration of pollutants, under these condi-
tions, photosynthesis will be severely reduced.
Under such conditions change in respiration rate
could alter significantly the carbon balance of the
plant. This may lead to premature leaf drop,
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senescence. Jones and Mansfield (1982) have
reported that greater reduction in photosynthetic
rates has been seen in plants exposed to higher
level of pollutants under light-limited conditions
than the plants under light higher irradiance.

Evidences are there to show the response to
pollutants from the non-photosynthetic portion of
the plant such as roots. A reduction in the activity
of root will have consequences not only upon
root growth but also for the whole plant, if the
plant is growing in a stressful environment.

8.4 Conclusion

The study shows that leaf characters including
cuticle, stomata, epidermal cells, and guard cells
get affected due to stress induced by the air pol-
lutants. This further affects the gaseous exchange
as well as respiration in plants. This is an indica-
tor of environmental stress. The effects of indi-
vidual pollutants are quite variable because they
vary from species to species. Changes in leaf in
characters induced due to the effect of air pollut-
ants seem to be small, but during the survival of
the plant in stress, they can be of great
consequence.
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9.1

Introduction

Abstract

Ozone is an important oxidant of the post-industrialised era. Numerous
detrimental effects have been attributed to ozone on human health; plants
too are gravely affected by its increasing concentration. Of about 15-16%
of global temperature changes can be attributed to increase in tropospheric
ozone levels in the present time. This chapter presents a review of effects
on net primary productivity, photosynthesis and respiration of plants as a
response to ozone exposure. In general, exposure to ozone decreases pho-
tosynthesis, increases dark respiration and decreases net primary produc-
tivity. These variations are however affected by other factors like level of
exposure, age of plant and type of plant among many others.

Keywords
Ozone * Photosynthesis ® Respiration ® Net primary productivity ® Plants

tributed by tropospheric ozone (Baier et al 2005).
After particulate matter, ozone is a leading cause

Tropospheric ozone is an important greenhouse
gas and, above background concentrations, acts
as an important air pollutant which is dangerous
to human (Lippmann 1993; Burnett et al. 1997)
and plant health (Fiscus et al. 2005; Felzer et al.
2005; Ainsworth et al. 2012). Fifteen to 16 % of
the total global change in temperature post-
industrialization has been estimated to be con-
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of human morbidity and mortality. Globally 0.7
million deaths/year have been attributed to tro-
pospheric ozone pollution (Anenberg et al.
2010).

In plant kingdom, human-induced tropo-
spheric ozone not only interferes with ecosystem
functioning (like carbon storage) (Sitch et al.
2007; Nikolova et al. 2010; Galant et al. 2012)
and forest productivity (Karnosky et al. 2007) but
also poses a great threat to agriculture by affect-
ing crop yields (Feng et al. 2008). Various studies
indicate its effect on net primary productivity
which results from interference of ozone with
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respiration and photosynthetic pathways. Due to
its detrimental effects on plants, it is phytotoxic
at near concentrations of 0.20 ul I’ and above
(Reich 1983).

Tropospheric Oj; is a product of photochemi-
cal reactions whose main precursors are nitrogen
oxides (NOx), carbon monoxide (CO), methane
(CH,), and volatile organic compounds (VOCs)
(Seinfeld and Pandis 2012). One of the main
steps in ozone formation is photolysis of oxygen
molecule which is more rapid at higher tempera-
tures. Therefore, high O; production occurs in
conditions of strong sunlight and high tempera-
tures. It is worth noticing here that these high
temperatures can also favor maximum plant pho-
tosynthesis and growth in temperate ecosystems.
However, extremes of sunlight and temperature
can lead to plant stress, in which case high [Os]
and maximum stomatal conductance and O;
uptake are no longer coincident. The sensitivity
of O; production depends on the NOx emission
levels, as mentioned above. In rural areas of
industrialized countries with moderate NOx lev-
els, O; formation reactions dominate. In these
regions, which include many of the major crop-
growing areas of the world, the rate of O; forma-
tion increases with increasing [NOx], and O;
formation is referred to as NOx limited. Among
the plethora of air pollutants affecting plant
growth and function, ozone emerges as an impor-
tant one (Ainsworth et al. 2012).

9.2 Ozone Uptake and Effects

In general, pollutant uptake is reduced when sto-
mata are closed and essentially no plant injury
takes place. Opening and closing of stomata is
affected by the turgor changes in the guard cells
and the adjacent subsidiary cells. As a result, the
factors which indirectly or directly influence the
size of stomatal aperture influence uptake of pol-
lutants like ozone. Studies have revealed that the
cell membranes are the primary site of ozone
action. In other words ozone affects those molec-
ular configurations which are vital to cellular
function. Primarily ozone increases the permea-
bility of the plasmalemma which causes an ionic
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imbalance. This further creates metabolic imbal-
ance. For example, Keitel and Arndt (1983)
showed that tobacco plants exhibited a loss of
turgor within few minutes of exposure to 0.18
ppm of ozone, indicating the effect of ozone on
permeability of membrane. Ozone exposure
effects on permeability by Perchorowicz and
Ting (1974), Evans and Ting (1973), etc. further
support this theory and suggest that continued
ozonation causes irreparable injury to membrane
components.

9.3 Effect of Ozone on Carbon

Metabolism

Acute exposure to ozone is capable of increasing
the reactive oxygen species in the guard cells.
These ROSs are the main entry points for changes
in net primary productivity of plants on ozone
exposure (38). It also has the potential to generate
more ROSs, including hydrogen peroxide, super-
oxide radicals, hydroxyl (OH") radicals, and NO
(Ainsworth et al. 2012). It is well established that
plant growth in chronic O; is characterized by
decreased rates of CO, assimilation at the leaf
level (Fiscus et al. 2005).

9.3.1 Case of Woody Plants

Study on trees like poplar, pine (Pinus elliottii),
pond pine (P. serotina), white pine (P. strobus),
and loblolly pine (P. taeda) (seedlings of the lat-
ter) indicated that there was a general pattern of
photosynthesis reduction and stimulation of res-
piration. However, these changes depend upon
age of the leaves and level and duration of expo-
sure besides other factors.

Chronic exposure of hybrid poplar (Populus
deltoides x trichocarpa) plants to low concentra-
tions of ozone had negative impact upon net pho-
tosynthetic capacity, dark respiration, and leaf
chlorophyll contents. 0.20 pl/l O; exposure had
no immediate effect on net photosynthesis, but
chronic exposure to 0.125 or 0.085 pl per liter
displayed gradual effects on CO, exchange.
These included greater dark respiration rates in
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developing and young mature leaves and lower
net photosynthesis in fully expanded leaves of all
ages. The leaf maturation and aging processes in
themselves have correlation with changes in CO,
exchange. Age-related changes in net photosyn-
thesis, dark respiration, light-saturation, chloro-
phyll contents of leaf, and apparent quantum
yield were relatively typical. They followed the
pattern of increasing activity during maturation
and gradual decline with subsequent increase in
age. It was observed that hybrid poplar leaves
were capable of sustaining high rates of photo-
synthesis for extended periods of time; over 50
days at >20 mg dm2 h-’ and over 75 days at
>10 mg dm 2 h-’. Effects of exposure to low con-
centrations of O; were indicated by differences in
age-related patterns of CO, exchange between
control and ozone-treated plants (Barnes 1972;
Reich 1983).

9.3.2 Case of Herbaceous Plants

Sun et al. (2014) studied effect of ozone on vari-
ous aspects of plant growth in soybean. The study
showed that light-saturated photosynthesis
observed a decrease with increasing O; levels and
developmental stages. This decrease was higher
in young leaves compared to fall in the old leaves.
The overall photosynthesis decreased by 7 % per
10 ppb increase in O; levels. The overall average
leaf starch decreased 8 % per 10 ppb increase in
O;. The overall average leaf starch content was
60 % lower in the old leaves than in the young
leaves. No significant level of change was
observed in leaf sucrose, glucose, and fructose
with O; levels during early reproductive stages.
However, there was a decrease with increasing Os
levels during late reproductive stages, and it was
lower in the old leaves than in the young leaves.
The critical O; levels that cause 10 % decrease
varied among those measured parameters with
average around 50 ppb for [O;]. The estimated
critical O; levels are between 48 and 49 ppb for
photosynthesis such as light-saturated photosyn-
thesis and RUBISCO carboxylation; between 45

and 47 ppb for photosynthetic pigments such as
chlorophyll; between 46 and 48 ppb for leaf
major carbohydrates such as starch, sucrose,
fructose, and glucose; and 53 ppb for electron
transport rates. The critical O; levels that cause
10% decrease in seed yield compared to the
ambient control are 49 ppb [Bassin et al. 2007].
Photosynthetic pigments were the most sensitive
parameter to O; among all variables measured.
Ozone affects RUBISCO-limited photosynthesis
more than RuBP-limited photosynthesis, indicat-
ing RUBISCO is the early target of O; damage.

9.4 Ozone and Primary

Metabolism

It is well established that decreased rates of car-
bon dioxide assimilation describe growth of a
plant in chronic O; levels at the leaf level
(Ashmore 2005; Fiscus et al. 2005). This can
therefore be attributed to the basis of Os;-mediated
reductions in ecosystem net primary productivity.
An analysis of O; impact on crops as well as tree
species has emphasized its role in altering light-
saturated photosynthesis and revealed that angio-
sperm trees, soybean (Glycine max), wheat
(Triticum aestivum), and rice (Oryza sativa) were
significantly affected by ambient or near-ambient
[O;] (Morgan et al. 2003; Flowers et al. 2007;
Ainsworth 2008; Feng et al. 2008). Os-induced
reductions in primary metabolism are well cor-
related with the capacity at the cellular level for
CO, fixation, based on studies of RUBISCO tran-
script levels, protein level, and enzyme activity.

Already ozone leads to decreased carbon avail-
ability from O;-mediated changes in primary met-
abolic processes, and plant carbon balance is
further impacted by indirect losses. Cost of detox-
ification is needed to counter the reactive oxygen
species increase generated by O;. Although the
role of apoplastic ascorbate in countering the
damage against ozone has been documented, the
dissolution chemistry of ozone in apoplast is not
completely understood (Luwe et al. 1993; Fuhrer
and Booker 2003; Conklin and Barth 2004).



96

9.5 Conclusion

Sensitivity to ozone is associated with leaf char-
acteristics related to the ability of ozone to dif-
fuse into the leaves and further diffusion of O;
through intercellular space into mesophyll cells
(Dixon et al. 1994; Dermondy et al. 2008).
Photosynthesis, total nonstructural carbohydrate
(TNC) levels, and many metabolites and amino
acids as well as seed yield are highly correlated
to each other and exhibit a linear decrease with
increasing ozone levels. Loss of seed yield is
mainly a result of the loss of photosynthetic
capacity which is non-stomatal in origin and to
the length of growing season and onset of canopy
senescence. Ozone interacts with developmental
stages and leaf ages with higher damage at later
reproductive stages and in older leaves. This has
been supported by extensive experimental and
modeling studies. Further it can be said that the
effects of O; on vegetation can feed back to the
climate system through alterations to carbon
sequestration. It should be noted that climate
change itself can alter natural emissions of O;
precursors, some of which are also radiative forc-
ing agents. The complex set of interactions and
feedbacks emphasizes the need to take O; pollu-
tion seriously at local, regional, and hemispheric
scales. More efforts are required to improve our
understanding of O; pollution biology such that
appropriate emissions control measures can be
introduced to limit O; impacts on ecosystem
services.
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Abstract

Air pollution is a major problem in modern society. During the last cen-
tury, the interactions between plants and different types of air pollutants
were investigated: many studies on the influence of environmental pollu-
tion were focused on physiological, biochemical and ultrastructural
aspects. The cuticle covers the epidermis external walls from all aerial
organs of plants, and it is the main barrier between the plant body and the
environment. Therefore, there was a permanent contact between cuticular
surface and various pollutants from the atmosphere. If the interaction
between air pollutants and the leaves affects the cuticle, the changes in its
structure can be considered as biomarkers of air pollution and it can serve
in diagnosis. Urban pollution is responsible for the damage of trichomes,
cuticle and stomatal guard cells, significantly affecting foliar morphology.
Scanning electron microscopy investigations of the leaves from plants
growing in polluted sites revealed a remarkable difference in size of the
stomatal pores, ruptured of the guard cells, damage of cuticle and epicu-
ticular wax. Some authors investigated structural modifications which
occurred in the vegetative organs of different species of plants under the
effect of air pollution. The reaction of different species to the modified
environmental conditions is strongly correlated with their structural and
functional features. In our case studies, the plants originating from exten-
sively polluted areas shows substantial changes in their anatomy; assimila-
tory tissues contain elevated amounts of tannin or polyphenolic compounds;
frequency of the calcium oxalate crystals is increased; and transfusion
parenchyma shows the highest degree of alterations. Fluctuating asym-
metry (FA) is expected to increase with increasing stress. Our results show
that higher asymmetry levels were observed in unpolluted sites than in
polluted sites. These data indicating that plants living in the stressful
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habitats are more symmetrical and consequently these three cosmopolite
species could be used as an ‘index of habitat quality.

Keywords

Environmental pollution ® Stomatal guard cells ¢ Foliar morphology
Anatomy * Epicuticular wax

Air pollution is a major problem in modern soci-
ety. Even though air pollution is usually a greater
problem in cities, pollutants contaminate air
everywhere on the planet. These substances
include various gases and tiny particles or par-
ticulates that can affect human health and cause
significant environmental damage. Air pollution
was earlier considered as a local problem around
large point sources. But due to acid rain, smog
and long-range transport of pollutants, it has
become rather a regional problem. The trans-
boundary nature of pollutants was clearly evident
when areas far away from sources of air pollution
also showed higher concentrations of air pollut-
ants (Rai et al. 2011). The main air pollutants are
sulphur dioxide, ozone, fluorides, nitrates, oxides
of nitrogen and particulate matters (Mudd and
Kozlowski 1975).

According Koziol and Whatley (1984), the
first mention of air pollution damage to the veg-
etation was made by Evelyn (1661) in Fumifugium
or The Inconvenience of the Air and Smoke or
London Dissipated, in which he noticed that pol-
luted air kills “our bees and flowers”.

First investigations concerning the effect of air
pollutants on plants were carried out by
Stockhardt (1871) who investigated the effect of
smoke on Picea and Abies trees in Germany.

In the last century, the interactions between
plants and different types of air pollutants were
investigated by many authors: most studies on the
influence of environmental pollution were
focused on physiological and ultrastructural
aspects (Heumann 2002; Psaras and
Christodoulakis 1987; Velikova et al. 2000).
Studies concerning the anatomy of the vegetative
organs under conditions of pollution have been
also carried out (Bermadinger et al. 1988; Dineva
2004; DaSilva et al. 2005).

The emission of air pollutants (resulting from
industrial, domestic or social activities) can cre-
ate problems for plants, because of toxic gases
with which they come into contact. At the ultra-
structural level, there are many changes in the
vegetative and reproductive organs (Ahmad et al.
2005; Patel and Devi 1984; Psaras and
Christodoulakis 1987; Soikkeli and Karenlampi
1984; Da Silva et al. 2005). These modifications
accompany morphological changes such as chlo-
rosis and adjacent necrosis and consist in destruc-
tion of chlorophyll pigments, thylakoid
degeneration and plastid lysis (Lendzian and
Unsworth 1983; Psaras and Christodoulakis
1987).

The Cuticle and Its
Interaction
with Atmospheric Pollutants

10.1

The cuticle covering the epidermis external walls
from all aerial organs of plants is the main barrier
between the plant body and the environment.
Therefore, there was a permanent contact
between the cuticular surface and various pollut-
ants from the atmosphere. If the interaction
between air pollutants and the leaves affects the
cuticle, the changes in its structure can be consid-
ered as biomarkers of air pollution, and it can
serve in diagnosis.

The inner part of the cuticle is characterized by
its interaction of their lipid components with the
external part of the cell walls, containing pectin
and cellulose. The next layer of the cuticle can be
easily removed (enzymatically) from the cell
wall; the outer layer is predominantly composed
of cutin and epicuticular waxes. Cutin is respon-
sible for the mechanical integrity of the epidermis
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Fig.10.1 SEM
microphotograph of Abies alba
2-year-old leaf; damaged wax
structure in the stomatal
antechamber (original)

and consists predominantly of esterified fatty
acids; there are also a small amount of free fatty
acids in the cuticle matrix, and they are responsi-
ble for transcuticular transport (Kerstiens 1994).
Epicuticular wax (quite heterogeneous, con-
taining a wide range of long-chain saturated
hydrocarbons and their derivatives) is impreg-
nated into the outer part of the cuticular matrix,
forming a continuous layer above it; it is the pri-
mary barrier between external factors and the
internal part of the plant. Above epicuticular wax
may exist discontinuous deposits of crystalline
wax; it plays an important role in the interaction
between leaves with acid rain and can play an
important role in retaining solid pollutants by
increasing the active surface of the cuticle.
Epicuticular wax structure changes with age
of the plant; initially, it has a fine, crystalline
structure, but in time, it can be altered by contact
with acid rain or the precipitation, by mechanical
abrasion due to contact with microparticles car-
ried by the wind or by contact with leaves or
other adjacent surfaces (Berg 1989). In conse-
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quence, epicuticular wax crystals slowly degrade
over time, and this leads to changing in the
appearance of leaves and their affinity for water.
There are various studies on the differences in
structure and water affinity of leaf cuticle from
polluted areas compared to those in unpolluted
areas (Grill et al. 1987; Bermadinger et al. 1988;
Bermadinger-Stabentheier 1995). Typical symp-
toms are observed with leafage: merging of the
wax crystals and occurrence of a compact, unin-
terrupted layer of wax above the normal one, cov-
ering the cuticle (Fig. 10.1); this layer of wax can
completely occlude or close the stomatal pores or
the stomatal chamber, when the stomata are
located under the epidermis level.

Grill et al. (1987) investigated the morphology
of epicuticular wax from the leaves of healthy
spruce trees compared with leaves of affected
ones due to air pollution, in different parts of
Germany. This has a normal aspect in healthy
trees, from unpolluted areas, while in those
affected changes were found; the leaf micromor-
phological appearance shows an older age than of
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real analysed leaves. Following these findings,
the authors concluded that the state of the cuticle
is rather an indicator of the overall vigour of the
plant and less of the degree of its exposure to dif-
ferent pollutants.

Bermadinger-Stabentheiner (1995) investi-
gated the alterations to epicuticular waxes inde-
pendent of pollution effects, recorded in various
field studies, in order to distinguish changes
induced by air pollutants from the artefacts
caused by mechanical or chemical injury to the
leaf surface. Experimentally, the air-permeable
bags isolated portions of leafy branches, thus
avoiding the influence of air pollutants. On
smoothed and squashed wax layers, a significant
regrowth of wax tubes was occasionally observed,
unrelated to needle age.

Urban dust was responsible for the damage of
trichome, epidermis, cuticle and stomatal guard
cells significantly affecting foliar morphology.
Gupta et al. (2015¢) investigate the effect of dust-
fall on morphological characteristics of Morus
(Morus alba). Plants from a polluted site
(Sahibabad, India — located near an important
juncture of two national highways) exhibited
more damage to these morphological parts, sug-
gesting that industrial dust is injurious to the
plants. Scanning electron microscopy (SEM)
investigations revealed a remarkable difference
in size of the stomatal pores, rupture of the guard
cells and damage of cuticle and epidermis cell at
both sites at the abaxial surface (Gupta et al.
2015c). Dust particles deposited in and around
stomata on abaxial leaf surface obstructing the
stomatal pores were observed (Gupta et al.
2015b). Similar results were obtained in the case
of a medicinal plant arjun (Terminalia arjuna)
from two sites with different characteristics in the
National Capital Region (NCR) of Delhi (Gupta
et al. 2015a). Cuticle and epicuticular wax
changes were observed as an effect of the particu-
late deposition on the leaf surface. The obstructed
stomata and smaller size of the stomatal pores
were observed at the Sahibabad site where pollu-
tion is higher as compared to the control site.

I. Gostin

Our investigations were carried out on the
leaves of Populus nigra (poplars) and Pinus syl-
vestris (Scots pine) in polluted urban areas (lasi
City, Romania (N, 47009'27,996"; E,
27036'45,763"), elevation 79 m above sea level)
with high traffic values (>10,000 vehicles/day);
the control samples were collected from Iasi
Botanical Garden Anastasie Fatu. The poplar
leaves collected from the polluted area showed
the presence of solid massive deposits (Fig.
10.2b—d). They are present only on the leaves
from urban areas, are affected by heavy traffic,
and are almost absent on the leaves from the
clean area (botanical garden), used as a control
(Fig. 10.2a).

The surface of Scots pine needles is covered
with a smooth layer of epicuticular wax, with few
crystals (Fig. 10.3a). In the suprastomatal cham-
bers, waxy filigree tubes could be observed. On
the smooth cuticle of fully expanded needles, the
wax tubules fused into an amorphous surface
with time. On the polluted needles (Fig. 10.3b),
the needle surface shows numerous particulate
debris; the fine structure of the epicuticular wax
is not longer visible. At the same time, on the
cuticle surface, fungus mycelia are very frequent;
they are currently associated with the solid
deposits from the needles.

In another study, structural and micromorpho-
logical changes from Abies alba leaves collected
from polluted sites (from the adjacent area of
Ceahlau National Park, NE Romania) and from
the park area were investigated (Gostin 2010).
The control sample (M) was collected from the
protected area of the park, whereas the test sam-
ples were taken from the Tasca railway station
(V1) and from the neighbouring carrying station
of a cement factory (V2).

The area of silver fir forests decreased signifi-
cantly during the last 200 years in most European
countries. Reasons for this decline are related to
the human impact, through deforestation, over-
exploitation and promotion of faster-growing tree
species, clear-cut forestry, improper management
and air pollution (Wolf 2003). Symptoms are
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Fig. 10.2 SEM microphotographs illustrating the aspect
of the Populus nigra leaf surfaces. Epidermis: (a) upper
epidermis, control sample (ribbed cuticle, without solid
deposits, can be observed); (b) upper epidermis, polluted

manifested by needle browning, early defoliation
and stand mortality (Krause et al. 1986).

The SEM observations on the silver fir tree
stomata (on 2-year-old needles from control area)
are almost completely occluded by anastomosed
wax tubes, covered by small and uniformly dis-
posed granules (Fig. 10.4a—c). On the needles
from polluted sites, the majority of stomata have
the stomatal antechamber covered with a com-
pact crust of amorphous wax (Fig. 10.4d—f).

Scanning electron microscopy (SEM) research
made by Ivanescu and Gostin (2007) on the sur-
faces of leaves from different species of gymno-
sperms accomplishing more or less pronounced

sample (massive foreign deposits can be observed); (c, d)
lower epidermis, polluted sample (a scale bar = 20 pm,
b—d scale bar = 50 pm) (original)

defoliations and in individuals with foliar chloro-
sis and/or necrosis revealed the role of deposits in
causing these phenomena.

Massive deposits of lime and cement dust on
the surfaces of gymnosperm leaves from Bicaz
area cover the stomatal pores, alter the cuticular
relief changing the pattern of the cuticular stria-
tions and adjust the proportion between crystal-
lized and amorphous waxes, in favour of the
latter one. This may help to the development of
microflora (fungi and algae) which, once
installed,coverportionsthatare photosynthetically
active and issue a series of toxic substances that
affect the overall condition of the leaf.
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Fig. 10.3 SEM microphotographs from the abaxial surface of the Scots pine needles: (a) sample from witness area
(scale bar = 500 pm), (b) damaged sample from urban polluted area (scale bar = 200 pm) (original)

Some authors consider the presence of a
microflora on the leaf surfaces to be normal; also,
there are opinions according to which its pres-
ence is a sign of important physiological disor-
ders, which are not yet phenotypically manifest;
therefore, this is another possible answer to the
controversial problem of the massive defoliations
of trees (Ivanescu and Gostin 2008).

The exposure to the air pollutants caused
changes in the cuticular wax. This is represented
especially by an accelerate fusion and degrada-
tion of tubular wax structures which cover the
stomatal pores. This reaction was observed also
by Grill et al. (1987) and Viskari (2000) in
Norway spruce needles and by Bacic and Popovic
(1998) and Bacic et al. (2005) in silver fir nee-
dles. The transformation of tubular wax into an
amorphous one is normally caused by ageing, but
in polluted areas this process is more rapid. In the
analysed samples, the amorphous crust covers
only partially the stomatal pores; Bacic et al.
(2005) find completely obstructed stomata in pol-
luted areas from Croatia. The environmental con-
ditions (such as temperature) and different
components of the air pollutants (organic com-
pounds, acid rain) could influence the degree of

injuries that occur at this level (Glinthardt-Goerg
and Vollenweider 2007; Vollenweider et al.
2008).

10.2 Structural Changes
Under the Effect of Air
Pollution on Plants

Structural modifications which occurred in the
vegetative organs of different species of plants
under the effect of air pollution were investi-
gated from many authors. The reaction of differ-
ent species to the altered environmental
conditions is strongly correlated with their
structural and functional features.
Christodoulakis and Fasseas (1990) show no
significant changes in Laurus nobilis (a resistant
xerophytic plant) leaf structure exposed to air
pollutants in Athens. Histo-anatomical studies
regarding the modifications that occurred in a
tree’s leaves under the effect of air pollutants are
numerous (Alvarez et al. 1998; Vollenweider
et al. 2003; Dineva 2004; Da Silva et al. 2005;
Maranho et al. 2006; Gostin and Ivanescu 2007;
Vollenweider et al. 2008).
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ture of the epicuticular wax from the stomatal region
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control area. (b) Detail showing partially fused wax
tubules, normally for a 2-year-old needle. (¢) Anastomosed
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ules. (d) Small crust over the central part of the stomatal
pore — needle from V1 sample. (e) Compact crust of epi-
cuticular wax over the stomata — needle from V1 sample.
(f) Almost complete obstructed stomatal pore — needle
from V2 sample (scale bar a, b =20 pm; ¢ =2 pm; d = 20
pm; e, f =50 pm) (Gostin 2010)
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10.2.1 Case Study 1

The vegetal material consists of 2-year-old leaves
of Abies alba, which have been collected from
Ceahldu National Park (Romania, Neamt County)
and its adjacent area. The control sample (M) was
collected from the protected area of the park, and
the test samples were taken from the Tasca rail-
way station (V1) and from the main road, in the
neighbouring carrying station of a cement factory
(V2) (Gostin 2010).

The leaves of silver fir tree from polluted sites
show moderately visible injuries. They appear as
brown spots along the needles; the affected leaves
are no more than 20% from the total (Gostin
2010).

The structural characteristics of the leaves col-
lected from unpolluted sites are similar with
those described in the literature (Fig. 10.5a). The
epidermis is unilayered; all the cell walls are
thick and lignified. The hypodermis is discontin-
uous especially in the vicinity of the stomata. The
mesophyll consists in bilayered palisade paren-
chyma (under the upper epidermis) and multilay-
ered spongy parenchyma (under the lower
epidermis). In all assimilatory cells, numerous
crystals of calcium oxalate located in the exterior
of the cell wall are visible (Fig. 10.5b). The extra-
cellular occurrence (outside of the walls of meso-
phyll cells, which face the intercellular spaces) of
the calcium oxalate crystals in Pinaceae leaves
was noticed by Fink (1991) in Picea abies.

The histo-anatomical analysis in the case of
the needles collected from polluted areas was
made through visibly affected areas. Over the
epidermis cells (including the stomata), solid
deposits are visible (Fig. 10.7d). Five to ten
leaves were investigated for each sample; in the
majority of them, epidermis cells, as well as the
stomatal cells, are full of tannin (especially from
V2); in other samples epidermis cells exhibit
thicker external walls and a wide lumen. Crushed
cells are visible sporadically in the region of the
midvein of the lower epidermis (top of the leaf
from V2) (Fig. 10.6e). Usually, the hypodermis is
not affected, but sometimes, the lumen is also
filled with tannin (Fig. 10.5e, f). The damages
induced by local pollutants affect both palisade
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and spongy parenchyma (Fig. 10.5c, e, f). The
structural modifications begin with the protoplast
alteration and the increase in thickness of the cel-
lular walls (Fig. 10.6¢c, d). In the affected areas
from the assimilatory tissues, the cells contain
elevated amounts of tannin (in order to establish
the chemical nature of the brown deposits, histo-
logical identification with alcoholic solution of
vanillin was performed — Fig. 10.7a, b). In other
areas, variable deposits of polyphenolic com-
pounds were observed (Figs. 10.5¢ and 10.6a)
(Gostin 2010).

In the needles collected from polluted sites,
the density of the calcium oxalate crystals is
higher than those originated from the control
zone (Fig. 10.5d). Crystals are visible within the
cells, along their walls, and precipitated outside
the assimilatory cells, connected to the external
parts of the walls or scattered in the intercellular
space (Gostin 2010).

In the central cylinder, especially the transfu-
sion parenchyma is the most intensely affected
(Fig. 10.5¢). Many cells from the abaxial part are
crushed and their place was taken by large lacu-
nas. Occasionally, in the phloem (V1 and V2
samples), the cell walls become sinuous and
slightly thicker, while the lumen becomes narrow
(Figs. 10.5¢ and 10.6a). In other leaves (Fig.
10.6b) (V2 samples), a visible phloem hypertro-
phy could be noticed. These are the results of an
intense and unilateral cambial activity, followed
by an increase of the number of sieve cell layers
and the modification in the phloem shape (Gostin
2010). Sometimes, in V2 samples, strongly dam-
aged leaf, probably consecutively of insect attack,
with mesophyll cells fulfilled with tannin and
large areas of necrosis in assimilatory tissues
could be observed (Fig. 10.6f).

Histological changes in the silver fir tree
leaves affected by the pollutants occur especially
in the central cylinder and in the assimilatory tis-
sues. The transfusion tissue is frequently col-
lapsed in the vicinity of the phloem from the
vascular bundles. In a review, Gunthardt-Goerg
and Vollenweider (2007) notice that the toxic
metals enter in leaves through the stomata and
show an accumulation in gradient connected to
the vein system.
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Fig. 10.5 a Cross section through the median part of an
Abies alba needle from control area; the hypodermis is
discontinuous both under the lower and the upper epider-
mis; the palisade parenchyma is unilayered. (b) The same
section view in polarized light. Calcium oxalate crystals
could be observed linked by the external walls of the cells,
especially in spongy parenchyma. (c¢) Cross section
through the median part of an injured needle from V1
samples. Tannin accumulation and polyphenolic com-
pounds both in palisade and spongy parenchyma are indi-
cated. (d) The same section (higher magnification and
polarized light). Numerous calcium oxalate crystals could

The increase of cell wall thickness from the
mesophyll is a common response of the plant
leaves to the stress caused by different air pollut-
ants, including heavy metals. Necrosis involving

be observed inside and outside of the cells. (e) Cross sec-
tion through the median part of an injured needle from V1
samples. Lower epidermis and hypodermis cells are ful-
filled with tannin; in spongy parenchyma cells, dark
spots — polyphenolic compounds — could be observed; the
central cylinder structure is altered; the transfusion tissue
is collapsed; and the phloem from vascular bundles is
hypertrophied. (f) Detail from the lateral inferior part of
the needle — all epidermis cells (including stomata) and
hypodermis cells are fulfilled with tannin; the cell walls of
the necrotic spongy parenchyma cells are very thick (scale
bar =100 pm) (Gostin 2010)

thickening and pigmentations of the cell walls of
palisade parenchyma was described by Alvarez
et al. (1998) for Abies religiosa needles exposed
to ozone. In Abies alba needles, wall thickening
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Fig. 10.6 Cross sections through the median part of a
needle from V2 area. (a) Epidermis and hypodermis cells
contain tannin; the spongy parenchyma cells located
under the central cylinder are necrotic, with tannin in the
walls; and in some palisade parenchyma cells, polypheno-
lic compounds could be observed. (b) Particular modifica-
tion in the phloem shape from a vascular bundle. (¢, d)

involves both palisade and spongy parenchyma.
This symptom is correlated with important tannin
accumulation in the affected cells (identified by
vanillin test) (Gostin 2010).

Plants can synthesize and accumulate a com-
prehensive spectrum of phenolics in response to
physiological stimuli and stress (Dixon and Paiva
1995); in analysed samples, dark deposits of

Very thick cell walls in assimilatory tissue. (e) Cross sec-
tion through the fop of a needle. Crushed cells could be
observed in lower epidermis. (f) Strongly damaged leaf,
probably consecutively of insect attack — mesophyll cells
fulfilled with tannin and large areas of necrosis in assimi-
latory tissues (a—c, e, f scale bar = 100 pm, d scale bar =
50 pm) (Gostin 2010)

polyphenolic compounds could be observed into
the cells of the palisade and spongy parenchyma.
Usually, on the same section, both phenolic com-
pounds and tannin deposit could be observed.
The distribution pattern of these zones is random.
The intense damages that occur in conducting
and in assimilatory tissues are related with the
pollution sensitivity of silver fir. The capacity of
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Fig. 10.7 Cross sections through the median part of a
needle from V2 area: (a, b) tannin identification with
alcoholic solution of vanillin. (¢) Crushed and necrotic

some species to isolate and store the pollutants in
relatively inactive tissues, away from more active
and vital leaf tissues, represents a detoxification
response and implicitly a protective mechanism
(Choi et al. 2001; Gunthardt-Goerg and
Vollenweider 2007). This kind of reaction was
not observed in silver fir needles.

10.2.2 Case Study 2

Four Fabaceae species (Lotus corniculatus,
Trifolium montanum, T. pratense and T. repens)
from Ceahldu National Park (Romania, Neamt
County) and its adjacent area were investigated
from a histological point of view, in order to
establish the influence of the roadside pollution
on the leaves’ structure; plant species growing
along roadsides are considerably modified due to
the stress of automobile exhaust emission
(Sukumaran 2014). These plant species were
chosen because they are widespread and can be

cells from assimilatory tissue. (d) Stomata covered by
solid deposits (a, b scale bar = 100 pm, ¢, d scale bar =
50 pm) (Gostin 2010)

found in different polluted sites. The control sam-
ple (M) was collected from the protected area of
the park and the variants from Tasca railway sta-
tion (V1) and near the main road of the zone
(V2). For each site (M, V1, V2), five plants were
collected. Four leaves from the central part of
each plant were investigated (Gostin 2009).

In all analysed species, the leaves show dorsi-
ventral structure. The upper epidermis consists of
large cells covered by a thin cuticle. The meso-
phyll consists in a uni- or bilayered palisade
parenchyma, with short cells, and a plurilayered
spongy parenchyma, with round cells. The lower
epidermis structure is similar to the upper one.
The leaves are amphistomatic (with stomata in
both epidermises). All Trifolium species leaves
show some differences between the plants col-
lected from control and from polluted areas. The
thickness of the foliar lamina slightly decreases
under the influence of the air pollutants; the
height of the palisade cells and the diameter of
the spongy cells decrease too (Gostin 2009). The
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external wall of the epidermis cells is thicker in
V1 and V2 samples compared with the control in
Trifolium repens and Lotus corniculatus leaves.

The pollution stress had a negative impact on
the leaves of the investigated species.
Nevertheless, these species are quite resistant to
the air pollutant actions, and despite the observed
modifications, they continue to grow and reach
flowering stage. The reduction of the plant’s
growth as consequence of the pollution stress
was underlined by different authors (Gupta and
Igbal 2005; Maruthi Sridhar et al. 2005, 2007).

At the level of the epidermis cells, the increase
of the external wall thickness serves as a more
efficient barrier against the pollutants penetrating
into the leaf. Gaseous pollutants, which still enter
into the mesophyll via stomata, may strongly
interact with the surface of assimilatory cells,
assuming that the larger proportion of intercellu-
lar space is positively correlated with a larger
inner surface area of that tissue (Gostin 2009). As
the first tissue which comes in direct contact with
the air pollutants, the epidermis shows crushed
cells in Trifolium montanum and T. repens (Figs.
10.8¢c and 10.10a—c). Dark deposits are visible
over the external cell walls in Trifolium monta-
num V1 samples (Fig. 10.8a); they are absent in
the control variant (Fig. 10.8b).

Leaf anatomy of the investigated species also
showed reduction in epidermis and palisade
parenchyma cells in polluted leaves as compared
with those collected from nonpolluted sites.
Significant injuries were particularly observed in
spongy parenchyma in 7. montanum and T.
pratense leaves (Figs. 10.8f and 10.9d, f). The
vascular tissues did not show visible changes;
only the accumulation of polyphenolic com-
pounds could be noticed at this level (Fig. 10.8e).
Sometimes, the substomatal chamber from Lotus
corniculatus leaves (V2 area) was fulfilled with
dark deposits (Fig. 10.9b). Reduction in stomatal
closure under metal stress is not uncommon.
Decrease in size of the stomata resulting from an
inhibitory action of a pollutant may, in fact, repre-
sent an avoidance mechanism (Igbal et al. 1996).

In this study, the spongy parenchyma cells
show no significant decrease in the polluted
areas. Igbal (1985) has shown significant reduc-
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tion in palisade and spongy parenchyma in leaves
of white clover of a polluted population.

The presence of the phenolic compounds
(dark deposits from the epidermis, assimilatory
and vascular tissues) (Figs. 10.8e, f; 10.9b, c, f;
and 10.10a, f) indicates that long-term exposure
to air pollutants leads to enhanced accumulation
of these compounds. The enhanced accumulation
of phenolics and lignin is considered to be one of
the most common reactions of plants to stress
(Wild and Schmitt 1995). Rare cells with large
amounts of tannin are visible in Trifolium
pratense and Lotus corniculatus leaves (Figs.
10.9¢ and 10.10e). Condensed tannins were
apparently involved in Cd detoxification. They
can complex more or less efficient different
heavy metals (Vollenweider et al. 2006).

All investigated species were proven to have
some anatomical adaptations indicating a signifi-
cant potential for resistance to air pollutants.

10.3 Relationship
Between Pollution
and Fluctuating Asymmetry

Developmental stability measures are potential
tools in monitoring environmental stress in plants
(Tracy et al. 1995). It is based on the organism’s
ability to minimize random perturbations during
development and is often used as a measurement
of the effects of environmental perturbations on
organisms (Graham et al. 1993; Moller and
Swaddle 1997).

Fluctuating asymmetry (FA) is expected to
increase with increasing stress (Palmer and
Strobeck 1986; McKenzie and Clarke 1988; Leary
and Allendorf 1989). Sometimes, in the field
investigations (regarding different types of stress),
the results are quite opposite (Graham et al. 2010).

The degree of fluctuating asymmetry of a spe-
cific feature could depend on its functional
importance, because a stabilized development
should be more strongly selected in the charac-
ters performing critical functions for an organ-
ism, in which FA might be detrimental, than in
those characters functionally less important
(Palmer and Strobeck 1986).
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Fig. 10.8 Cross sections through the leaf of Trifolium
montanum: (a) epidermis from the midvein (V1) (dark
deposits over the external cell wall could be observed); (b)
epidermis from the midvein (c); (¢) epidermis from the
midvein (V2) (crushed epidermis cells) (scale bar = 50

Hddar (2002) suggests that plants living in the
more stressful sites are more symmetrical, more
symmetrical plants respond less to yearly varia-
tions in drought stress, and the response to yearly
variations in drought depends on the climatic
conditions in which a tree is living. Habitat qual-
ity refers to the ability of the environment to
provide conditions appropriate for individual and

pum); (d) cross section through the leaf from V1 sample
(small dark spots in the mesophyll); (e) cross section
through the midvein (V2); (f) cross section through the
leaf from V2 sample (large dark deposits in the meso-
phyll) (scale bar = 100 pm) (Gostin 2009)

population persistence (Krausman 1999). The
quality of population habitat is, therefore,
expected to negatively relate to environmental
perturbations (Velikovik and Perisic 2006).
However, the main drawback of the use of FA as
a diagnostic tool is the difficulty in discriminating
the genetic from the environmental components
producing FA in the field (Rettig et al. 1997).
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Fig. 10.9 Cross sections through the leaf of Trifolium
montanum and Trifolium pratense. (a) T. montanum —
upper epidermis from V1 leaf (dark deposit into an epi-
dermis cell); (b) lower epidermis from V2 leaf (dark
deposit in a substomatal chamber) (scale bar = 50 pm). (c)
T. pratense — cross section through the midvein of V1 leaf

Parsons (1992) has mentioned that relatively
severe stress is needed to increase FA under field
conditions. Increasing asymmetry tends, there-
fore, to occur in stressed marginal habitats.
Genetic perturbations implying genomic stress
include certain specific genes, directional

(scale bar = 100 pm); (d) cross section through the mid-
vein of the V2 leaf (detachment of lower epidermis could
be observed); (e) cross section through the midvein of V2
leaf (cell with tannin) (scale bar = 50 pm); (f) cross sec-
tion through the lamina of V1 leaf (dark deposits in the
mesophyll) (scale bar = 100 pm) (Gostin 2009)

selection, inbreeding and chromosome balance
alterations (Gostin 2008).

We investigated developmental instability,
measured by fluctuating asymmetry (FA), of
three Fabaceae species (Lotus corniculatus,
Trifolium pratense and T. repens) growing in pol-
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Fig. 10.10 Cross sections through the leaf of Trifolium
repens and Lotus corniculatus. (a) Trifolium repens —
cross section through the leaf of V1 sample (completed
crushed epidermis with dark deposit); (b, ¢) cross section
through the leaf of V2 samples. (b) Normal epidermis
cells near crushed epidermis cells, ¢ destroyed upper epi-

luted and unpolluted sites. This parameter was
estimated and compared between three popula-
tions of each investigated species, two from areas
with different pollution gradients and one from a
clean area; leaf width (LW and RW, which is the
distance from the midrib to the right and left
margins) was measured from 30 leaves of indi-
viduals from each area, and the rapport of LW/
RW was considered for FA determinations.

dermis) (scale bar = 50 pm). (d) Lotus corniculatus —
cross section through the V1 leaf; (e) cross section through
the V2 leaf (cell with tannin) (scale bar = 1000 pm); (f)
upper epidermis from V1 leaf (dark deposit into an epi-
dermis cell) (scale bar = 50 pm) (Gostin 2009)

The vegetal material consists in whole plants
of Lotus corniculatus, T. pratense and T. repens
collected from Ceahldu National Park and its
adjacent area. The control sample (M) was col-
lected from the protected area of the park and the
variants from Tasca railway station (V1) and near
the main road of the zone (V2) (Gostin 2015).
Different morphological parameters were mea-
sured with a digital calliper (0.01 mm accuracy).
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The stationary conditions (regarding air pol-
lutants present in the area) were obtained from
Neamt Environmental Protection Agency (Tables
10.1 and 10.2).

The results of the measurement of different
morphological parameters from investigated spe-
cies are presented in Tables 10.3, 10.4 and 10.5.

The same type of variation was noticed at the
leaflet from all investigated species (larger
dimensions in control plants and a visible
decrease in the V1 and V2 samples). The differ-
ences in size are more evident in Lotus cornicula-
tus leaflets (1.45x1.12 cm in control site versus
0.67x0.23 cmin V2 area). In the case of Trifolium
pratense and T. repens leaflets, the dimensional
differences are lower (2.85x1.72 c¢m in control
versus 2.24x1.23 cm in V2 area and
1.43x0.89 cm in control versus 1.1x0.63 cm in
V2 area, respectively). The rapport between left
and right sides of the leaflet, showing the asym-
metry of the leaflet, has higher values in plants
from control area (M) for Lotus corniculatus and
Trifolium pratense. In L. corniculatus leaflets, the
rapport between left side and right side of the

Table 10.1 Pollutant concentrations in the investigated
areas

Pollutant type

Dust

suspensions | NO, SO,
Collection point | (mg/m?) (pg/m?) | (pg/m?)
Control 0.021 7.651 4.719
(protected area)
M)
Tasca railway 0.121 17.152 5.164
station (V1)
Main road (V2) |0.281 20.974 6.833

Gostin (2015)
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leaflets was higher in control area 1.035 than in
polluted areas (V1 and V2). The same situation
was observed in the case of T. pratense (0.890 in
control area versus 0.966 and 1.013 in V1 and V2
sites). This means that the asymmetry degree is
more evident in the polluted sites. In the case of
Trifolium repens, the most symmetrical plants
were found in V1 and control areas (1 and 1.022,
respectively); the asymmetry degree increases in
V2 (polluted areas) (0.968).

Leaf asymmetry has been shown to be posi-
tively associated with environmental stress such
as pollution load; Moller and Swaddle (1997)
suggested that adverse environmental conditions
may affect the evolutionary process at different
levels. The possibility of local adaptation of
plants to stressful conditions might recommend
the use of fluctuating asymmetry as a good diag-
nostic character to assess stress tolerance. In
principle, genetic or environmental influences
may disrupt side-to-side communication and thus
potential compensatory allocations, making it
difficult for structures to preserve symmetry or
recover from stress (Freeman et al. 2003).

In a recent review Graham and co-workers
(2010) reported a failure to detect the expected
increase in bilateral FA under the impacts of nat-
ural environmental stressors.

Our results (different values of FA in different
species from the same genus — Trifolium) suggest
the necessity for particular studies for each anal-
ysed species; this is because each species
responds differently to different environmental
conditions (Gostin 2015). It seems that only the
exposure to an episode of acute pollution of some
sensitive species leads to increases in FA. Chronic
pollution, especially in the case of resistant spe-
cies, is not accompanied by increases in FA.

Table 10.2 Pollutant concentrations in the investigated areas

Pollutant type
Collection point | Pb Cd Zn Cr Cu Co
Control (M) 45.31 0.214 210.05 4.05 27.02 3.59
Tasca railway 104.11 0.798 887.06 21.31 122.90 20.85
station (V1)
Main road (V2) | 138.30 2.817 1673.72 78.84 193.07 41.91

Gostin (2015)
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Table 10.3 Results of the measurement of different mor-
phological parameters of Lotus corniculatus vegetative
aerial organs (from different polluted sites and CNP)

Morphological parameter

(cm) M \%! V2
Leaflet length (mean) 1.45 0.75 0.67
Leaflet width (mean) 1.12 0.39 0.23
Leaflet left side 0.56 0.195 |0.115
Leaflet right side 0.58 0.193 |0.117
Rapport between left side | 1.035 0.989 | 1.017

and right side
Gostin (2015)

Table 10.4 Results of the measurement of different mor-
phological parameters of Trifolium pratense leaflets (from
different polluted sites and CNP)

Morphological parameter

(cm) M Vi V2
Leaflet length (mean) 2.85 2.58 2.24
Leaflet width (mean) 1.72 1.39 1.23
Leaflet left side 0.810 0.683 |0.619
Leaflet right side 0.910 |0.707 |0.611
Rapport between left side | 0.890 |0.966 |1.013

and right side
Gostin (2015)

Table 10.5 Results of the measurement of different mor-
phological parameters of Trifolium repens leaflets (from
different polluted sites and CNP)

Morphological parameter

(cm) M Vi V2
Leaflet length (mean) 1.43 1.33 | 1.1
Leaflet width (mean) 0.89 0.76 10.63
Leaflet left side 0.45 0.38 |0.31
Leaflet right side 0.44 0.38 0.32
Rapport between left side 1.022 |1 0.968
and right side

Gostin (2015)
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Abstract

Dealing with environmental pollution promises to be one of man’s most
urgent problems in the years to come. This chapter deals with different
components of air pollution biomonitoring and their remediation by using
different plant species of herbs, shrubs, and trees as green technology.
Various methods of biomonitoring apply the whole or part of an organism
to measure the exposure of a plant as well as accumulation of a pollutant.
They have the great advantage to show clearly the effects of air pollutants
as bioindicator plants. Bioindicators can reveal the impact and the cumula-
tive effects of different pollutants. Phytoremediation is a set of processes
such as rhizodegradation, phytostabilization, phytofiltration, phytoextrac-
tion, phytodegradation, and phytovolatilization. Through these processes
plants remediate the pollutants, partially and sustainably from the atmo-
sphere. Atmospheric gases (NO,, SO,, O, etc.), heavy metals, and VOC
pollutants are reduced by absorbing and metabolizing them into less toxic
compounds by site-specific plants or through the changes in the plant
genome by overexpression of pollution-fighting genes through genetic
engineering.

Keywords
Biomonitoring * Phytoremediation ¢ Air pollution ¢ Bioindicator

11.1 Introduction

Urban air pollution is one of the important envi-
ronmental concerns worldwide. Atmospheric
aerosols as well as gaseous pollutants such as
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Certain nonradioactive metals such as mercury
(Hg), zinc (Zn), and arsenic (As) and radioactive
metals such as strontium (Sr) and cesium (Cs)
also have toxic effects for health and the environ-
ment. Plants are considered a very good responder
for selected air pollutants. The science of air pol-
lutant monitoring through plants is known as
biomonitoring. In its historical outlook, biomoni-
toring is a very old technique to study air pollu-
tion. Long ago in the seventeenth century, John
Evelyn, in his book Fumifugium which was pub-
lished in 1661, first time mentioned about air pol-
lution damage to vegetation. In the nineteenth
century, Nylander (1866) used lichen population
as air pollution indicator. During the past century
in 1958, biological indicators were used for the
same purpose in the Los Angeles basin in the
USA. Later, Heck (1966) and Heggestad and
Darley (1969) reported air pollution effects on
the tobacco plants in California. In the
Netherlands, Van (1969) used plant indicators to
understand the effect of SO, and HF. However,
biomonitoring received attention after the work
of Schonbeck et al. (1970) who reported certain
unique characteristics of biological indicators.
These physiological and biological features of
plants gather information related to impact of air
pollution which cannot be accessed through
chemical methods of air pollution monitoring.

In biomonitoring through plants, the changes
occurring in plant morphology and physiology or
biochemical changes are used as the indicators of
pollution impact. Generally, we use passive and
active methods to observe the changes and
response of plants. In the passive method, plant
growth is seen as a natural process of develop-
ment. In the active method, the presence of dif-
ferent air pollutants is determined by plantation
of an experimental plant for its response and
genotype at a location in which plant response is
assessed indirectly by recording biochemical and
physiological changes in the plant. For example,
parameters such as foliar injuries, stomatal pore
size, chlorophyll content, etc. are used to observe
the response of a bioindicator against air pollut-
ants. Bioindicators can reveal the impact and the
cumulative effects of different pollutants. The
statement of Tingey (1989) justifies the impor-
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tance of a bioindicator in an appropriate manner.
He says “There is no better indicator of the status
of a species or a system than a species or system
itself.” The biomonitor can be used to monitor the
effects of air pollutants with the changes in the
temporal and spatial variations. However, while
using biomonitoring, their standardization
method is very sensitive especially for the devel-
opment of air quality standards to prevent harm-
ful effects on the plant health and ecosystem.

Since plants interact with air and air pollut-
ants, their role becomes crucial because such
interactions can alter the atmospheric environ-
ment including local meteorology and pollutant
levels. Hence, the plants can be used as a phy-
toremediator of air pollutants which is a very use-
ful tool for purifying air in urban areas. Both
gaseous and particulate pollutants can be removed
by the plants. It has been found that some plant
species are useful to monitor a single pollutant as
they are sensitive to a specific pollutant, while
certain species are useful to monitor mixtures of
pollutants.

11.1.1 Significance of Biomonitoring

The biomonitoring of air pollution by plants
offers some important results from different
abilities:

1. Biomonitoring provides very important infor-
mation about the effects of pollution as these
effects are exhibited as visible injuries in sen-
sitive plants while as an accumulated pollut-
ant in less sensitive species. Even tolerant
plants also accumulate pollutants which can
be used as indicators.

2. Sometimes, very low concentrations of air
pollution are difficult to measure with chemi-
cal and physical methods, but plants can accu-
mulate such pollutants to a level which can
easily be analyzed.

3. Some plants show an integrated response
against the pollution and climate; the risk
potential of particular pollutants or the mix-
ture of pollutants can be estimated more
realistically.
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4. Biomonitoring becomes highly useful in
monitoring different levels of the organization
of plants ranging from the individual plant (or
even single cell to leaf) to the plant cluster and
up to the ecosystem level e.g. during the shift
in species composition at the community level
is a result of an integration of different factors
over a longer period experienced by plant spe-
cies; response is estimated more realistically
by a biomonitor rather than any physicochem-
ical method.

5. Unlike physicochemical monitoring, biomon-
itoring offers monitoring of a large-scale pat-
tern of pollutant distribution and temporal
changes without involving maintenance cost.
Many of these attributes render biomonitoring
as being suitable for both developing and
developed countries.

11.1.2 Definition of Biomonitoring
and Terminology

Biomonitoring involves several different termi-
nologies, such as bioindicators, biosensors, bio-
accumulators, and biointegrators, which have
been described below:

Bioindicators: The individual plants which have
visible symptoms, e.g., chlorosis, necrosis,
and disturbed physiology, are known as bioin-
dicators. These provide information about the
quality of the environmental conditions.

Biosensors: These are those plants which respond
to the presence of air pollutants; these are also
known as biomarkers. These plants have non-
visible effects. Detection of effects at molecu-
lar, cellular, biochemical, or physiological
levels needs microscopic and physiological
techniques, as well as biochemical analysis.

Bioaccumulators: These plants which can accu-
mulate air pollutants such as aerosols, dust,
and gaseous molecules into their tissues are
called bioaccumulators. These are also known
as accumulative indicators.

Ecological indicators: It is a slightly different
category than the above described. The concept
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of an ecological indicator is related to the
population and community loss of plants.
Plants related to these categories are also
known as biointegrators. Ecological indicators
highlight the changes in composition of the
species in an ecosystem along with their
appearance and disappearance and the varia-
tion in their density in a given area.

11.2 Biomonitoring
by the Deposition/
Accumulation of Air
Pollutants in Plant Tissue

Various methods of biomonitoring apply the
whole or part of an organism to measure expo-
sure of a plant as well as accumulation of a pol-
lutant. Based on the specific response of plants
against pollutants, it can be classified as a good
bioindicator, while tolerant species are generally
used as a bioaccumulator. If the rate of clearance
of a pollutant from the organism is known, we
can do direct quantitative assessment of exposure
by analyzing plant tissues. Various known meth-
ods have been used to assess the effects of pollut-
ants such as:

11.2.1 Biomonitoring of Nitrogen
Deposition

Biomonitoring has been found a very useful tech-
nique for the measurement of foliar nitrogen,
atmospheric NHj3, and total nitrogen deposition.
Bobbink et al. (1993) measured total tissue nitro-
gen (N) for many years in all types of plant tis-
sues to find out atmospheric nitrogen deposition.
Pitcairn et al. (1998) found this method of assess-
ment very useful for tissue nitrogen content.
They observed that the foliar nitrogen concentra-
tions decreased with increasing distance from the
livestock buildings. These workers noticed that
there was a close relationship between foliar N,
atmospheric NH; concentrations, and total N
deposition for each selected moss, herb, and tree
species.
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11.2.2 Biomonitoring for Sulfur
Deposition

The plants absorb sulfur dioxide (SO,) from the
atmosphere primarily through their leaves (Laisk
et al. 1988). This can be an alternative source for
normal growth in the situations where soil S is
low. However, excess sulfur from the atmosphere
might have an adverse impact on plant growth
when S in soil is present in an adequate quantity.
Manninen and Huttunen (1995) found that young
Scots pine needles accumulated S proportionally
to the ambient SO, load. Haapala et al. (1996)
found that S content in pine needles was observed
decreasing with the increasing distance from the
known pollutant source. Sulfur content of needle
tissues of Sitka and Norway spruce was observed
to be higher corresponding to higher dry deposi-
tion of sulfur (Innes 1995).

11.2.3 Biomonitoring for Dust
Deposition

Biomonitoring can be used for estimating dust
deposition. Gupta et al. (2015b, c) have reported
the average dustfall deposition fluxes on arjun
leaves at two different sites. At the urban site,
they recorded dust fluxes at 57+3, 1205, and
117+7 mg/m?*day during monsoon, winter, and
summer seasons, respectively, while at the indus-
trial site, these workers found dustfall fluxes at
151+4, 286+6, and 259+8 mg/m*day during
monsoon, winter, and summer
respectively.

s€asons,
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11.2.4 Biomonitoring
of the Chemical Component
of Dust

Once collected on the leaves, the dustfall can be
analyzed for the ionic content process in a water-
soluble fraction. Fluxes of ions such as SO,> and
NO;™ can be estimated as discussed below:
11.2.4.1 Dustfall Fluxes of SO,*> and
NO;~ on Foliar Surfaces

As mentioned earlier, biomonitoring of ionic spe-
cies in the aqueous extract of dustfall recorded
higher fluxes of (SO,>*+NO;") as reported by
Gupta et al. 2015a at an industrial site in Delhi
which have been attributed to the local emissions.
Chemical analysis of dustfall can provide infor-
mation about the deposition rates; covariation of
ionic species is important to know their sources
and transformations. The fluxes of both SO,* and
NO;™ were much lower at the urban background
site as compared to the industrial site (Table 11.1).
Table 11.1 gives the dustfall fluxes SO, and
NOs™. The deposition of both the ionic species is
in accordance with the ambient concentration of
SO,* and SO, for SO,* fluxes while with NO;~
and NO, for NO;™ fluxes, respectively.

Their seasonal levels also varied according to
the abundance of respective aerosols and gaseous
species in ambient air. As given in Table 11.1,
SO,* fluxes were much higher than the NO;~
fluxes. The reasons for lower NO;~ fluxes may be
due to formation of nitrate (NO;~) or nitrite
(NO,") after NO, entry through the epidermal
layer and the substomatal chamber reaching the

Table 11.1 Dustfall fluxes of SO,> and NO;~ on arjun foliar surface and SO,> and NOs™ aerosol and ambient SO, and

NO, concentrations at industrial and urban sites

Dustfall flux of | Ambient
NO;™ (mg/m%d) | SO,>

Dustfall flux

of SO,* (mg/m?/d) | on foliar

on foliar surfaces | surfaces
Industrial Monsoon 1.74 0.91
Winter 3.29 1.73
Summer 2.63 0.95
Urban Monsoon 5.58 0.56
Winter 15.99 0.30
Summer 7.52 1.85

Ambient
NO;~
aerosols aerosols | Ambient Ambient
(pg/m®) | (ug/m®) | SO, (pg/m?) | NO, (pg/m?)
1.63 3.03 24 26
4.08 6.34 31 38
3.11 5.42 42 77
3.61 2.69 36 34
14.43 8.92 44 53
9.78 6.91 64 115
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mesophyll cell and reacting with the mesophyllic
cell wall of the ascorbic acid (Ramge et al. 1993).
In order to fight against stress and to show
increased tolerance, ascorbic acid production
was higher at the industrial site than that of the
urban background site which may be due to
enhanced oxidative stress for activity in situ. In
this process, reaction to ascorbic acid plays an
important role. Due to this reason, the plants hav-
ing higher levels of ascorbic acid in their leaves
show a higher rate of NO, uptake (Teklemariam
and Sparks 2006) which may result in higher
NO;™ and NO,™ accumulation in cells producing
greater acidity in the leaves. As reported by
Gupta et al. (2015a, b, ¢), higher fluxes of SO4*
may be due to the dry deposited SO, and its oxi-
dation of SO,* in a polluted and dusty atmosphere
(He et al. 2014; Kulshrestha et al. 2003; Seinfeld
and Pandis 1998). In addition, SO, adsorption
onto the dust particles (already settled on the sur-
face of leaves) can also react in the formation of
CaSO, (Gupta et al. 2015a). CaCO; rich soil dust
in India significantly scavenges atmospheric SO,
in the form of CaSO, (Kulshrestha et al. 2003,
Kulshrestha 2013). Furthermore, the oxidation of
SO, is catalyzed by NO, forming SO,* formation
(He et al. 2014). High SO,* formation due to
NO;™ present on foliar surface which enhances
the hygroscopicity of mineral particles on the
leaves increases the possibility of SO, oxidation.
As reported by Singh (2014), gas/aerosol parti-
tioning coefficients were favoring NO, existence
in the gas phase as compared to the aerosol phase
(NO;") with respect to SO,/SO,> existence.

11.2.5 Biomonitoring of Deposition
of Heavy Metals

Mosses and lichens have been commonly used as
biomonitoring species for metal pollution. Some
workers have found that Lolium multiflorum ssp.
italicum cv. “Lemma” is a very good biomonitor
for trace elements, fluoride, sulfur, and organics
at urban sites in Europe as this species grows
faster and provides reliable and quick informa-
tion (Rodriguez et al. 2010; Klumpp et al. 2009).
However, higher plant species are also good
biomonitors for selected trace elements.
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Heavy metals, such as Pb, Zn, and Cu, were
found to be accumulated in plant leaves of two
urban plant species, viz., plane and cypress,
which were used for air quality assessment in
Tiaret city in Algeria (Maatoug 2010). Results
showed that the ratio of fresh weight to dry
weight (FM/DM) of leaves is affected by trace
metal concentrations. The study showed that FM/
DM ratio had an inverse relationship with metal
concentrations. Experimentally observed lower
ratios were attributed to poor air quality near the
site of investigation.

11.2.6 Biomonitoring of Gaseous
Pollutants Due To Changes
Through Physiological
and Biochemical Changes
in Plants

11.2.6.1 Monitoring of Crops,

Vegetables, and Trees

Damaged by Air Pollution

Air pollution may damage the crops, vegetables,

and trees in various manners. Agricultural pro-

ductivity in urban areas has been found low due
to high emissions and concentrations of SO,,

NO,, and O; (Rai et al. 2011; Nandy et al. 2014).

Air pollution effects can be seen as visible symp-

toms where the plant has acute injury. Even the

growth response effect in some vegetables by air
pollution has been reported by Ghouse and Khan

1984. Ashmore and Marshall (1999) found that

the agriculture crop was severely injured by

ozone. Dhir et al. (1999) found that the crop of

Achyranthes aspera Linn. exhibited air pollution

effects on morphology and some physiology of

the plant. It was also reported that air pollution
affects the growth and reproductive behavior of

mustard plants (Saquib and Khan 1999).

Coal-smoke pollution was found to affect the
stomatal conductance, photosynthetic rate, and
pigment content in Ruellia tuberosa (Nighat and

Mahmooduzzafar 2000). Acute injury was

noticed due to SO, showing bifacial chlorosis and

marginal and interveinal necrosis on leaves

(Legge and Krupa 2002). Evidence of oxidative

stress was found to affect the plant physiology

which exhibited spots on barley leaves during
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spring and winter seasons (Wu and Tiedmann
2002). Elevated ozone exposure was found to
affect the photosynthesis, growth, and
productivity of soybean (Morgan et al. 2003).
Severe effects of O; may result in death of plant
organs. It also affects plant growth leading to a
low yield (Ashmore 2005).

Air pollution effect on yield and quality of
mung beans has been reported by Agrawal et al.
(2006) for peri-urban areas of Varanasi in India.
Ambient air pollution was found to reduce the
yield by 43 %, 39 %, and 18 % in three wheat cul-
tivars, respectively, at mean concentrations of 70,
28, and 15 ppb of O; NO,, and SO,, respectively,
during different seasons at Lahore in Pakistan
(Wahid 2006). At ambient levels of SO, (7.8
ppb), NO, (40.6 ppb), and O; (42.1 ppb), Rai
et al. (2007) noted 20.7 % reduction in wheat
yield in Varanasi, India. According to Heath
(2008), O generates ROS which causes damage
to plants. The initial site of injury is the plasma
membrane due to which permeability and fluidity
of cells are changed. During changing of climate,
elevated levels of CO, and O; affect the rice pro-
duction (Ainsworth 2008). Higher air pollution
load (SO, 6.5 ppb and NO, 9 ppb) caused reduc-
tion in wheat and mustard crop yield in Haridwar,
India, as reported by Chauhan and Joshi (2010).

Gupta et al. (2015a, b, c) have reported a sig-
nificant impact on biochemical constituents such
as chlorophyll, carotenoids and soluble sugar,
ascorbic acid, and proline on Arjun (Terminalia
arjuna) and Morus (Morus alba) plants due to the
urban dust deposition. They reported these
changes in biochemical constituents in accor-
dance with the stress level at two sites. The bio-
chemical changes were noticed more prominently
at the industrial site as compared to the urban
background site due the greater oxidative stress
caused due to higher accumulation of dustfall,
particulate SO, etc. at the industrial site.

11.2.6.2 Biomonitoring of Dust
Particles Through Foliar
Surface Morphology
Observation
As mentioned earlier, both gaseous and particu-
late pollutants affect physiological and morpho-
logical characteristics of plants (Rai et al. 2010).

G.P. Gupta and U. Kulshrestha

According to Kim et al. (2000) and Chaturvedi
et al. (2013), sedimentation of coarse particles
has more impact on the upper surfaces of leaves.
Deposition of dust particles has been noticed
more at the industrial site than the residential site
(Gupta et al. 2015a, b, c¢), whereas the finer par-
ticles have more impact on lower surfaces of
leaves (Fowler et al. 1989; Beckett et al. 2000).
Larger-sized particles pile up on the foliar sur-
faces, while the smaller particles enter through
the stomata affecting the photosynthesis, gaseous
exchange, and water retention further affecting
the growth and yield of plants (Tomasevic and
Anicic 2010; Rai et al. 2010). Dust particle depo-
sition can cause reduced stomatal diffusive resis-
tance and an increased leaf temperature
(Fluckinger et al. 1979). More damage in the
upper and lower epidermis and reduction in pali-
sade parenchyma cells have been reported by
Stevovic et al. (2010) at a polluted site as com-
pared to a nonpolluted site. They found that ero-
sion of the epicuticular wax and cuticle rupture
were more frequent on the adaxial side, whereas
loss of sinuosity on the anticlinal wall of the epi-
dermal cells and stomatal deformity and obstruc-
tion were seen on the abaxial side of the leaves
(Rocha et al. 2014).

The foliar surface morphological analysis ver-
ifies the deposition of industrial and road dust
which effects damage in the cuticle and epider-
mal layer at adaxial site and at abaxial site dam-
ages in guard cells and stomatal pores. The
abrasive effect of dust deposition restructures the
cuticle and affects the epicuticular wax. Dust
depositions also rupture epidermal hairs along
with swollen guard cells (Gupta et al. 2015a, b,
¢). Also, dust deposition causes changes in the
size of the stomata. Gupta et al. 2015a, b, ¢
reported that the size of the stomatal pore was
smaller at the industrial site (9.52x2.43 pm),
whereas it was larger (13.5x4.74 pm) at the
urban site. Even SO, and NO, cause wax degra-
dation and surface needle erosion (Grodzinska-
Jurczak and SzarekLukaszewska 1999). The
length (L), breadth (B), and L/B ratio of leaves
are significantly changing according to the
automobile air pollution scenario at the site
(Nandy et al. 2014). They observed pigmenta-
tion, chlorosis, and necrosis symptoms in
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roadside plant species such as Alstonia scholaris,
Neolamarckia cadamba, Ficus benghalensis, and
Ficus religiosa.

11.3 Phytoremediation
of Atmospheric Pollutants

The process of cleaning up the environment using
plants is called phytoremediation.
Phytoremediation has its origin from the Greek
word phyto, which means “plant,” and the Latin
word remediare, which means “to remedy.” This
term is usually used to describe the removal of
contaminants by using plants from any system,
i.e., air, water, soil, etc. (Chhotu and Fulekar
2009). When it comes to remediation of pollut-
ants, plants have always been considered as
effective removers of pollutants for soil, water,
and air. Plant-based remediation is highly low
cost and is efficient in the removal of pollutants/
contaminants. Interestingly, as transgenic are
being tested in the field and the associated risks
assessed, their use appears to be more accepted
and less regulated than has been the case for
transgenic crops. Approaches such as molecular,
biochemical, and physiological are being applied
to identify the plant mechanisms by which they
accumulate gaseous, particulate matter and metal
aerosols. They have also exerted effort to use
transgenic plants for phytoremediation in order
to find out genes responsible for this unique bio-
logical property. During the two decades, phy-
toremediation work has received great attention
from researchers worldwide.

Among various plants, trees are having superi-
ority for air filtration as compared to shrubs and
grasses. Due to this probability, trees have been
termed as the “lungs of cities.” Removal of air
pollution increases with leaf surface area, and
hence evergreen trees are considered as highly
effective pollution filters as the evergreen trees
have a large surface area and year-round cover-
age. Therefore, trees tend to be better filters than
shrubs and grasses. Several species of ornamen-
tal shrubs as well as herbaceous plants have been
identified as phytoremediators to purify the
indoor and outdoor air quality.
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11.3.1 Principles
of Phytoremediation

Phytoremediation is based on rhizodegradation,
phytostabilization, phytofiltration, phytoextrac-
tion, phytodegradation, and phytovolatilization
(Morikawa and Erkin 2003) (Fig. 11.1).

Phytostabilization: it is the process in which
contaminants are sequestrated in the root zone.

Rhizodegradation: it is the process of degrada-
tion of pollutants by root secretions and rhizo-
spheric microorganisms. The rhizosphere has
more densities of microorganisms in a narrow
region of 1-3 mm from root surface than in bulk
soil.

Phytoextraction: it involves extraction of pol-
lutants from soil and their translocation from the
roots to shoots.

Phytodegradation: it is the process of degrad-
ing the pollutants which entered from the soil,
water, or air to the plant.

Phytovolatilization: in this process, pollutants
are volatiled out of the stoma where they are
degraded by hydroxyl radicals.

Phytofiltration: it is the process of removal of
particulate matters through the surface of plants.

11.3.2 Two-Compartment Model
for Phytoremediation

In order to explain atmosphere-foliage bioaccu-
mulation, a two-compartment model has been
used (Keymeulen et al. 1995; Mackay et al.
2006). This model considers a relatively fast ini-
tial uptake followed by a period of a slower
uptake. In this model, the leaf is divided into two
compartments. The first compartment has the
nonliving plant cuticle. In the first compartment,
occurrence of physicochemical sorption of air-
borne lipophilic compounds takes place, while
the second compartment has the leaf interior. In
the second compartment, sorption and metabo-
lism of organic compounds take place.

The final fate and disposition of organic pol-
lutants (including xenobiotic compounds) within
plants have been explained by using the “green
liver” model. The process of detoxification
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Fig.11.1 Different parts of plants are responsible for different processes of phytoremediation

metabolism of foreign compounds in plants is
very similar to the metabolism of xenobiotic
compounds in the human liver system, and,
hence, the term “green liver” is used in this model
(Burken et al. 2000).

11.3.3 Properties of Air
Phytoremediators:
Ornamental Plants and Woody
Trees

The relevant criteria for the ornamental and
woody trees to be phytoremediators for air
pollution are they should be evergreen trees
having broad leaves, very rough barks, low water
requirement, ecological compatibility, high

capacity for absorption of pollutants, minimum
care needs, agro-climatic suitability, and good
height and spread. The canopy of these plants is
suitable for an aesthetic effect. Besides their
attractive flower color and conspicuous foliage,
tolerance and dust removal capacity also make
these trees effective phytoremediators of air pol-
lution (Brethour et al. 2007; Kumar et al. 2013).
Generally, ornamental and woody trees are
effectively used as phytoremediator tools for
reducing air pollution (Zhai 2011). These types
of plants are part of the greenbelt in urban areas
and can be used for phytoremediation of air pol-
lutants. Such plants remediate air pollution via
absorption and degradation of urban air pollut-
ants resulting in reduced levels of air pollutants
(Brown 1997; Yoneyama et al. 2002; Burchett
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Table 11.2 Average air pollution removal and value for
all urban trees in the USA

Removal Value
Pollutant (metric tons) (million US$)
Ozone (03) 305,100 2060
Particulate matter 2014,900 969
(PM,0)
Nitrogen dioxide 97,800 660
(NO,)
Sulfur dioxide 7090 117
(50,)
Carbon monoxide 22,600 22
(CO)
Total 711,300 3828

Nowak et al. (2006)

et al. 2008). In general, trees are ideal in the
remediation of heavy metals because they can
withstand even after an accumulation of a higher
amount of pollutants (Shah and Nongkynrih
2007). Some fast-growing trees, e.g., eucalyptus,
pine, and poplar, are found to be very effective in
air pollution removal. Also hardwood trees, e.g.,
rosewood and mahogany, are used for remedia-
tion of polluted air. According to a study, around
711,000 metric tons of air pollution is removed
by urban trees every year in the USA (Nowak
et al. 2006). Table 11.2 gives the estimated
removal of specific pollutants by trees (Nowak
et al. 2006).

11.3.4 Examples
of Phytoremediation
of Various Air Pollutants

11.3.4.1 Particulate Matter

Vegetation canopies effectively protect and reme-
diate the dust of the atmosphere this process is
called phytofiltration. According to the studies,
an 8 meter wide greenbelt may reduce two to
three times of dustfall (Novoderzhikina et al.
1966). Phytofiltration becomes more efficient if
the vegetation is selected based on suitable mor-
phological characteristics such as leaf orientation
on the main axis, leaf size and shape, leaf surface
nature, the presence or absence of trichomes on
the leaf, and wax deposition on the leaf which
help in capturing atmospheric dust.
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11.3.4.2 Heavy Metals

As trees are good bioaccumulators, they can
remove and store a huge amount of heavy metals.
In a study, concentrations of five metals (Cu, Cd,
Cr, Pb, and Ni) were determined in tree leaves.
These were collected from 13 different areas in
Greece. Geographical distribution patterns were
investigated, and factors affecting toxic element
accumulation in trees were discussed (Sawidis
et al. 2012). The researcher found that the order
of average heavy metal content in the tree leaves
was Cu>Pb>Ni>Cr>Cd. High Cr, Cu, and Ni are
found in Citrus aurantium leaves which are prob-
ably because of stomatal uptake. The conifer tree
Pinus brutia which has a rough leaf surface
showed high accumulation of Cd and Pb. Broad-
leaved Olea europaea which has a thick waxy
cuticle forms a smooth sheet due to which entry
of metals is restricted through the epidermis. The
trichomes also act as protective screen factors to
keep away air pollutants. Sometimes, even the
presence of a certain metal within the foliar cells
can reduce the uptake or toxicity of other metals
(Sawidis et al. 2012).

11.3.4.3 Inorganic Pollutants

NOy and particulate N

Air pollution of NOy is caused by vehicular
exhaust, industries, and biomass burning. NOx is
one of the precursors of photochemical reactions.
NOx can deposit on plant leaves through wet or
dry deposition. During the dry deposition of both
gases and partciles on the leaves surafecs NH,*
and NOj; particulates are also deposited
(Davidson and Wu 1990; Bobbink et al. 1992).
Most of NO, enters into plants through stomata
where it is metabolized to organic compounds
such as amino acid. In this process, plant enzymes
like nitrate and nitrite reductase or glutamine
synthetase play an important role (Davies, 1986;
Allen, 1988).

SO,

Most of SO, in the atmosphere is emitted by fos-
sil fuel combustion. Atmospheric SO, enters into
plants through the stoma where it is utilized as
nutrient. SO, is changed into SO, 27/SO; >~ in cell
walls which finally produce cysteine or other
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organic compounds; if the SO, concentration is
beyond limits, it causes severe acidity for plants
and generates stress conditions.

11.3.4.4 Organic Pollutants

Plants have been reported to reduce the ambient
organic pollutants such as formaldehyde, ben-
zene, and toluene. Formaldehyde is a ubiquitous
air pollutant removed by plant leaves as reported
by NASA'’s research in the 1980s. It is found that
spider plants (Chlorophytum comosum L.)
metabolize formaldehyde in shoots in the form of
organic acids, free sugars, amino acids, and lipids
(Giese et al. 1994). Godish and Guindon (1989)
reported that up to 50% of formaldehyde is
removed by spider plants.

Benzene and toluene can also be removed
from the ambient air by plants (Ugrekhelidze
1997). In a test chamber study, Opuntia microda-
sys was found to remove 2 ppm of toluene from
air completely in 55 h. D. deremensis took 120 h
to remove toluene from the air in the test cham-
bers. In a study reported by Mosaddegh et al.
(2014), toluene in test chambers was removed at
1.47 and 0.67 mg/m? day' rate for Opuntia micro-
dasys and D. deremensis, respectively.

Yang et al. (2009) found that Asparagus den-
siflorus, Hedera helix, Hemigraphis alternata,
and Hoya carnosa had the greatest removal effi-
ciencies among 28 species tested. He found that
Tradescantia pallida was superior in removing
benzene, toluene, TCE, and a-pinene VOCs.
Ficus benjamina was found as an effective
remover of octane and a-pinene from air.

Among the tested plants, Chlorophytum
comosum was superior in removing HCHO and
SOx from the air at 1830 pg day~' and 2120 pg
day! rate, whereas Spathiphyllum wallisii for
NOx was effective at 3200 pg day~' rate (El-Sadek
et al. 2012). Based on the air pollution tolerance
index (APTI), Nugrahani et al. (2012) have iden-
tified the species of landscape ornamental and
herbaceous shrubs which can be used as bioindi-
cators of urban air pollution. These are Mussaenda
philippica, Heliconia psittacorum, Ipomoea
batatas, Jatropha pandurifolia, Bougainvillea sp.,
Hymenocallis speciosa, Codiaeum variegatum,
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Cordyline terminalis, Canna indica, and
Sansevieria trifasciata.

Prescod (1990) suggested that orchids can be
used during the daylight hours for efficient
removal of multiple pollutants. According to his
report, carbon dioxide and xylene (Anonymous
2007) are also effectively removed by plants dur-
ing the night due to a unique metabolic process of
orchids (and bromeliads) because their stomata

(Ibrahim et al. 2008) open during nighttime.

11.4 Applications of Genetic
Engineering
for Phytoremediation

11.4.1 Transgenic Plants for NO,
and VOC Pollution Control

Genetically engineered plants can provide ade-
quate sinks of air pollutants is an important to
develop. These plants are termed as “wonder
plants” which can clean up the specific pollutants
from the atmosphere. Primary metabolism of
nitrate involves enzymes such as nitrate reduc-
tase (NR), nitrite reductase (NiR), and glutamine
synthetase (GS) which play a key role in NO,-
nitrogen metabolism in the plants. All genes for
NR, NiR, and GS are nuclear encoded. Takahashi
et al. (2001) found positive correlations for NiR
gene overexpression and NO, assimilation in
transgenic Arabidopsis plants. Doty et al. (2007)
developed transgenic poplar (Populus tremula x
Populus alba) plants with greatly increased rates
of metabolism for the removal of VOC pollutants
from the atmosphere through the overexpression
of the cytochrome P450 2E1 enzyme.

11.4.2 Gas-Gas-Converting Plants
That Convert Nitrogen
Dioxide to Gaseous Nitrogen

Genetically engineered plants can convert NO,
to N,O or to N, (gas-gas-converting plants).
Generally, NO;™ or (NO;") is converted to N, or
N,O in denitrification process through denitrifier
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bacteria and fungi, respectively (Shoun et al.
1992; Zumft 1997). Goshima et al. (1999) have
demonstrated transgenic tobacco showed reduced
NiR activity by the expression of NiR cDNA in
an antisense orientation and emitted N,O when
fed with 15N-labeled nitrate and nitrite (Vaucheret
et al. 1992; Takahashi et al. 2001). This invention
of a gas-gas-converting plant that converts NO,,
via N,O, to N, will be a highly useful approach
for air pollutant control.

11.5 Conclusion

Biomonitoring has become a complement of tra-
ditional techniques of air quality measurements.
The identification of pollution within sensitive
organisms also allows detection and degradation
of air quality before the biota is severely affected.
In this context, sensitive plants can be considered
as real bioindicators of pollution stress generated
by gases as well as particulate matter.
Phytoremediation of air pollution is proved to be
useful in reducing air, water, and soil pollutants.
This technique is cost effective as compared to
physicochemical methods. Since it is a natural
phenomenon, it does not require energy supply.
Plantation increases the aesthetic value of the
environment too. This approach needs to be
included in urban town planning as a mandatory
component which will help in improving air
quality of megacities in the future.
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Abstract

Air pollution and climate change have worsened the health status of human
beings and affected plants and vegetation adversely. This has posed seri-
ous threats to the entire ecosystem. An increasing demand of energy and
dependencies on fossil fuels and nonrenewable energy resources may
result into a further increase in air pollution. Air pollutants, gases (SO,,
NOx, O3, hydrocarbons, etc.) and particles (mixture of various solid ele-
ments and dust particles), damage plants and reduce crop production.
These pollutants cause an acute problem and affect vegetation directly and
indirectly. The effect of pollutants depends upon the concentration of pol-
luting species as well as on the age of plants. The day-by-day deteriorating
quality of air and environment has necessitated a well-planned strategy to
mitigate the menace of air pollution. It required proper understanding of
causes, impacts, and control of air pollution. This chapter highlights types
of pollutants affecting plants/vegetation and their sources and control
technologies adopted to reduce pollution level. Euro/Bharat stage norms
for reduction in emission from automobiles are illustrated. Regulations
and legislations adopted are enumerated. The Clean Air Act envisaged
guidelines for industries regarding emission. It has been seen and observed
that in spite several rules and regulations, not much has been achieved in
controlling air pollution particularly in countries like India. India needs to
make tough legislations and ensure its implications. Thus, the need of
envisaging new rules/regulations along with pollution control standards
must be enacted and implemented honestly to protect plants/vegetation
from air pollution and climate change.

R. Kumar (D<)  P. Gupta

Department of Chemistry, Faculty of Science,
Dayalbagh Educational Institute (Deemed
University), Dayalbagh, Agra-5 282005,
Uttar Pradesh, India

e-mail: rkschem@rediffmail.com

© Springer Science+Business Media Singapore 2016 133
U. Kulshrestha, P. Saxena (eds.), Plant Responses to Air Pollution,
DOI 10.1007/978-981-10-1201-3_12


mailto:rkschem@rediffmail.com

134

Keywords

R.Kumar and P. Gupta

Air pollutants ® Impacts ¢ Control ® Euro/Bharat norms ¢ Clean Air Act ¢

Vegetation

12.1 Introduction

Air pollution globally has come into existence
due to accumulation of various types of pollut-
ants located on the entire surface of the planet.
Air pollution may be defined as any unfavorable
change in the atmosphere which can be present in
such concentrations that affect the man and eco-
system. These substances include gases of SO,,
NO,, CO, hydrocarbons, particulate matters,
radioactive materials, and many others. It affects
the surrounding air quality in a great way, making
it difficult for humans as well as other living
beings to survive. Increase in the concentration of
these species in the atmosphere disturbs the
atmospheric equilibrium set by nature itself, and
consequent results are seen in the form of ozone
layer depletion, greenhouse effect, acid rain,
damage to vegetation and building materials,
global warming, and climate change. Climate
change is basically a change in environmental/
climatic conditions for a longer period of time. It
is a result of global warming which is mainly due
to increase in the concentration of air pollutants,
viz., carbon dioxide (greenhouse gas), black car-
bon, organic carbon, and other light-absorbing
particles and gases. Its harmful effects can be
noticed in the form of long and extremely hot
summers, short and extremely cold winters, very
scarce precipitation, change in the seasonal rain-
fall pattern, frequent droughts, and floods. It has
also led the onset of various deadly epidemic and
endemic diseases. Change in crop pattern and
production depreciation is also its aftereffects.
Hence, it’s leading the overall deterioration of the
earth’s ecosystem and human life.

An air pollutant is the impurities added into
the air through different sources which results in
change in the composition of air. Change in the
composition also results in change in the environ-
ment, making it difficult for the inhabitants to
survive, and adversely affects the entire ecosys-
tem. Natural sources include soil, dust, sea spray,

forest fire, etc., while anthropogenic sources
include area sources (residential/offices), point
sources (industrial establishments), and mobile
or line sources (automobile/transportation ser-
vices). Although natural source contribution is
larger than anthropogenic sources, the effects of
anthropogenic sources are much as they are
localized, while natural sources are wide so pol-
lutants get diluted. Pollutants are classified as pri-
mary pollutants and secondary pollutants.
Primary pollutants are those pollutants which are
directly emitted into the atmosphere, while sec-
ondary pollutants are those pollutants which get
formed in the atmosphere from the chemical
reaction of primary pollutants. Pollutants are also
classified as criteria pollutants (those for which a
sufficient dataset is available and standards have
been set) and non-criteria pollutants (those for
which standards have not been set). The main
source of local pollution is the emission from
automobiles and biomass burning which leads to
climate change. Developed and developing coun-
tries have witnessed excessive degradation of air
quality, which is deteriorating further each day
throughout the world. They have gone through
rapid industrialization, high urban population
growth, and an indiscriminate increase in the
population of automobiles, industries, and power
generation units, leading to an excessive emis-
sion (Word Bank 1996). In the last century, the
high urbanization in the developing countries has
been observed. Urbanization produces a chal-
lenge of pollution and congestion that is prevail-
ing in many of the developing countries (Asian,
African, and Latin American) (Ashmore 2005).
The urban population in 1960 was not more than
22 % which rose to 34 % in 1990, and it is esti-
mated to be 50% of the global population by
2020 in the developing world (World Bank 2009).

The growth of human urbanization and indus-
trialization has been very closely connected with
the growth of power production. Power con-
sumption has become the criterion of becoming
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Fig.12.1 Schematic representation of air pollution and its sources and control

developed. This leads to an increase in per capita
power consumption. The per capita energy con-
sumption (kWh) in Sweden is 15,656, 13,228 in
the USA, 6,158 in the UK, 1,208 in China, and
789 in India (IEA 2013). The dominant sources
of power are coal, diesel, gas, hydro, nuclear, and
renewable energy resources which contribute
58%, 1%,9 %, 18 %, 2%, and 12 % (IEA 2013),
respectively, to the total energy production. The
International Energy Agency has estimated and
reported that by 2035 energy demands will dou-
ble up and in spite of efforts in reducing depen-
dencies on coal and efforts of a clean energy
source, coal will remain a significant raw mate-
rial of energy over the world. Hence, there will be
an increase in the concentration of air pollution in
the atmosphere. Figure 12.1 summarizes the
emission inventory and required control strategy
to maintain the healthy atmosphere.

The environment is severely damaged by air
pollution. Agricultural crops are affected due to
air pollution. The major air pollutants affecting
and damaging plants are SO,, NOx, Os, fluorine,
suspended particulate matter, etc. Emissions
reduce the ability of plants to uptake carbon diox-
ide which leads to the heat imbalance of the entire
ecosystem. Plants are excessively affected by air
pollution directly or indirectly. Direct exposure of
a plant to several gaseous pollutants in the atmo-
sphere in addition to trace elements, dust particles
through deposition in the soil which are inherited
by plants, is a direct effect of pollution. The indi-
rect effect of air pollution is uneven rainfall/
droughts, extreme temperatures, loss of soil fertil-
ity, etc. The effects of particulate matter on the
ecosystem are also direct and indirect. Particulate
matter when chemically reacting with soil changes
its chemical properties affecting a plant’s produc-
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tion capacity and growth (Wall and Moore 1999).
Indirect effects of pollutants are very difficult to
monitor and recognize as they show their true
nature over a longer period and are also chronic in
nature (Garner 1994). The environmental impacts
of air pollutants are given in Table 12.1.

R.Kumar and P. Gupta

A high concentration of carbon dioxide is con-
sumed in the process of photosynthesis of plants
and trees reducing a large part of greenhouse
gases. Greenhouse gas reduction by any form is
necessary for minimizing its effect on global
warming and various other harmful effects. It also

Table 12.1 Air pollutants and their environmental/climatic impacts

Environmental impacts
Pollutant Direct impact

SO, SO, increases the acidity of
soil and causes injury to
plant species losses in
aquatic and terrestrial
systems

O; Damages vegetation

Reduces photosynthesis
Decreases crop yields
Reduces biodiversity
Decreases plant uptake of
CO,
Contributes to the warming
of the atmosphere

NO, Acidification and nutrient
enrichment

Leads to biodiversity losses

Carbon monoxide (CO) | Contributes to the formation
of CO, and ozone

Ammonia (NH;) Contributes to eutrophication
of surface water

Contributes to the formation
of nitrate and sulfate particles

Volatile organic Contributes to ozone
compounds (VOCs) formation

Contributes to the formation
of CO, and ozone

CO, Most potential global
warming pollutant

Causes the greenhouse effect

Pollutant Indirect impact

Arsenic Decomposition in soil
reduces the fertility

Boron Affects older leaves than
younger leaves

Produces injury symptoms

Cadmium Reduces seed germination

Decrease in plant nutrient

Reduces shoot and root
length

Chromium Effect on plant growth,
growth of roots, stems, and
leaves, which may affect total
dry matter production and
yield

Cobalt Reduces shoot and root
length

Decrease in chlorophyll
content

Reduction in plant nutrient
content

Decrease in plant sugar and
protein content

Lead (Pb) Deposit in soils and adversely
affect terrestrial and aquatic
systems

Manganese Chlorosis

Decrease in chlorophyll
Slower plant growth

(continued)
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Table 12.1 (continued)

Environmental impacts

Pollutant Direct impact
Ethylene Leaf abnormalities
Flower dropping
Abscission
Water stress in plant species
Fluoride Tip and margin burns

Dwarfing

Leaf abscission

Red spots on peach fruits
Particulate matter Impairs visibility

Damages structures and/or
soil properties

Other impacts include
changing the rainfall pattern
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Pollutant
Nickel

Indirect impact

Affects nutrient absorption
by roots

Inhibits photosynthesis

Causes ultrastructural
modifications

Mercury (Hg) Accumulates into water
bodies, resulting in exposure

to humans and wildlife

Other toxic Some toxic air pollutants

accumulate in the food chain

Air pollutants Some toxic air pollutants
contribute to loss of

vegetation

Table 12.2 Symptoms of plant diseases due to air pollution

Effect on plants

Pollutant Symptoms

SO, Bleached spots, bleached areas between veins, middle-aged
leaves’ mesophyll cell chlorosis, insect injury

NO, Irregular shape of leaves and white or brown collapsed lesions
on inter-tissue and near-leaf margin

Ozone (0;) Spots in leaves, pigmentation, leaves’ tips become brown and
necrotic

Fluoride Tip and margin burns, dwarfing, leaf abscission, fungal disease,
drought, and wind may produce similar markings to suture red
spot in fruits

Ethylene Sepal withering, leaf abnormalities, flower dropping,
abscission, and water stress may produce similar markings

Chlorine Bleaching between veins, tip and margin burn, leaf abscission

Ammonia Green appearance of leaves becoming brown or green black

Mercury Chlorosis and abscission, brown spotting, yellowing of veins

Middle-aged leaves most
sensitive

Middle-aged leaves most
sensitive

Oldest leaves most sensitive,
youngest least sensitive
Youngest leaves most sensitive

Young leaves recover

Mature leaves most sensitive
Mature leaves most sensitive
Oldest leaves most sensitive

plays a wide role in climate change. The carbon
stored in plants is a striking balance between car-
bon fixing of photosynthesis and respiration. The
carbon stock in plants’ biomass is higher and
accumulated for a longer period due to the com-
plex structure of vegetation. Peatlands formed by
dead organic matter also store a large amount of
carbon. Plants that are repeatedly exposed to pol-
lutants get absorbed, accumulated, and integrated
into their systems. The changes in the biochemi-
cal processes and accumulation of metabolites
have been observed. It depends upon plants’ sen-
sitivity level (Agbaire and Esiefarienrhe 2009).

The condition of plant species is also an indicator
of the overall impact of pollution (Rai et al. 2007).
Acute effects result from short-term exposure
while chronic effects result from exposure to
lower concentration for months to several years.
The most exposed parts of a plant’s body are the
leaf surfaces. Pollutants can cause leaf injury,
decrease in photosynthesis activity, premature
senescence, stomatal damage, permeability of the
membrane, and reduced growth and yield in sen-
sitive plant species (Tiwari et al. 2006). The
effects of different polluting species on plants and
their symptoms are summarized in Table 12.2.
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Air pollution and climate change have badly
affected agriculture and plants. Many studies
have been carried out on air pollution, plant dis-
ease, and agriculture production (Agarwal et al.
2006). However, the reduced intensity of plants
depends upon the concentration of pollutants,
exposure time, climatic conditions, species of
plants, etc. The long-term effect of air pollution
can be seen when the ecosystem is not able to
sustain more pollution. Deterioration of air qual-
ity is due to a lack of civic consciousness. Now,
air pollution control has become a necessity.
Several methods/techniques have been utilized
for the control of air pollution, and a number of
rules and regulations have been adopted from
time to time to combat the menace of air
pollution.

12.2 Control Method of Air
Pollution

Air pollution and climate change have posed
extinction threats to the survival of human beings
and plants and damage to materials. About seven
million people get affected every year in the
world from air pollution while climate change is
estimated to cause US $ 5 billion global crop
losses per year. It claims 3 % of the GDP of India.
Air pollution is an emergent issue. Hence, air
pollution control is required. Air pollution can be
controlled by reducing the emission of air pollut-
ants from industrial and domestic sources into
the atmosphere through source emission control
and pollution control equipment and by making
rules and regulations to adhere with. The govern-
ment can regulate air pollution through air qual-
ity and emission control standards by instructing
the parties to adhere with the norms and to adopt
emission control technologies (i.e., technology
that reduces or eliminates emissions). These
emission control technologies may use control
devices such as electrostatic precipitators, bag-
houses, wet scrubbers, cyclones, soft X-ray, ven-
turi scrubbers, carbon absorbers, etc. Figure 12.2
shows a schematic presentation of air pollution
control methods; it can be controlled through
various modern technologies by collection, mea-
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surement, and treatment of pollutants. However,
control of contaminants at their source level is a
desirable and effective method.

12.2.1 Source Emission Control

Mobile sources and industries have been recog-
nized as one of the most important sources of air
pollution since the earliest days of the Clean Air
Act. Hence, it has been a prime target for emis-
sion control. Unauthorized release of smoke in
the air without any refinement process is one of
the main sources of air pollutants in the air.
Formation of these pollutants can only be pre-
vented and their emission can be minimized if
they are stopped at the source itself. Most impor-
tantly, implementation of the new preventive
methods to air pollution is to be looked at and
proper monitoring is necessary. The following
two methods are used for controlling the emis-
sion of air pollution.

12.2.1.1 Replacement of Raw

Material

Replacement of highly polluting raw material by
cleaner and high quality raw material harmful
pollutant will get reduced. Reduction in use of
high sulfur containing raw material in electric
utilities. The use of natural gas (CNG), propane,
and ethanol reduces the air pollution from
automobiles.

12.2.1.2 Modification of Equipment

Air pollution can be considerably reduced by
modifications in the existing equipment. In petro-
leum refineries, loss of hydrocarbon vapors from
storage tanks due to evaporation, temperature
changes, or displacement during filling can be
controlled by making a modification in design, etc.

12.2.2 Pollution Control Equipment

Airborne particles are highly concentrated at the
source but when their distance from the source
increases, it gets diluted by diffusion into the
atmosphere. Sometimes pollution control is not
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Fig.12.2 Flow diagrams of the control methods of air pollution

able to reduce the emission of air pollutants at the
source. It becomes necessary to install pollution
control equipment to remove the pollutants from
the main gas stream. The need for technological
advancement is the need of the hour. Steps are to
be taken in all fronts in order to stop this menace
of air pollution. Common types of equipment can
be used for collecting fine particulate matter
including settling chambers, cyclones, scrubbers,
electrostatic precipitators, baghouse filters, and
adsorption, condensation, and combustion meth-
ods. The air pollution control system can be
grouped generally into two classes.

Control Devices

for Particulate Contaminants
Several equipment have been developed and uti-
lized for particulate matter control. Table 12.3
shows different important methods for the con-
trol particulate species.

12.2.2.1

12.2.2.2 Control Devices for Gaseous
Contaminants

Major gaseous air pollutants are carbon monox-

ides (CO), nitrogen oxides (NOx), sulfur oxides

(SOx), and volatile organic compounds (VOCs).
In general, the concentration of pollutants in a
waste air stream is relatively low, but the emis-
sions can still exceed the regulatory limits.
Removal of gaseous pollutants can be achieved
by the following methods.

Absorption

This is one of the most common mass transfer
phenomena, especially for controlling emis-
sions from small sources. The liquid must be
either to serve as a solvent for the pollutant or to
capture it by means of a chemical reaction.
Absorption techniques are also dependent on
corrosive nature, reactivity, shape, density, and
size. Mass transfer is a diffusion process wherein
the pollutant gas moves from points of higher
concentration to points of lower concentration.
Hence, pollutants get transferred to a particular
location where equipment such as spray towers,
packed columns, cyclone scrubbers, and venture
scrubbers are employed to absorb pollutant
gases. Once particulate matter gets collected,
particulates adhere to each other, forming
agglomerates that can readily be removed from
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Table 12.3 Control methods/devices for air pollution prevention

Control method/device
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Outlet for discharging the collected particle

ESP (Electrostatic Precipitator)

Procedure

Gravitational settling chambers on the force of
gravity to remove large abrasive particles

The velocity of the gas is reduced in the gas stream
chamber as gas expands in the chamber

Hoppers collect the large particles which settle
down from the gas. But only larger particle
removal is possible

The chamber must be properly sealed to prevent
the entrance of air and allow proper exit of dust
particles

It works between gas inlets and dust particle
outlets in a conical chamber using the principle of
centrifugal force to separate particulate matters
The cyclone generated within rotates the gases
resulting in collision of heavier dust particles on
the walls which lose speed and fall down. The
smaller particles lose their speed on reaching the
narrower section of the cone

The settled dust particles are collected at the
bottom of the container

They are effective in dealing with large as well as
small dust particles

They are also known as baghouses as gases
containing dust particles are made to pass through
a layer of cloth

The solid dust particles get collected on the cloth
while clean air passes through

The dust carpet forms another filtering surface for
the next installment of gases

The gas-containing particulate matter is passed
between two electrodes

(continued)
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Table 12.3 (continued)

Control method/device

Procedure

J «—Insulator

: : Outlet for
3 . =2 Clean Air
> € Discharge Electrode
. .o ¥
Collector | |+ : . '$—| (X)
surface
grounded Collected Dust
Inlet for e . . " Weight to keep the
Polluted % g wire in position
Air . .

l‘-—( Jutlet for dust
L-—{‘ullcctcd Dust

Here gas is charged by one electrode and another
electrode attracts the oppositely charged dust
particle

The chemical deposited on an electrode depends
upon the type of dust particle to be separated. They
have high efficiency and can work on very high
temperatures and pressures

Wet collector

(a) Spray tower

A stream of water is passed through a nozzle into a
spray tower from above while gases are made to
enter from below

«—— Mist Eliminator

Inlet for

water - == ¢—— Spray Nozzle
Spray
X 48 8 Inlet For
= Polluted Gas
Particulates el
Settling Down e g

Outlet for Dirty Water (J

Hence the liquid pushes dust particles at the
bottom of the tower

Dust particles are drained out through an outlet

(b) Venturi scrubber

A venturi scrubber uses an absorbing liquid stream
and turbulence in the settling chamber to separate
solid particulates

Inlet for Polluted Gas

Spray of Mist Eliminator
Serubbing
Liquid W
Throat of =
\-'J;‘:,J:i“—) L € Senling chamber
(L
| j’

Chtlet for Liquid
Droplet carrying
particulates

The particulates are forced to settle at the bottom
by the liquid

They efficiently remove small dust particles

(continued)
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Table 12.3 (continued)

Control method/device
(c) Cyclone scrubber

Outlet for cleaned air

= g <€

Mist Eliminator

Core buster disc
High pressure

spray nozzle

Inlet for
polluted gas

Inlet for water

Outlet for water

the equipment and disposed of usually in a land-
fill. Absorption is used extensively in the separa-
tion of corrosive and hazardous pollutants from
waste gases.

Adsorption

It involves transferring pollutants from a gas
phase to a contacting solvent. Gas adsorption,
contrasted to absorption, is a surface phenome-
non. Here gas molecules are attracted to the sur-
face of a solid. Odor control at various types of
chemical-manufacturing and food-processing
facilities uses gas adsorption as method in the
recovery of a number of volatile solvents like
benzene and in the control of VOCs at industrial
facilities. Activated carbon is one of the most
common adsorbent materials as it is very porous,
hence having an extremely high ratio of surface
area to volume. Adsorption systems are config-
ured either as stationary bed units or as moving
bed units.

Condensation

In this process, condensers are used as pretreat-
ment devices which convert gas/vapor to liquid.
The use of condensers with absorbers, adsorbers,
and incinerators reduces the volume of the total
gas. Condensers can be used as contact condens-
ers and surface condensers for controlling pollu-

R.Kumar and P. Gupta

Procedure

Many high-pressure spray nozzles are used to
convert the dry cyclone chamber to a wet cyclone
chamber which forms the contact space for dust
particles and contacting liquid

High-speed water streams generated through
high-pressure spray nozzles force dust particles
toward the walls under the influence of a cyclone

tion. In contact condensers when gas comes in
contact with cold liquid, it gets compressed. In
surface condensers when the polluted gas comes
in contact with a cooled surface, cooled liquid or
gas is circulated at the surface of the tube.

Combustion

The combustion process is also called an incin-
eration. It can be used to convert VOCs and other
gaseous hydrocarbon pollutants to carbon diox-
ide and water. Sufficient turbulence, or mixing, is
a key factor in combustion because it reduces the
required burning time and temperature. A process
called direct flame incineration can be used when
the waste gas is itself a combustible mixture and
does not need the addition of air or fuel.
Afterburners are used to control odor, destroy
toxic compounds, or reduce the amount of photo-
chemical reactive substance released into the air.
These are usually used in petroleum refineries,
paint-drying facilities, and paper mills.

12.2.3 Rules and Regulations

Governments worldwide and international orga-
nizations such as the World Health Organization
and European Union are facing a growing prob-
lem of air quality effects induced by gaseous and
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Fig.12.3 History of air pollution regulation

particulate pollutants arising from industries,
motor vehicle emissions, etc. The most ambient
air pollutants in the urban region from high levels
of vehicle emission are particulate matter (PM, 5
and PM,), NO,, and O;. Air quality regulations
are often designed specifically to protect human
health as well as plant health by limiting or elimi-
nating airborne pollutant concentration. Hence,
the need for environmental regulations and for
policy of these regulations arises to control air
pollution (Fig. 12.3).

The USA started to introduce several legisla-
tive amendments which soon became a move-
ment by a series of new laws and regulations of
air quality. The Air Pollution Control Act, July
14, 1955, was the first clean air act which
addresses a national environmental problem. The
objective of this act was based on the impact of
air pollution. The act also conserves the primary
responsibilities and rights of the states and local
government in controlling air pollution. Several
amendments have been made in the Air Pollution
Act of 1955. The first and second amendments of
the Air Pollution Act came in 1960 and 1962,
which extended research funding for 4 years and
enforced the provision of the original act.
Additionally, the Clean Air Act was enacted in
1963 which defined the criteria of air quality.
This act focused on vehicle exhaust and emission
standards from local sources. The 1965 amend-
ments of the Motor Vehicle Air Pollution Control
Act came into existence which established auto-
mobile emission standards. The amendments of
the 1967 act established the timeline for State
Implementation Plans (SIPs) and emission inven-
tories, ambient monitoring techniques, and con-
trol techniques. The amendments in 1970 were

newly created. The US-EPA set the National
Ambient Air Quality Standards and rewritten ver-
sion of the original Clean Air Act. It was the
monumental year of the Clean Air Act regulation
of various states for achieving and maintaining
the National Ambient Air Quality Standards. Air
pollution has been regulated a series of laws and
regulations throughout the world after achieving
the Clean Air Act of 1970. Therefore, a large
number of laws and environmental protection
regulation acts came into existence to control air
pollution (Tables 12.4).

Identification of substances and energies
which cause pollution should be controlled by
enacting air quality regulations. As before, there
were no norms to tell about the constituents of air
pollution, so it was necessary for the nations to
identify pollutants and enact air pollution regula-
tions accordingly. Air quality standards are legal
norms which determine the quality of indoor and
outdoor air pollutants. They form a base for crite-
ria pollutants that are acceptable in ambient air
and minimize their effect on human health. The
secondary effects such as vegetation and building
damages are also considered. Periodic and up-to-
date scientific data and monitoring of air quality
with their exposure time are necessary to consti-
tute air quality standards. The US-EPA has devel-
oped the National Ambient Air Quality Standards
(NAAQS) for pollutants which are considered
harmful to human health and the environment.
NAAQS set a threshold for sulfur dioxide, par-
ticulate matter (PM,, and PM, ), carbon monox-
ide, ozone, nitrogen oxide (NO,), and lead (Pb) in
ambient air. NAAQS forms the basis for other
international air quality agencies to formulate
their standards accordingly.
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The air pollution control strategies for enact-
ing a regulatory program are emission standards,
air quality standards, taxing on pollution, cost
benefit analysis, and risk standards based on pol-
lution. They can be used individually or in com-
bination to formulate the standards of air quality.
Emission standards are the legal norms used to
set the permissible limit of different types of air
pollutants to be emitted into the atmosphere from
a specific source in a particular time. The purpose
of formulating emission standards is to protect
ambient air quality. Several regulatory approaches
and methods exist depending on the source indus-
try and type of pollutant to determine appropriate
standard emission. Specific control technologies
based on feasibility, availability, and cost are also
mandated by a regulatory body. Air quality stan-
dards prescribe the maximum limit of pollutants
in a particular geographical area in given time
periods. National Ambient Air Quality Standards
(NAAQS) are designed in two ways:

* Primary standards: Protecting public health
and safety is the primary objective of this stan-
dard. They are implemented for a stipulated
time period regardless of the cost.

e Secondary standards: Protecting the environ-
ment from air pollution is the main objective
of this standard. The time period for achieving
the goal of secondary standards will be deter-
mined by state and local governments.

Several air quality standards around the world
have come into effect in compliance with appli-
cable NAAQS using these two standards.
Likewise US-EPA’s NAAQS, countries like
China and India have also set their own air qual-
ity standards. Table 12.5 presents air quality stan-
dards for different polluting species set by WHO
(World Health Organization), US-EPA (United
States Environmental Protection Agency), and
CPCB (Central Pollution Control Board), India.

In India, air pollution control strategies have
been made since long back even before indepen-
dence. In India, the Air (Prevention and Control
of Pollution) Act was enacted in 1981. Under this
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Table 12.4 Summary of legislation involved in air pollu-

tion control

Air pollution acts and amendments

Air pollution
Control Act of
1995

Amendments of
1960

Amendments of
1962

Clean Air Act of
1963

Amendments of
1965

Amendments of
1966

Amendments of
1967

Amendments of
1969

Clean Air Act of
1970

Amendments of
1977

Clean Air Act of
1990

Provided research technical
assistance relating to air
pollution control

Extended research funding for
four more years

Enforced the principal
provisions of the original act for
the air

Provided, strengthened, and
accelerated programs for the
prevention and amendments of
air pollution

Controlled motor vehicle air
pollution

Implied the local air pollution
control program

Involved state implementation
plans and recommended control
technologies

Extended authorization for
research on low emission fuel
and automobiles

Provided an effective program
which improved the quality of
air throughout the country
Involved motor vehicle
emission standards

Solved the problem of the past
as well as dealt with new issues

Table 12.5 Air quality standards for different countries

Pollutant US-EPA WHO EU India
CO (8 h) 9 - 10 2.0
NO, (annual) |53 40 40 40
NO, (daily) - - - 80
SO, (annual) | — - - 50
SO, (daily) - 20 125 80
PM,, - 20 40 60
(annual)
PM,, (daily) | 150 50 50 100
PM, 11-13 10 25 40
(annual)
PM, 5 (daily) |30-35 25 - 60
Ozone (8 h) 120-140 160 120 100
(60-70 ppb)
Lead - 0.5-1.0 0.5 0.5
(annual)
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act, rules were notified by the government of
India on November 18, 1982. The Environment
(Protection) Act of 1986 was legislated by the
Indian parliament in response to the effect of the
Bhopal gas tragedy. This act covers the whole of
India and empowers the government of India to
necessitate any action for improving and protect-
ing the environment. The Motor Vehicle Act of
1988 marks another milestone that limits the
smoke-containing harmful gases such as CO, Pb,
and  particulate  matter emitted  from
automobiles.

12.2.4 Bharat/Euro Emission
Standards

European Union emission standards introduce
the agreeable limits of automobile emission for
every light-duty vehicle with the number of
amendments which were adopted in 2004. In
European emission standards, some important
regulations were implemented, viz., Euro 1 stan-
dards (passenger cars only), Euro 2 standards
(for passenger cars and motorcycles), Euro 3—4
standards (for any vehicle and motorcycle), and
Euro 5-6 standards (for light-passenger and
commercial vehicles). An advancement technol-
ogy and ever-increasing fuel cost will result in a
rising manufacturing cost of automobiles which
indirectly reduces the pollution level by the help
of norms. Bharat standards are based on
European regulations of 2000. The government
of India instituted the Bharat stage emission
standards for regulating the air pollutants from
internal combustion of engine equipment. The
Central Pollution Control Board under the
Ministry of Environment, Forest and Climate
Change is responsible to set the standards and
time frame for its implementation. Various strict
norms have been adopted since then including
manufacturing of new vehicles, adhering with
the standards. Since 2010, the country has been
using Euro 4 based norms and the proposed date
of adopting Euro 6 norms by skipping Euro 5 is
2020. In 1989, idle emission limit where first
adopted by Indian emission regulation which
were replaced by mass emission limit for petrol
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1991 and diesel 1992. They were made stricter in
the 1990s. India has adopted European emission
and fuel regulation standards since 2000 for
four-wheel light-duty and heavy-duty vehicles.
But India has its own standards for two- and
three-wheel vehicles. It is necessary for all trans-
port vehicles to carry a fitness certificate which
needs to be renewed every year after first the 2
years of a vehicle’s registration (Tables 12.6,
12.7, and 12.8).

12.2.5 Steps of Enforcement
of Environmental Legislation

The environmental legislation is the collection of
laws regulating environmental factors. These laws
and regulations regulate the interaction between
human and nature and its effect on human and
plant health. The National Environmental Policy
Act (NEPA) was one such law enacted by the
USA which has been reciprocated throughout the
world for the protection of the environment. This
act came in response to the Air Pollution Act of

Table 12.6 Bharat emission standards in India

Year | Emission norms in India

1989 | First emission norms for diesel vehicles

1991 | Mass emission norms and idle CO limits for
gasoline vehicles

1992 | Mass emission norms for diesel vehicles

1996 | Revised mass emission norms for gasoline
and diesel vehicles (catalytic converter for
cars)

1998 | Introduced cold start norms

2000 | Bharat stage II norms for Delhi like Euro I
norms, modified IDC (Indian driving cycle)

2001 | Bharat stage II like Euro II norms for all
metros, emission norms for CNG and LPG
vehicles

2003 | Bharat stage II (like Euro II norms) for 13
major cities

2005 | From April 1 Bharat stage III equivalent to
Euro III norms for 13 major cities

2010 | Bharat stage III emission norms for entire
country two wheelers, three wheelers, and
four wheelers Bharat stage IV (like Euro IV)
for 13 major cities only for four wheelers

2020 | Proposed date for the country to adopt Euro

VI norms for cars, skipping Euro V
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Table 12.7 Bharat emission standards
Emission standards for diesel trucks, buses, and light-duty diesel vehicles(g/kWh)
Year Reference | CO HC
Diesel Light Diesel
truck and | diesel truck
bus vehicle and bus
1992 - 17.3-32.6 | 17.3-32.6 |2.7-3.7
1996 - 11.20 5.0-9.0 2.4
2000 Euro 1 4.5 2.72-6.90 1.1
2005° Euro 2 4.0 1.0-1.5 1.1
2010* Euro 3 2.1 0.64 0.66
5.45 0.80 0.76
0.95
20101+ | Euro 4 1.5 0.50 0.46
4.0 0.63 0.55
0.74

NOx PM
Light Diesel Light Diesel Light
diesel truck diesel truck diesel
vehicle and bus | vehicle and bus | vehicle
2.7-3.7 - - - -
- 14.4 2.04.0 - -
- 8.0 0.97-1.70 |0.36° -
- 7.0 0.7-1.2 0.15 -
- 5.0 0.56 0.10 0.05
- 5.0 0.72 0.16 0.07
- 0.86 0.10
- 35 0.30 0.02 0.025
- 3.5 0.39 0.03 0.04
- 0.46 0.06

For selected regions (Mumbai, Kolkata, Chennai, Bengaluru, Hyderabad, Ahmedabad, Pune, Surat, Kanpur, Lucknow,

Sholapur, Jamshedpur, and Agra)
®0.612 for engines below 85 kW
Tfor selected regions

Table 12.8 Emission standards for three-wheel and two-wheel gasoline vehicles, g/km

Year cO HC HC + NOx

Three-wheel | Two-wheel Three-wheel | Two-wheel Three-wheel Two-wheel
1991 12-30 12-30 8-12 8-12 -
1996 6.75 5.50 - - 5.40 3.60
2000 4.0 2.0 - - 2.00 2.00
2005 (BS 1) 2.25 1.5 - - 2.00 1.5
2010.04 (BS 1) 1.25 1.0 - - 1.25 1.0

1955 where it was decided by the government to
deal with the problem on a wider scale. This act
identifies air pollution as a national problem and
announced the steps needed to be taken to avoid
its harmful effects. The Clean Air Act was enacted
to promote public health and welfare. This act also
includes harmful effects of automobile exhaust
and emission from stationary establishments. It
also encourages the development of various emis-
sion standards to deal with it. Organizations need
to be made aware about environmental legisla-
tions and regulations. The government is the chief
enforcement body of these environmental legisla-
tions which pave the way for less polluting small-
scale industries. In India, the Air (Prevention and
Control of Pollution) Act of 1981 was also in
commitment with the responsibility to enforce

rules and regulations. This set of organizations
was also renamed as the Central and State
Pollution Control Boards. The central government
should take the entire responsibility of protecting
and improving the environmental condition as per
the Environmental Protection Act of 1986.

The three main issues involving environmen-
tal legislation are:

1. Preventive steps

It deals with risks and uncertainties involved
in the implementation of environmental regula-
tions. The principle implies “prevention is better
than cure.” Taking preventive measures before-
hand will certainly reduce risk factors and frame
back plans.
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2. Taxing the polluter

In this step, a polluter who is responsible for
the deterioration of air quality has to pay for its
monitoring and policy-making cast, but this will
mark the exit of small-scale industries only as big
industries can bear their cost easily. This will not
serve the purpose of the law but controlling auto-
mobile emission by taxing heavy polluters can be
a formidable step to control air pollution on
roads.

3. Freedom of information

Freedom of information refers to providing
public access to environmental information held
by public authorities. This may be in two ways:

* Public authorities should proactively make
environmental information available.
Members of the public are entitled to request
public  authorities for  environmental
information.

* Public authorities should include government
departments, local authorities, police forces,
and universities. It should also cover some
other bodies that do public work that affects
the environment. For simplicity, all organiza-
tions subject to this are referred to as “public
authorities” in this guide. There should be a
legislation regarding enforcement.

1. Anybody should have access to data regarding
the environment unless it may question the
sovereignty or integrity of the nation.

2. The legislation should also focus on providing
security to the environmental activists so that
they may not be harmed by the parties against
whom they seek information. Lately, there
have been cases of loss of lives of environ-
mental activists.

3. A panel also needs to be formed which invites
the suggestion of different activists, reporters,
experts, and concerned public regarding
pollution-controlling methods and other pre-
ventive ways to stop this menace.
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12.2.6 Case Study

The National Green Tribunal was instituted in
response to the aftermath of several tragedies and
mainly due to the Bhopal gas tragedy and the fol-
lowing discussion. It was set up by an act of par-
liament known as the National Green Tribunal
Act of 2010. It aims to protect natural resource,
safeguard environment, and protect existing for-
ests including providing rehabilitation and com-
pensation for loss of life and property. The
enforcement of legal rights of the natural envi-
ronment is also its responsibility. Since its real-
ization, it has taken several steps to weed out
pollution and the causes adversely affecting the
air quality. In one of its recent landmark deci-
sions, it has announced a blanket ban on the
movement of diesel vehicles older than 10 years
in the national capital. It has also ordered a
heavier penalty on people burning solid waste.
These steps were in response to the recent list of
most polluted cities in the world released by
WHO in which Delhi tops the list. Opposing the
central government and canceling the coal block
allocation for Hasdeo-Arand forest and
Meghalaya rat-hole mining are few other strong
steps taken by it. But these have proved minus-
cule as the graph of pollution is continuously ris-
ing. Lack of support from center and state
governments is the biggest hindrance in their
strong steps. The state pollution board’s ineffi-
ciency to implement orders passed by NGT is
another roadblock in the realization of its goals in
the stipulated time period. Limited staff and lack
of support from the government limit its vigi-
lance throughout the country. NGT is overloaded
with a large number of pending cases though it
tries to quickly solve cases. The biggest hurdle in
the path of NGT is that it doesn’t have suo moto
power to take and force decisions. The impor-
tance of NGT increases with the rise of pollution-
related health hazards. It needs to be more
vigilant in taking a strong decision and enforcing
its execution. It should work in tandem with the
central and state governments to secure the envi-
ronment more efficiently.
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12.3 IPCCand IPPC
Recommendation for Plant
Health

The Intergovernmental Panel on Climate Change
(IPCC) is intended to assess scientific, technical,
and socioeconomic information concerning cli-
mate change and its potential effects and options
for adaptation and mitigation all over the world.
Climate Change 2007 is the Fourth Assessment
Report of the United Nations’ Intergovernmental
Panel on Climate Change (IPCC).

The important findings of the report were
“warming of the climate system is unequivocal,”
and “most of the observed increase in global
average temperatures since the mid-twentieth
century may be due to the observed increase in
anthropogenic greenhouse gas concentrations.”
The IPCC has estimated that stabilizing atmo-
spheric greenhouse gases at between 445 and 535
ppm CO, equivalent would result in a reduction
of average annual GDP growth rates of less than
0.12 %. Forty to fifty percent of Earth’s land sur-
face is occupied for agricultural production con-
sisting of croplands. Agriculture releases
significant amounts of CO,, CH,, and N,O into
the atmosphere (Cole et al. 1997; IPCC 2001).
The major sources of CO, emission are from
microbial decay or burning of plant litter and soil
organic matter (Smith and Conen 2004; Janzen
2004). The decomposition of organic materials in
oxygen-deprived conditions forms CH,. It also
gets formed from stored manures and from rice
grown under flooded conditions (Mosier et al.
1998). Microbial alteration of nitrogen in soils
and manure is mainly responsible for N,O pro-
duction (Oenema et al. 2005). The substantial
fraction of these mitigation costs may be offset
by benefits to health as a result of reduced air pol-
lution. There will be further cost savings from
other benefits from increase in energy security,
increase in agricultural production, and reduction
in pressure on natural ecosystems.

The International Plant Protection Convention
(IPPC) is an international treaty relating to plant
health. The purpose of the IPPC is to secure com-
mon and effective actions to prevent the spread
and introduction of pests of plants and plant
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products and to promote appropriate measures
for their control (Article I of the IPPC). One
important objective of the IPPC is to protect cul-
tivated/unmanaged plants, wild flora, habitats,
and ecosystems with respect to invasive alien
species (IAS) that are plant pests. The many
national obligations related to IAS under the
IPPC are:

e Establishment of NPPO (National Plant
Protection Organization)

* Risk analysis of pests

¢ Surveillance of plants and plant products

¢ Pest eradication or control

The relationships between countries are facili-
tated by the IPPC framework. It encourages them
to cooperate at a regional level and gives them
guidance in developing their own national plant
protection systems. The IPPC was further
amended in 1997 and on October 2, 2005. All
contracting parties to the IPPC follow these
amendments. The 1997 amendments update the
convention and reflect the role of the IPPC in
relation to the Agreement on the Application of
Sanitary and Phytosanitary Measures of the
World Trade Organization (the WTO-SPS
Agreement). One hundred fifty-eight countries
are contracting parties to the IPPC as of December
2006. Many countries agree to cooperate in the
development of ISPMs (International Standards
for Phytosanitary Measures) under the IPPC (i.e.,
Article X). These ISPMs provide guidance to
countries to meet their IPPC obligations (as of
April 2006, 27 ISPMs have been adopted). Each
country is required to establish a national plant
protection organization (NPPO) under the IPPC
(i.e., Article IV). The key responsibilities of an
NPPO are:

* Growing plants (cultivated and noncultivated)
and plant and plant product surveillance in
storage/transportation

* Conducting pest risk analysis

* Protecting endangered areas

e Meeting phytosanitary measures and interna-
tionally moving consignment (of plants and
plant products) disinfection
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* Issuing disinfection certificates relating to the
phytosanitary regulations of the importing
country

* Inspecting consignments
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13.1

Introduction

Vandana Maurya

Abstract

Today, urban areas are afflicted with numerous problems, viz. increasing
population, unplanned urbanisation, limited resources, industrialisation,
deforestation and over-increasing pollution from different sectors which
are disrupting the climate cycle. The world is witnessing huge upsurge in
GHG emission level and now working more meticulously then never
before to mitigate and adapt to this changing scenario. The transportation,
industry and energy sectors are coming up as killer sector impacting econ-
omies negatively. This chapter gives the current Indian pollution scenario
and discusses various interventions at policy levels, i.e. National Forest
Policy (Available at www.moef.gov.in. Accessed on 3 Jan 2016, 1988),
GIM, Compensatory Afforestation and REDD+. It recognises the need for
policy development at sectoral level and its proper evaluation and
implementation.

Keywords
Industrialization ¢ Deforestation * GHGs emissions * Policy ¢ Evaluation
and implementation

generating activities which worked as a warning
system to all participating countries of the Paris

Just few days before the Paris summit, China’s
capital Beijing issued its first ever “red alert” for
pollution and issued restriction on certain vehi-
cles, construction work and other pollution-

V. Maurya (P<)

Centre for Science Policy, School of Social Sciences,
Jawaharlal Nehru University,

New Delhi 110067, India

e-mail: maurya.vandana09 @ gmail.com

© Springer Science+Business Media Singapore 2016

summit to come to an agreement to deal with cli-
mate change and related issues. One hundred and
ninety six countries came forward at Paris
Climate Conference COP-21 which aimed at
achieving a legally binding international agree-
ment to keep average global temperature no more
than 2 °C above pre-industrial temperatures. This
agreement resulted in generation of US$100 bil-
lion per year as base by 2020, to help developing
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nations in both mitigation and adaptation activi-
ties of climate change.

The air pollution is emerging out as global
concern because of its short-term and long-term
effect on economies. Rapid urbanisation, increas-
ing population, access to fossil fuels and technol-
ogy and non-availability and non-accessibility of
cleaner fuels play an important role in piling up
of toxic gases in the atmosphere. As per estimates
of IPCC (2014), recent anthropogenic emissions
of GHGs are influencing climate system and have
widespread impact on human and natural sys-
tems. Of the 49 (+4.5) GtCO2eqg/year in total
anthropogenic GHG emissions in 2010, CO2
remains the major anthropogenic GHG account-
ing for 76% (38 + 3.8 GtCO2eq/year), while
16 % (7.8 £ 1.6 GtCO2eqg/year) come from meth-
ane (CH4), 6.2% (3.1 = 1.9 GtCO2eq/year) from
nitrous oxide (N20) and 2.0% (1.0 = 0.2
GtCO2eq/year) from fluorinated gases (IPCC
2014).

Since 1850, temperature is progressively
increasing, and the last three decades (1983—
2012) were the warmest of the last 1,400 years in
Northern Hemisphere (IPCC 2014). Cumulative
anthropogenic CO, emissions in the atmosphere
were 2040+310 GtCO2 in between 1750 and
2011, and about half of the anthropogenic CO,
emissions have occurred in the last 40 years.
Increased uptake of CO, by ocean has resulted in
26 % increase in acidity of ocean.

Due to the continuous increase in temperature,
glaciers have continued to shrink worldwide. The
annual mean Arctic sea ice extent has decreased
at the range 3.5-4.1 % per decade over the period
of 1979-2012. The ocean surface (upper 75 m) is
warmed by 0.11 (0.09-0.13) degree Celsius per
decade over the period of 1971-2010, and global
mean sea level rose by 0.19(0.17-0.21) m during
the period of 1901-2010 (IPCC 2014).

The energy sector contributed approximately
35% of total anthropogenic GHG emission in
2010, and annual GHG emissions from the
energy sector has witnessed an increase from
1.7% per year from 1990 to 2000 to 3.1% per
year from 2000 to 2010 due to increased energy
demand (Bruckner et al., 2014). In 2010, the
direct GHG emission from the transportation sec-
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tor produced was 7.0 GtCO2eq and was respon-
sible for approximately 23% of total
energy-related CO, emissions (6.7 GtCO2) due
to ever-increasing demands of mobility and
movement of goods. Transport emission is
expected to increase in the coming future and can
reach around 12 GtCO2eg/year by 2050.
Buildings accounted for 19 % of energy-related
GHG emissions (included electricity related)
(Lucon et al., 2014), whereas industry contrib-
uted over 30 % of global GHG emission in 2010
dominated by Asian region (Fischedick et al.,
2014). Annual GHG emissions from agricultural
production in 2000-2010 were estimated at 5.0—
5.8 GtCO2eq/year, while annual GHG flux from
land use and land-use change activities accounted
for approximately 4.3-5.5 GtCO2eq/year (Smith
et al. 2014).

13.2 Air Pollution: A Stinking
Killer

Estimates by UNEP find that more than 1 billion
people are exposed to outdoor air pollution annu-
ally, and 3.5 million deaths take place each year
from outdoor air pollution. This death rate has
witnessed a growth by 4 % worldwide, by 5% in
China and by 12% in India between 2005 and
2010. Indoor air pollution is also linked to pre-
mature deaths and poor health conditions espe-
cially in developing nations. As per CSE’s Body
Burden 2015 report, air pollution is the fifth lead-
ing cause of death and results in 620,000 prema-
ture deaths caused by stroke, chronic obstructive
pulmonary disease, ischemic heart disease, lower
respiratory infection and trachea, bronchus and
lung cancer, etc. in India. A study was conducted
by Central Pollution Control Board (CPCB)
based on source apportionment studies conducted
in six cities, i.e. Delhi, Mumbai, Bangalore,
Chennai, Kanpur and Pune. It found that air pol-
lution is an emerging issue and requires immedi-
ate attention to control. PM10 and PM 2.5 in
ambient air are significantly high in all locations
due to natural and anthropogenic reasons espe-
cially in winter and post-monsoon season. Many
cities have shown high EC to OC ratio (EC/OC)
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at various locations (CPCB 2011). Increasing
population, urbanisation, migration to cities,
changing behaviour and lifestyles, increased con-
sumption rates, accessibility to technology,
increasing income, usage of quiescent and inef-
ficient technology and non-availability and non-
affordability of clean and green technology and
fuel are major reasons for increasing air pollution
levels in India. It poses a huge economic burden
on affected countries; an estimate by OECD
shows that cost of air pollution was US$1.4 tril-
lion in China and US$0.5 trillion in India in 2010
(UNEP 2014).

13.2.1 Transportation Sector

The transportation sector is one of the major
sources of air pollution in India. It has witnessed
a growth of total registered vehicles from 5.3 mil-
lion in 1981 to 159 million in 2012. It has con-
tributed up to 50% of fine particulate matter
concentrations (PM 2.5) (TERI 2014).
Automotive vehicles emit several pollutants
which can have negative impact on health of
human and plants. Long-term emission can lead
to climate change. IPCC (2014) estimated that
GHG emissions from the transportation sector
have doubled since 1970 and in 2010 produced
7.0 GtCO2eq of direct GHG emissions (includ-
ing non-CO2 gases) which can reach up to 12
GtCO2eq/year by 2050 (Sims et al. 2014).
Petrol-/gasoline-driven vehicles mainly emit
hydrocarbons and carbon monoxide, whereas
diesel-based vehicles emit oxides of nitrogen and
particulate matter (CPCB 2010). Increasing num-
ber of vehicles, presence of old technology, poor
vehicle maintenance, inadequate infrastructure
and low quality fuel are major barriers towards
achieving the goal of clean air.

13.2.2 Domestic Sector

In India, the domestic sector is emerging as the
major consumer of electricity after the industrial
sector. Its electricity consumption has witnessed
a increase of 882,592GWh during 2013-2014
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from 411,887 GWh during 2005-2006 (CAGR is
8.84 %). The number of households (rural and
urban) increased at a rate of 2.3% per annum
which led to increase in the energy consumption.
In the residential sector, lightning takes around
40% of electricity in households, followed by
fans (31 %) and other appliances (28 %) (Phadke
et al. 2014). Studies suggest that energy con-
sumption will increase in bottom third of the
population rapidly. It will increase from 13 to
19% in urban areas and 11-23 % in rural areas
(ESMAP, 2010).

A study indicates that total residential energy
use is expected to increase 65—75 % in 2050 due
to increase in population and economic growth
compared to 2005, which can lead to increase in
emissions to by nine to ten times (Ruijven et al.
2011). The demand for residential energy ser-
vices is due to many factors, i.e. population,
household size, income, geography and demog-
raphy, and is also affected by energy consump-
tion behaviour of consumer, and this behaviour is
shaped by consumer’s socio-demographics and
social contextual variables like cost, legal regula-
tions, policies, availability of technology and
information, role models, pricing and social
conditions.

13.2.3 Industrial Sector

In 2013-2014, the industrial sector consumes
52.72% of the total final energy consumption,
and within the industrial sector, iron and steel
industry accounts for 18.22% and is the most
polluted sector. As stated earlier, industries emit
the highest amount of GHGs and contribute
towards climate change as these feed on dirty
fuels, i.e. fossil fuels. In industry-wise consump-
tion, the electricity generation sector consumes
the highest quantity of raw coal and lignite and is
witnessing an increasing trend in the last decade.
While cement and paper industry is observing a
negative growth with CAGR of -2.46% and
—5.49 %, respectively. In case of lignite, paper
and textile industries have noticed a steady
growth with CAGR of 12.74% and 10.99 %,
respectively (MoSPI 2015) (Table 13.1).



154

V. Maurya

Table 13.1 Consumption trends of raw coal and lignite (in MTs) from different industries

CAGR CAGR
Raw coal Raw coal (2005-2006 | Lignite Lignite (2005-2006

Industry (2005-2006) | (2013-2014) | to 2013)in % | (2005-2006) | (2013-2014) |to2013)in %
Electricity 306.04 427.23 3.78 23.36 36.48 5.08

Steel and washery 19.66 23.13 1.82 - 0.03 -

Cement 14.97 11.96 -2.46 0.79 1.40 6.54

Paper 277 1.67 -5.49 0.23 0.66 12.74
Textiles 0.29 0.36 2.51 1.11 2.83 10.99
Others? 51.85 107.54 8.44 4.86 2.51 -7.10

Source: energy statistics 2015

20ther industry includes sponge iron, colliery consmn., fertilisers, jute, bricks, coal for soft coke, colliery, fertilisers and

other industry consumption

Table 13.2 Change in consumption of conventional
source of energy in India (Source: energy statistics, 2015
(MoSPI))

CAGR in
%
(2005-
2006 to
S. 2013-
no | Energy source | 2005-2006  2013-2014 | 2014)
1 | Coal (in MT) |407.04 571.89 3.85
2 | Lignite (in 30.23 43.90 4.23
MT)
3 | Crudeoil (in | 130.11 222.50 6.14
MMT)
4 | Natural gas 31.33 34.64 1.12
(in BCM)
5 | Electricity (in | 411,887 967,950 9.95
GWh)

13.2.4 Energy Sector

During the Twelfth Plan period (2012-2017), the
total capacity addition is targeted to achieve
88,537 MW comprising 26,182 MW in the cen-
tral sector, 15,530 MW in the state sector and
46,825 MW in the private sector. Till December
2014, 56.5% (50,058.22 MW) of cumulative
capacity addition is achieved (Gol 2015). With
increasing demands from different sectors, con-
sumption of conventional sources of energy had
witnessed a steady growth in the last decade
(Table 13.2). Electricity has witnessed the high-
est CAGR of 9.95 % during 2005-2006 to 2014—
2015. The CAGR of coal, lignite, crude oil and

natural gas was 3.85, 4.23, 6.14 and 1.12 % dur-
ing the same period.

This increase is due to increased demand from
the industrial, transportation and electricity gen-
eration sector. In 2013-2014, the highest con-
sumption of electricity is from the industrial
sector (43.83 %), followed by domestic (22.46 %),
agriculture (18.03 %), commercial (8.72 %), trac-
tion and railways (2 %) and other sectors (5 %),
while, per capita energy consumption (PEC) has
increased with CAGR of 4.3 % from 13694.83 M
joules in 2005-2006 to 19522.15 M joules in
2013-2014 (MoSPI 2015).

13.3 Need for Policies for Plants

The forest plays a very important role in main-
taining and disrupting the carbon cycle.
Cumulative CO, emissions from Forestry and
Other Land Use (FOLU) since 1750 increased
from 490+180 GtCO2 in 1970 to 680+300
GtCO2 in 2010. The agriculture, forestry and
other land use (AFOLU) sector accounts for
~10-12 GtCO2eq/year of net anthropogenic
GHG emissions mainly from deforestation, agri-
cultural emissions from soil and nutrient man-
agement and livestock. Therefore, policies
governing both mitigation and adaptation are
important for reducing emissions. REDD+ is one
of the effective measures to reduce emissions
(Nabuurs et al. 2007). In India, various plans and
policies are implemented to maintain qualitative
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forest cover for inclusive and sustained
development. These plans and policies are dis-
cussed in given section.

13.3.1 National Forest Policy, 1988

National Forest Policy (1988) aimed at main-
taining environmental stability through preser-
vation and restoration of ecological balance,
conserving limited natural forest, checking
deterioration of resources, limiting desertifica-
tion, increasing quality and quantity of forest
cover, utilising forest produce efficiently, meet-
ing forest requirement of rural or tribal popula-
tion and disseminating knowledge and
information.

It envisages green cover to have a minimum of
one-third of local land area of the country. While,
in hilly and mountainous regions, it should be
two-third of the area. Further, it calls for need-
based and time-bound programme for afforesta-
tion and for the development of fuel wood and
fodder on all degraded and denuded lands of the
country. It encourages plantation of trees along-
side roads, railway lines, rivers, streams and
canals and other unutilised lands under public or
private ownership. It mandates development of
green belts in urban/industrial areas as well as in
arid tracts. It asks to modify land laws to facili-
tate and motivate individuals to improve the qual-
ity of forests (NFP 1988). National Forest Policy
(1988) mandates plantation of trees alongside
roads, railway lines, rivers, streams and canals
and unutilised lands under state/corporate and
institutional or private ownership and emphasises
green belt development in urban/industrial and
arid tracts.

Green belt is referred to as the buffer zone cre-
ated beyond which industrial activity may not be
carried or can be said as planned open spaces
safeguarded from developmental activities. It
aims at protecting sensitive areas to maintain
ecological balance and can act as sink for harm-
ful gases released from urban areas and maintains
ecological, economical and productive services.
The size of green belt varies from case to case on
the type of industrial activity carried out.
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There is no such regulation or policy for for-
mation of green belts in India, but increasing the
green cover is comprehensively undertaken by
National Forest Policy 1988, GIM, REDD and
later REDD+. Environment Management Plan
(EMP) of the Ministry of Environment and Forest
(MoEF) mandates building of 1-1.5 km of green
belt around community buildings and townships
and around power plants; it should cover about
33 % of plant area. Under GIM, forest/tree cover
is to be increased to the extent of 5 million hect-
are (mha) and improvement of quality of forest/
tree cover on another 5 mha of forest/non-forest
lands. REDD aims at incentivising protection,
management and conservation of forest resources
for reducing carbon stock in atmosphere.

13.3.1.1 Green Belts as Sinks of Gases
Green plants form a surface capable of absorbing
air pollutants and act as sink for pollution but
only within tolerance limits of constituent plants.
For designing green belts, source-oriented
approach and receptor-oriented approach are
used. Source-oriented approach is suitable if pol-
lutants of single industry need to be contained,
whereas in urban-industrial complexes with mul-
tiple sources of pollution, receptor-oriented
approach is feasible (CPCB, 2000). As plants
also get affected by increased concentration of
pollution, negative effects of pollutants on plant
health are enumerated in Table 13.3.

13.3.2 Green India Mission

India introduced National Action Plan for Climate
Change (NAPCC) in 2009 with eight missions
with special focus on renewable energy, increas-
ing forest cover, sustainable habitat and agricul-
ture, energy efficiency, water conservation,
knowledge dissemination about climate change
and maintenance of Himalayan ecosystem.
Guiding principles for NAPCC are sustainable
and inclusive development, efficient use of natu-
ral resources, deployment of appropriate technol-
ogy for mitigation and adaptation of GHGs,
involvement of major stakeholders with better
outreach and implementation (Gol 2009).
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Table 13.3 Effect of pollutants on plants’ health (Source: CPCB guidelines for green belts)

Emissions from industries,
households, vehicles and natural

Emission from industries,
fertiliser industries, burning of
fuels, natural decomposition

Combustion of fossils, smelting

industries, burning of fuels, oil

Decomposition of organic matter
of different origins including
excreta fertiliser breakdown, coal
combustion and releases from

Emissions from automobiles, oil
refining processes and chemical

S. no Gases Sources
1. SO2
decomposition
2. NOx
3. Fluorine
of ores and rock cycles
4. CO and CO, Emission from vehicles,
refineries
5. NH;
industries
6 HC
factories
7. SPM

Emission from industries,
households, factories, burning of
fossil fuels, mining, thermal
power plants and dust

Effects

Formation of marginal and
interveinal chlorotic, bronzed or
necrotic areas. Necrotic areas
extend and are visible on both
epidermal surfaces

Discoloured spots of grey-green
or light brown colour and later
turns into bleached or necrotic
spots in interveinal areas of
leaves

Chlorosis of leaf tip and with
increased concentration of the
injury may extend along
margins and inwards along
veins. Injured brown or dead
areas of leaves become necrotic,
leading to premature leaf fall

No phytotoxic effect

Blackening and bleaching of
leaves, spotting, brown lesions
between veins and colour
change of fruits

Distortion of foliage, excessive
curvature in growth, chlorosis,
senescence and flower
abscission

Finer particles clog stomatal
apertures and prevent gaseous
exchange by leaves, increase
weight and temperature of
leaves. Dust deposition on
stigmatic surface of flowers
reduces effective pollination and
hence fruit yields

Increasing forest cover is one of the major
steps towards mitigation of climate change as it
neutralises ~11% of India’s GHG emissions.
Therefore, under the aegis of NAPCC, national
mission for a green India or Green India Mission
(GIM) was launched with a budget of Rs 46,000
crores (approx. US$ 10 billion) over a period of
10 years. It proposes to take holistic view of
afforestation, enhancing quality and quantity of
biodiversity and restoring ecosystem services
with more decentralisation. The local commu-
nity, especially the young (community foresters),
will be major stakeholder, and Gram Sabha will

assess mission implementation at a village level.
The main goals are as follows:

¢ To increase forest/tree cover to the extent of 5
million hectare (mha) and improve quality of
forest/tree cover on another 5 mha of forest/
non-forest lands

* To improve or enhance of ecosystem services,
provisioning services and non-timber forest
products

¢ To increase forest-based livelihood income of
about three million households
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It has adopted an integrated cross-sectoral
approach covering public and private lands.
Local communities had a key role in planning,
decision-making, implementing and monitoring
of mission goals. GIM is converged with related
mission of NAPCC and other programmes like
Compensatory Afforestation Management and
Planning Authority (CAMPA) through converg-
ing compensation afforestation fund and
Mahatma Gandhi National Rural Employment
Guarantee Scheme (MGNREGS), a scheme
administered by Ministry of Rural Development
for wider and better coordination in developing
forest and their fringe areas in holistic and sus-
tainable manner to address climate change
(MoEF 2015).

13.3.3 Reducing Emissions
from Deforestation and Forest
Degradation (REDD)

REDD is a global endeavour and aims at incen-
tivising protection, management and conserva-
tion of forest resources. REDD+ goes further
and incentivises positive elements of conserva-
tion, sustainable management of forests and
enhancement of forest carbon stocks. Under this,
financial value is created for carbon stored and
enhancement of biomass and soil of standing
forests. It incorporates benefits of livelihood
improvement, biodiversity conservation and
food security services. Global REDD+ mecha-
nism is win-win situation for India as it encour-
ages conservation, inclusive development,
reduction of emissions and increase of forest
cover. Incentives from REDD+ would be passed
to local communities for sustained efforts to con-
serve forest. It is estimated that a REDD+ pro-
gramme for India could provide capture of more
than 1 billion tonnes of additional CO, over the
next 3 decades and provide more than US$ 3 bil-
lion as carbon service incentives under REDD+
(MoEF 2010).
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13.3.4 Compensatory Afforestation

To compensate the diversion of forest land, cen-
tral government had mandated the transfer and
mutation of nonequivalent non-forest land in
favour of State Forest Department (SFD) for cre-
ation of compensatory afforestation from the
funds provided by user agency and its effective
implementation, monitoring and evaluation
which is done by the Compensatory Afforestation
Management and Planning Authority (CAMPA).
CAMPA works at central as well as at state level
and aims to promote afforestation and regenera-
tion activities as a way to compensate for forest
land diverted to non-forest land.

13.4 Changing Policy Paradigm

There are various instruments in policymaking,
i.e. economic, regulatory, voluntary and informa-
tional. Economic instrument for climate change
mitigation includes taxes and subsides, for exam-
ple, in India there is tax on using coal and subsidy
for encouraging renewable energy usage.
Regulatory approaches include rules and penalty
for non-compliance, e.g. NAAQS for air pollut-
ants, while information measures aim at dissemi-
nation of complete, reliable, cost-effective and
quick information among the public, e.g. BEE
Star Labels. These measures go hand in hand and
increase the effectiveness (in terms of cost and
output) of sector-specific policies. Table 13.4
have listed various policy instruments in different
sectors.

Looking at present situation, it becomes
inevitable to frame rightly timed policies which
can result in most effective outcomes. Policies
do not follow one-size-fit-all scenario; there-
fore, policies may and should differ at interna-
tional, national and regional levels, and
policymakers should make sure that flexible and
relevant policy is made which can be imple-
mented to yield best results. Studies have found
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Table 13.5 Evaluation of major forest plans and policies based on various IPCC policy instruments

National forest

Policy instruments energy policy (1988) GIM
Economic instruments — 0 0
taxes (carbon taxes may be

economy wide)

Economic instruments — 0 Y
tradable allowances may be

economy wide

Economic Y 0
instruments — subsidies

Regulatory approaches Y Y
Information programmes Y Y
Government provision of Y Y
public goods or services

Voluntary actions Y Y

Source: author’s work
Y stands for yes and O stands no

that even soft approaches can also help in miti-
gating climate change (Verma and Kulshresta
2015) (Table 13.5).

Sector-specific policies are more preferable
over economy-wide and market-based policies
and help to overcome market failure. Therefore,
the need of the hour is to formulate sector-specific
policies with national and regional interest with
more flexibility and decentralisation rather than
formulation of policies formed under interna-
tional pressures.

13.5 Conclusion

This chapter examines the current situation of
emissions and finds that GHG emission is
increasing at steady pace, and relevant policy
intervention can help in mitigation. The chapter
begins by drawing attention towards the recently
concluded UNFCCC Paris summit which aimed
at achieving a legally binding international agree-
ment to keep average global temperature no more
than 2 °C above pre-industrial temperatures.
General consensus on legally binding interna-
tional agreements shows the concern of climate
change all over the globe.

The next section has discussed the present
scenario of air pollution in India from different
sectors. The industrial and energy sectors are
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Compensatory afforestation REDD+
Y 0
Y Y
0 Y
Y Y
Y Y
Y Y
Y Y

highly fuel guzzling and led to huge emissions.
In urban areas, emissions from transportation and
industries pollute the air up to dangerous levels.
Huge upsurge in number of vehicles, faulty tech-
nologies, non-availability of clean fuels and
absence of stringent standards and norms are
major reasons of increasing pollution in the trans-
portation sector. This can be improved by intro-
duction of recent technology, better infrastructure,
strict implementation of standards and norms,
penalty for non-compliance and better gover-
nance. While in the domestic sector, access to
clean and affordable fuel, access to modern and
efficient technology, availability of reliable and
affordable information, changing behaviour
towards consumption and development of stan-
dards can reduce the emissions. At supply side,
the energy sector can be revamped in different
ways by improving technology and quality of
fuel, increasing efficiency of plants, switching to
renewable energy sources, decentralising more,
reducing T&D loss and improving governance.
Forests are seen as best carbon sequesters as
they can remove 5-11 tons of CO./ha/year
depending on location and productivity. They not
only sequester CO, but also act as natural cleanser
and provide timber and various other goods and
services. The last section has discussed the need
for policymaking and emphasises that sector-
specific policies should be formed and imple-
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mented as it is more effective and efficient rather
than economy-wide or market-wide policies.
Then various plans and policies present for
reducing emission by plantation or afforestation
are discussed and analysed. These include
NAPCC, National Forest Policy 1988, REDD
and REDD+, CAMPA and Green India Mission.
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Abstract

Tropospheric ozone (O;) is a phytotoxic pollutant causing risk to food pro-
duction, pasture, and forest communities. In the present scenario, unsustain-
able resource utilization has turned this secondary pollutant into a major
component of global climate change. The background levels of O; are very
high, and IPCC projections have shown that it will increase by 20-25 % in
2050 and 40-60 % in 2100, causing severe consequence on global food secu-
rity. Ozone enters plants through stomata, where it can be dissolved in the
apoplastic fluid. Ozone has several potential effects on plants: direct reaction
with cell membranes, generation of ROS and H,0, (which alter cellular
function by causing cell death), induction of premature senescence, negative
impact on photosynthetic machinery and up- or downregulation of antioxi-
dants, defense reactions, and variations in metabolic pathways. Tropospheric
O; causes changes in tree diameter, wood quality, herbivory pattern, forage
quality, and crop yield and quality. In this chapter, we make an attempt to
present an overview of O; concentrations throughout the globe and its impact
on agricultural crops, forest, and grassland ecosystems. We summarized the
information available on plant responses to O; at physiological, cellular, and
biochemical levels; crop yield; and forest and grassland communities at
present concentrations and also under projected future concentrations.

Keywords
Tropospheric ozone ¢ IPCC ¢ Photosynthetic machinery ® ROS ¢ Crop yield
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productivity and hence a major threat to global
food security (Rai and Agrawal 2012). Since the
industrial revolution, the global average O; con-
centrations have increased from around 20-30
ppb to present-day values of 30—-50 ppb with sig-
nificant variability in its spatial distribution
(IPCC 2013). Due to substantial escalation in
industrialization and urbanization, ground-level
O; is considerably higher in the Northern
Hemisphere than the Southern Hemisphere. Its
abundance in mid-latitudes of Northern
Hemisphere has increased twice or more since
the preindustrial era with present background O,
concentrations ranging from 35 to 50 ppb
(Cooper et al. 2010; IPCC 2013). At the global
scale, O3 concentrations are higher in Central
Europe, Eastern China, and the Eastern USA
(Royal Society 2008). In Europe, the highest O;
levels occur in Central and Southern Europe
(Royal Society 2008). High levels of O; occur in
the tropics, and worryingly, there are projections
of further increase in O; concentrations
(Harmens 2014).

In plants, O; predominantly penetrates in
internal environment of leaf tissues through sto-
matal openings, where it generates a cascade of
reactive oxygen species (ROS) in surrounding
aqueous medium that cause membrane damage,
alteration of gene expression, impairment of pho-
tosynthetic proteins, degradation of chlorophyll,
and alterations in metabolic activities (Booker
et al. 2009; Fuhrer 2009; Singh et al. 2014a).
Oxidative stress due to enhanced ROS produc-
tion under Oj; stress triggers an array of complex
antioxidant defense strategies which may be
enzymatic or nonenzymatic (Blokhina et al.
2003). Ozone is also known to cause reduction in
photosynthesis (Rai and Agrawal 2012;
Ainsworth et al. 2012). Thus, reduced photosyn-
thesis, induced defense system, and secondary
metabolic pathways conclusively lead to
decreased carbon assimilation and altered carbon
partitioning, resulting in reduced total biomass
accumulation and yield (Singh et al. 2015).

The negative impacts of O; on growth and
yield of agricultural crops affecting food produc-
tion across the globe have been widely reported
(Ashmore 2005; Fuhrer 2009; Emberson et al.
2009; Feng et al. 2008, 2009; Sarkar and Agrawal

R.Rai et al.

2010a, b; Rai and Agrawal 2014; Singh et al.
2014b). Using various approaches, Booker et al.
(2009) estimated that the current yield losses due
to O; are in the range of 5-15%. Global crop
yield losses for four major crops (wheat, rice,
soybean, and maize) due to ambient O; in the
year 2000 were estimated to be worth $14-26 bil-
lion (Van Dingenen et al. 2009). For the same
year in the European Union, an estimated crop
yield of $ 6.7 billion was calculated for the arable
crops. The increasing O; concentrations have also
been implicated as one of the factors contributing
in forest decline (Royal Society 2008), affecting
the forest productivity linked to direct economic
losses (Percy et al. 2007). Concurrently, O; poses
a threat to seminatural ecosystems including
grasslands, reducing the primary productivity of
wild plants as well as species biodiversity
(Agathokleous et al. 2015; Ainsworth et al. 2012).

Apart from the crop yield and primary produc-
tivity losses in natural ecosystems, second-tier O
effects include changes in herbivory pattern and
alterations in plant interactions with diseases,
pests, and insects (Ashmore 2005). Infection of a
foliar pathogen on trembling aspen increased
under elevated O; in the Aspen Free Air CO,
Enrichment (FACE) experiment due to the
changes in the leaf surface properties (Karnosky
et al. 2005). In the same experiment, elevated O;
also affected the performance of forest pests,
which were related to changes in plant chemistry
or the increased abundance of natural enemies.
Chronic exposure to O; stimulates the carbon
fluxes from the primary to secondary metabolic
pathways, leading to the synthesis of secondary
products (Iriti and Farror 2009), which may cause
alteration in forage nutritive value, phytopathol-
ogy, and natural enemy interaction and may per-
haps promote establishment of invasive species
(Booker et al. 2009). Ozone also affects
competitive ability in different species which in
the long term results in changes in the species
and genetic composition as well as functioning of
seminatural plant communities or ecosystems
with impacts on nutrient cycling and carbon
sequestration (Fuhrer et al. 2003; US EPA 2006;
Harmens 2014; IPCC 2014). A number of studies
on real and artificial plant communities have
revealed that O; can modify the events of plant
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competition and hence species composition
(Bender et al. 2006), and the performance of
more sensitive species tends to be reduced further
by O; in the communities due to competition
compared to monoculture (Fuhrer et al. 2003).
Rising O; concentration is also a threat to forest
growth and species composition (Ashmore 2005;
Wittig et al. 2009; Paoletti et al. 2010). Though
the vulnerability to natural ecosystems such as
forests and grasslands to rising Os is established,
studies on these aspects are scarce.

The present chapter highlights the physiologi-
cal and defense-related responses affecting bio-
mass and yield in crops, forest tree species, and
grasses under Oj; stress. Ozone-induced second-
ary responses in terms of changes in herbivory
pattern, phytopathology, pest interactions, and
competitive hierarchies were also discussed.
Literature collated for the chapter are chiefly
based on field studies, Open Top Chambers
(OTCs), and FACE conducted in near natural
environmental conditions.

14.2 Ozone Formation

Being a secondary pollutant, O; is formed by
various precursor gases such as NOx, CO, CH,,
and non-methane VOCs, emitted from a wide
range of sources that are either natural in origin
or driven by human activities. Energy generation,
industrial processes, transport, agriculture, bio-
mass burning, and land use changes are signifi-
cant sources of Oj; precursor gases (Royal Society
2008).

Ozone is produced in planetary boundary
layer (PBL), free troposphere, and in the strato-
sphere. In the stratosphere, Os is produced due to
photolysis of O, by ultraviolet radiation into
atomic oxygen to form Os;. However, in the tropo-
sphere, O, formation occurs due to photolysis of
NO,. In the free troposphere, O; formation
depends on reaction of CH,, CO, and non-
methane organic compounds with NOx. These
reactions are principally controlled by sunlight
and temperature. Nitrogen dioxide diminishes
when O; reaches its peak. O; concentration peaks
during the late morning and early afternoon hours
(Krupa and Manning 1988).
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14.3 Variations in Ozone
Concentrations: Present
Scenario and Future
Projections

14.3.1 Worldwide O; Distribution

Tropospheric O; concentrations are persistently
increasing worldwide (Mittal et al. 2007; Rai and
Agrawal 2012). Between late nineteenth century
and 1980, concentrations of background Oj; in the
mid-latitudes of Northern Hemisphere doubled to
about 30-35 ppb and have since increased by
another 5 ppb reaching up to 35-40 ppb (Royal
Society 2008). The peak values of Oz continued
to exceed the WHO guideline value of 50 ppb in
many countries, including Latin America, North
America, Europe, and Africa (WHO 2006). In
Southern Hemisphere, an increase of 30 ppb in
O; concentrations was reported in South America
and Africa (Zeng et al. 2008). Springtime O;
increased by 0.46 ppb year™! during 1985-2007
over Western coastal USA(Cooper et al. 2010). In
rural agricultural areas of the USA, the mean O,
concentration was reported between 50 and 60
ppb (US EPA 2006). Jaffe and Ray (2007)
reported a significant increase in O; with a mean
trend of 0.26 ppb year™' in seven remote rural
sites in Western USA between the years 1987 and
2004.

Despite reductions in emissions of anthropo-
genic O; precursors, an increase in background
O; in lower European troposphere is reported
(Chevalier et al. 2007). The report published by
Royal Society (2008) documented that back-
ground O; concentrations in Europe are still
rising and predicted to rise at least till 2030 partly
due to hemispheric transport of O; precursors
from developing areas of the world. All countries
of Europe are experiencing periodic O; episode
each year with several days of peak O; concentra-
tions exceeding 50 ppb and sometimes exceeding
90 ppb (Hayes et al. 2007a, b). At Mediterranean
region from 2000 to 2010, out of 214 monitored
stations, 58 % of rural stations displayed an aver-
age reduction of 0.43 % year™! in O; concentra-
tion, while an increase of 0.64% year”!' was
recorded in urban and 0.46 % year™' in suburban
stations (Sicard et al. 2013).
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Monks (2005) pooled together the monitoring
data and modeling studies along whole of the
Europe and showed that European emissions of
O; and its precursors had decreased over the past
three decades with larger reductions in Russia.
Very recently, Saitanis et al. (2015) found that
hourly O; concentrations often exceeded 70 ppb
at Tripolis plateau located in Greece. The highest
1 h O; concentration of 240 ppb was reported in
France (Pellegrini et al. 2011). From 1987 to
2003, the increase in mean O; concentration mea-
sured at an Atlantic coastal station (Mace Head)
in Ireland was 0.49 ppb year™' (Simmonds et al.
2004) and 0.31 ppb year™ from 1987 to 2007
(Derwent et al. 2007). An average increase of
0.14 ppb year™! in O; concentration was reported
from 13 rural sites in United Kingdom over the
period 1990-2006 (Jenkin 2008).

A modeling study carried by van Tienhoven
et al. (2006) documented that maximum hourly
O; concentration over 50 ppb is common over
central Zimbabwe. Emberson et al. (2009)
reported that large parts of South Asia experience
up to 50-90 ppb mean 7 h (M 7) O; concentra-
tion. Monitoring studies suggest that mean
monthly O; concentration of 50 ppb occurred
commonly in several parts of Asian continent,
especially during growing season of important
agricultural crops (EANET 2006; Xu et al. 2008).
Ozone concentrations were 41.7 ppb in Xiaoji,
China (Pang et al. 2009), 71 ppb in Lahore,
Pakistan (Wahid 2006a, b), and 48.1 and 47.1 ppb
in Osaka and Tokyo, respectively, in Japan
(Sadanaga et al. 2008). Wang et al. (2009) moni-
tored the variations in O; concentrations from
1994 to 2007 at a costal site in Hong Kong and
reported a 0.87 ppb year™' increase by comparing
means during 1994-2000 and 2001-2007.

Yamaji et al. (2006) using Community
Multiscale Air Quality model has calculated
highest O; concentrations ranging from 55 to 70
ppb during May and June in the boundary layer
over East China and Japan. With the fast industri-
alization and urbanization in the last two decades,
O; concentration is rising at a higher rate in China
than other countries and the mean of the daily 24
h average O; concentration reached more than 50
ppb during the crop growing season in some
regions (Zhao et al. 2009; Tang et al. 2013).
During May—September, 2010 in Beijing, China,
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the daily mean and hourly peak O; concentra-
tions at urban and exurban regions were 46 and
67 ppb and 181 and 209 ppb, respectively (Wan
et al. 2013). In the Yangtze delta region of China,
Xu et al. (2008) observed a decrease in the aver-
age concentration, but an increase in the daily
variations in diurnal O; concentration.

14.3.2 Ozone Concentration:
An Indian Perspective

Rising O; concentration is also a threat for Indian
subcontinent especially in Indo-Gangetic plains
due to its subtropical location, which favors O;
formation. Jain et al. (2005) showed variations in
mean monthly O; concentrations between 62 and
95 ppb during summer, and 50-82 ppb were
recorded during autumn at an urban site in New
Delhi during 1997-2003 (Table 14.1). Singla
et al. (2011) and Mahapatra et al. (2012) reported
higher O; concentrations exceeding 50 ppb at
Agra and Bhubaneswar. Ali et al. (2012) moni-
tored O; concentrations from 1990 to 1999 at
Pune and Delhi and reported maximum concen-
tration during summer and minimum during
monsoon season. Monitoring results carried out
at Pune depicted that O; concentration varied
from 17.5 to 43 ppb (Beig et al. 2007).

During growth period of wheat (November—
March), seasonal mean O; concentration (12 h)
was 40.1 ppb at a suburban site (Rai et al. 2007)
and 36.7 ppb at a rural site during growth period
of rice (July—October) (Rai and Agrawal 2008)
(Table 14.1). Sarkar and Agrawal (2010a)
reported mean O; concentrations of 45.3 and 47.3
ppb, respectively, at a rural site of Varanasi dur-
ing 2007-2008 and 2008-2009. Tiwari et al.
(2008) studied the seasonal variations between
2002 and 2006 based on 12 hourly O; monitoring
and found that O; concentration was lowest dur-
ing rainy season, followed by winter and highest
during summer season (Table 14.1). Rai and
Agrawal (2014) and Singh et al. (2014b) found
high seasonal mean O concentrations exceeding
50 ppb during winter. Ozone concentration data
from Anantapur, a rural and semiarid place in
south India, displayed minimum concentration in
monsoon and maximum in summer (Reddy et al.
2012) (Table 14.1).
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Table 14.1 Trends of tropospheric O; concentrations at different locations in India

Ozone concentration (ppb)

City Year/month/season
Agra 2008-2009 55-65
Allahabad 2002 monsoon 5.9-35.1
Anantapur 2010

Summer 70.2

Monsoon 20
Bhubaneswar 2009-2011 50-78
Chennai Summer 2005 2-53
New Delhi 1997-2003

Summer 62-95

Autumn 50-82
New Delhi 2009-2010 winter 28

2010-2011 winter 33
Mohali 2011-2014 46.5 M12)
Pune 2003-2004 17.5-43
Pune 1990-1999

Monsoon 6.7-13.8

Summer 9.3-32
Delhi Monsoon 5.6-26

Summer 4.7-34.7
Varanasi Winter 2004-2005 40.1 (M8)
Varanasi 2002-2006

Summer 45.1-62.3

Rainy 24-43.85

Winter 28.5-44.2
Varanasi 2005 monsoon 33.6

2006 monsoon 36.7
Varanasi 2007-2008 winter 45.3

2008-2009 winter 47.3
Varanasi 2007 monsoon 49.3
Varanasi November 2010-March 2011 494
Varanasi 2008-2009 winter 50.2

2009-2010 winter 53.2
Varanasi 2011-2012 winter 53.5
Varanasi 2010 summer 64.0

2011 summer 63.4
Varanasi 2012 monsoon 42.4

References
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Agrawal et al. (2005)
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Sinha et al. (2015)

Beig et al. (2007)
Ali et al. (2012)
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Rai and Agrawal (2014)

Singh et al. (2014a)

Chaudhary and Agrawal
(2015)

Rai et al. (2015)

14.3.3 Future Projectionsin O;
Concentrations

Based on modeling studies, Meehl et al. (2007)
projected that if there are incessant emissions of
O; precursors, then there would be an increase of
20-25% in Oj; concentration by 2050 and
40-60 % by 2100. Morgan et al. (2006) also pre-

dicted that mean surface O; would increase by
23 % by 2050. A multimodal study of impacts of
climate change on O; concentrations in Europe
predicted an increase in the mean O; concentra-
tion in the range of 0.9-3.6 ppb for 2040-2049
compared to the concentrations that prevailed
during 2000-2009 (Langner et al. 2012). These
modeling-based studies in the past have shown
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that with unmitigated growth in O; precursor
emissions, O; will present a serious global air
pollution problem by the middle or end of the
century. However, it is to be highlighted that due
to the execution of O; precursor emission abate-
ment policies, peak O; concentrations are gradu-
ally declining in Europe, North America, and
Japan (Harmens 2014).

The US EPA has reported that emission reduc-
tions in O; precursors have been substantial over
the past 29 years (US EPA 2009). With these
emission reductions, many of the higher hourly
average O; concentrations encountered during
1980s have been reduced, but the background O;
levels have increased. Though emission abate-
ment policies have been functional in developed
countries, the scenario is entirely different in the
developing economics of the world such as
southern and central Asia where there are contin-
ued increase in the emissions of O; precursors
(Harmens 2014). A report published by Royal
Society (2008) emphasized that tropospheric Os
is projected to increase in the regions where there
are major sources of emission and where
emission-curbing policies are currently weakest,
such as Asia and Africa. Intergovernmental Panel
on Climate Change (IPCC) Assessment Report
Five (ARS5) indicated that if current emission
trend continues, O; may possibly rise by 20-25 %
between 2015 and 2050 and further increase by
40-60 % by the end of this century (IPCC 2014).

14.4 Ozone-Generated Oxidative
Stress and Related
Responses

14.4.1 Ozone-Induced ROS
Formation and Signal
Transduction

The main route for O; entry into the leaves is via
stoma, which is mainly governed by stomatal
conductance (Ainsworth et al. 2012). After its
entry into the substomatal chamber, O; does not
persist in the apoplast for long and immediately
breaks down or reacts with the compounds pres-
ent in cell wall or apoplastic fluid to generate
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ROS such as superoxide radicals (O,"), hydrogen
peroxide (H,0,), and hydroxyl radicals (OH")
(Lasik et al. 1989). Staining by CeCl; revealed
that extracellular H,O, accumulation was one of
the earliest detectable responses to O in poplar
leaves subjected to 150 ppb Os; after 1 h exposure
(Diara et al. 2005).

Among the ROS, OH: radical is the most reac-
tive of oxygen species causing serious damages
(Igbal et al. 1996). The ROS produced then act as
early messenger molecules in signaling cascades,
hence switching on the downstream signaling
and also eliciting defense reactions in apoplast
(Vainonen and Kangasjarvi 2014). These signal-
ing molecules include ethylene (ET), salicylic
acid (SA), jasmonic acid (JA), and NO as well as
mitogen-activated protein kinases (MAP kinases)
(Matyssek et al. 2008). Ozone is also known to
induce Ca?* influx within few seconds, which is
required for the activation of MAP kinase and
NADPH oxidase. The kinase (MAPK) cascade is
one of the major pathways by which extracellular
stimuli like Oj; stress is transuded into intracellu-
lar responses. The activated MAP kinase cascade
is involved in upregulation of ET synthesis. In
addition to ET, biosynthesis of SA is also induced
which along with ET is required for the
development of foliar injury or Os-induced
lesions (Vainonen and Kangasjarvi 2014). ET
and NADPH oxidase spread the signal of oxida-
tive burst from the site of lesion initiation to the
surrounding cells and lead to cell death. When the
cell death occurs, products of lipid peroxidation
serve as the substrate for synthesis of JA, which
acts antagonistically and decrease ET-dependent
lesion production and hence spread of cell death
(Vainonen and Kangasjarvi 2014). A dramatic
increase in ET evolution was observed in the pop-
lar clone “Eridana,” which displayed sensitivity
toward O; (Diara et al. 2005). The stimulatory
roles of SA and ET and the prevention of lesion
expansion by JA have been explicitly character-
ized by the deployment of mutants of Arabidopsis
thaliana (Vainonen and Kangasjarvi 2014). ROS
also mediate the abscisic acid (ABA)-induced
stomatal closure response. In the guard cells of
Arabidopsis, ROS stimulated ABA synthesis and
induced stomatal closure via activation of plasma
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membrane calcium channels (Apel and Hirt
2004). Ethylene-dependent reductions in stoma-
tal sensitivity to ABA have also been highlighted
by Wilkinson and Davies (2010).

14.4.2 ROS Detoxification
Mechanisms: Antioxidative
Defense Responses

The stress condition generated by O; results in an
oxidative burst due to enhanced production of
ROS, which cause negative effects on cellular
components leading to damage to the lipids (per-
oxidation of unsaturated fatty acids in mem-
brane), proteins (denaturation), carbohydrates,
and nucleic acids (Blokhina et al. 2003). To coun-
teract the stress imposed by ROS, an array of
antioxidant molecules are induced (Ashmore
2005; Caregnato et al. 2013) via nonenzymatic
antioxidants such as ascorbic acid (AA), flavo-
noids, phenolics, vitamin E (tocopherol), pep-
tides (glutathiones), carotenoids, polyamines,
and organic buffering systems or through enzy-
matic antioxidants (Blokhina et al. 2003), viz.,
superoxide dismutase (SOD), ascorbate peroxi-
dase (APX), glutathione reductase (GR), catalase
(CAT), and various types of peroxidases (POD)
(Caregnato et al. 2013).

Among the nonenzymatic antioxidants, ascor-
bic acid (AA) protects critical macromolecules
from oxidative damage by directly reacting with
0,7, H,0,, regenerating a-tocopherol from
tocopheroxyl and removing H,0, via AA-GSH
cycle (Pinto et al. 2003). Increases in AA pool
have been observed in various crops and tree spe-
cies after O; exposure (Lu et al. 2009; Singh et al.
2010; Yan et al. 2010; Rai and Agrawal 2014).
Rai et al. (2007) reported 11.2 % increase in AA
content in wheat leaves under ambient O; pollu-
tion. Increments in mean value of AA by 40 % in
20 wheat cultivars grown in chambers receiving
82 ppb O; for 7 h day~! have been reported by
Biswas et al. (2008a). Upon O; exposure, differ-
ences in total AA concentrations in Psidium gua-
Jjava based on the leaf rank were detected by Pina
and Moraes (2010).
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Higher AA content was observed in tolerant
soybean cultivar PK 472 compared to sensitive
cultivar Bragg at 70 and 100 ppb O, for 4 h from
germination to maturity (Singh et al. 2010).
Ozone-sensitive (NC-S) and ozone-resistant
(NC-R) plants of Trifolium repens and Centaurea
jacea exposed to moderate O; concentration in
ambient air showed 50-70 % more AA in NC-R
than NC-S (Severino et al. 2007). The level of
total apoplastic AA correlates directly with Os
tolerance in many plant species (Castagna and
Ranieri 2009). But higher AA pool in sensitive
varieties has also been reported in rice (Rai and
Agrawal 2008) and wheat (Sarkar et al. 2010;
Feng et al. 2010). D’ Haese et al. (2005) reported
that apoplastic AA alone cannot explain differen-
tial O; tolerance of Trifolium clones.

Padu et al. (2005) observed that ascorbate
level in Betula pendula did not increase signifi-
cantly under O; exposure even when stomata
were fully open and O; flux to the mesophyll
cells was at its maximum. Statistically insignifi-
cant results were obtained for the total ascorbate
level and dehydroascorbate pool when Pinus
canariensis was exposed to twice the level of
ambient O; concentration (67 ppb). Hofer et al.
(2008) found that ascorbate content was
decreased in needle extract of Picea abies under
twofold ambient O; concentrations. Poa plants in
monoculture and in competition with Vernonia
displayed a reduction in AA content by 21.3%
and 12.4%, respectively (Scebba et al. 2006).
Iglesias et al. (2006) exposed Clementina manda-
rin cv Marisol for 12 months to 30 and 65 ppb O;
concentrations and detected a decrease in foliar
ascorbate pool.

Exposure to ambient and elevated O; led to
increases in the activities of SOD, APX, CAT,
POD, and GR in wheat (Chen and Gallie 2005;
Sarkar et al. 2010), rice (Rai and Agrawal 2008;
Wang et al. 2013; Sarkar et al. 2015), maize
(Singh et al. 2014b), and mung bean (Mishra and
Agrawal 2015). Tree species have also depicted
modulation in their enzymatic activities upon Os
treatments. Activities of POD, CAT, APX, and
MDHAR were higher in Liriodendron tulipifera
under elevated O; treatment (Ryang et al. 2009).
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Significant increases in the activities of various
defense-related enzymes including SOD, CAT,
APX, DHAR, MDHAR, and GR were also found
in Ginkgo biloba under elevated O; (Lu et al.
2009; Feng et al. 2011a).

Sensitive variety of rice showed lower magni-
tude of increment in SOD activity compared to
tolerant variety under elevated O; (Rai and
Agrawal 2008); however, it did not vary between
the filtered air and O;-polluted environment in
Psidium guajava (Pina and Moraes 2010). SOD
activity increased significantly due to O; expo-
sure in Quercus mongolica (Yan et al. 2010) and
a sensitive birch clone (Toumainen et al. 1996).
Biswas et al. (2008a) reported that there was a
mean increase of 46% in POD activity in 20
wheat varieties at 85 ppb O; concentration sup-
plied 7 h day™! for 21 days compared to filtered
air. Rai et al. (2007) and Rai and Agrawal (2014)
also reported higher POD activity in wheat plants
under ambient O; compared to filtered air. In both
Achillea and Vernonia grown in mixed culture,
POD activity was increased by 54.4% and
11.6 %, respectively, whereas reduced by 21.5 %
and 27.7 %, respectively, when grown in mono-
culture (Scebba et al. 2006). Induction in GR
activity was significantly higher in a sensitive
birch clone (Toumainen et al. 1996). In Fagus
sylvatica exposed to twofold ambient O; concen-
trations, glutathione content was significantly
increased in seedlings as well as in mature trees
compared to ambient levels (Herbinger et al.
2005). Increases in total and oxidized glutathione
pool were also obtained in Pinus canariensis
when exposed to 67 ppb Os; concentration (Then
et al. 2009). The constitutive APX activity mea-
sured in a resistant white clover clone with
respect to a sensitive one was found to be more,
suggesting its possible role in conferring higher
tolerance toward O; stress (Nali et al. 2005).

Differences in the antioxidant defense
response are often related with the differential O,
sensitivity in various plants. Caregnato et al.
(2013) have found that differences in O; sensitiv-
ity between the two varieties of Phaseolus vul-
garis depended on the differences involved in
maintenance of intracellular redox homeostasis.
SoyFACE study done by Betzelberger et al.
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(2010) displayed cultivar variations in the anti-
oxidant capacity of ten soybean cultivars and
concluded that antioxidant capacity negatively
correlated with photosynthesis and seed yield,
hence, suggesting a trade-off between antioxi-
dant metabolism and carbon gain. Zhang et al.
(2012) also observed differences in the total anti-
oxidative capacity of two deciduous (Liriodendron
chinense and Liquidambar formosana) and six
evergreen tree species (Cinnamomum camphora,
Cyclobalanopsis glauca, Schima superba, Ilex
integra, Photiniaxfraseri, Neolitsea sericea) and
found lowest value in Liriodendron chinense and
highest in Schima superba contributing to their
varying susceptibility toward Os;.

14.5 Physiological Responses

14.5.1 Photosynthetic Rate,
Stomatal Conductance,
and Photosynthetic Efficiency

A decline in the photosynthesis rate (Ps) of Os-
exposed plants is associated with reductions in
photosynthetic pigments, structural damage to
thylakoids, reduction in the efficiency of excita-
tion energy captured, and negative effects on the
electron transport system in photosystems (PSI
and PSII) (Calatayud and Barreno 2001; Fiscus
et al. 2005) as well as decline in the amount as
well as the activity of ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO) (Agrawal
et al. 2002). Reductions in Ps and stomatal con-
ductance (g;) of crops under variable O; concen-
trations have been widely reported in natural field
conditions (Wahid 2006a, b; Rai et al. 2007; Rai
and Agrawal 2008; Sarkar et al. (2010); Rai and
Agrawal 2014; Mishra and Agrawal 2015) (Table
14.2). Meta-analysis study with wheat (Feng
et al. 2008) and rice (Ainsworth 2008) showed
varying degrees of negative response of Ps under
O; exposure. Sarkar et al. (2010) found more
reductions in Ps in wheat cultivar Sonalika,
which was more sensitive to O; stress than less
sensitive HUW234, due to higher depression in
g, suggesting reduced O; uptake. Rai and Agrawal
(2008) working on two rice cultivars, however,
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Table 14.2 Effects of O; on physiological parameters in various crop plants (]) decrease, (1) increase

Crops/cultivars
Oryza sativa cv
Saurabh 950
NDR 97

Oryza sativa cv
SY 63

WYI3

Triticum aestivum
cv

Ingilab-91,
Punjab-96,
Pasban-90

Triticum aestivum

Triticum aestivum
cv M 234

Triticum aestivum
20 cultivars
Triticum aestivum

12 wild and
cultivated cultivars

Triticum aestivum

Triticum aestivum
cv

M 510
Sonalika

Triticum aestivum
cv PBW 343

M 533

Hordeum vulgare
cv Haider 93,
Haider 91, Jou 87,
Jou 85

Glycine max
Glycine max cv

PK 472

Bragg

Glycine max

10 cultivars
Phaseolus vulgaris
cv S156

Phaseolus vulgaris
cv Camellino

O; concentration

(ppb)
Ambient O;
(35 ppb 8 h)

1.5 times ambient
(13.8-74.2) for 7h

72 ppb (8 h)

CF + O5 (105 ppb
for 8 h)

Ambient O; (42
ppb 8 h)

82 ppb for 7 h

100 ppb for 7 h

Elevated ozone
(30-119,

>120 ppb)

47.3 ppb for 12 h

50.2 ppb (8 h)

71 ppb (6 h)

1.23x current
concentration

70 and 100 ppb for
4h

2 times ambient O
(46 ppb)
60 ppb (12 h)

165 ppb for 3 h

Percent changes
Photosynthetic rate
(Ps)

293 ()

283 ()

27.1 ()
14.8 (1)

20-22 (1)

424 (1)
27(1)
24D

36.9 (1)

40 1)

31 )
15.5 (1)

19.()
184 (1)

13221 ()

NS

19.8 and 40.4 (1)

25.6 and 31.6 (1)

1)

38

36D

Stomatal
conductance (g;)

12.9 (1)
18.8 (1)

33D
NS (D)

7-24 ()

201

8 ()

11.1()

3L

951)
12(1)

33.2()
43.6 (1)

6-12 (1)

1)
21 and 26 (})

61 and 66 ()

15()

52.6 (1)

26 (1)

Fv/Fm
ratio

19.4 (D)
16.6 (1)

NS
NS

9-17.(1)

54)

1.1
5D

591)
NS

16.0 and
16.9 (1)

2.5 and
5.8(1)
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Table 14.2 (continued)
Percent changes
O; concentration Photosynthetic rate | Stomatal Fv/Fm
Crops/cultivars (ppb) (Ps) conductance (g;) | ratio References
Vigna radiata cv +10 ppb above the | 28.3 () 38.8 (1) 10.2()) Mishra and
HUM-2 ambient O; (63.4 19 (1) 24.8 (]) 2.3(1) Agrawal (2015)
HUM-6 ppb)
Brassica +10 ppb above the |49.3 () 66.6 (1) 45.6 (1) Tripathi and
campestris cv ambient O; (49.4 46.6 (1) 66 (1) 33 (1) Agrawal (2012)
Sanjukta ppb)
Vardan
Brassica napus 100 ppb (2 h) 213 1) 1521) NS Feng et al. (2006)
Brassica oleracea | +20,40 ppb for 8h |83.1 () 79.7 (1) 45() De Bock et al.
above ambient (30 (2012)
ppb)
Arachis hypogaea | 48 ppb for 12 h 21 () NS - Booker et al.
cv NC-VII (2007)
Gossypium 70 ppb for 10 h 18 (1) 23 () - Hassan and
hirsutum cv Giza Tewfik (2006)
65

reported a contrasting response, when sensitive
cultivar NDR 97 showed higher Ps along with
reduction in g, compared to tolerant cultivar
Saurabh 950. Feng et al. (2011b) exposed two
winter wheat cultivars Yanmai 16 and Yangfumai
2 at 127 % higher ambient O; and found more
reductions in Ps rate and g, in Yangfumai 2 (more
sensitive), while initial chlorophyll fluorescence
showed more decline in Yanmai 16 (less
sensitive).

Responses of leaf Ps under different O, levels
ranging from 37 to 116 ppb were investigated in
soybean cultivars Dwight and IA3010 and it was
found that Ps displayed linear reduction with
increasing O;levels (Sunetal. 2014). Betzelberger
et al. (2010) found that under elevated O; treat-
ment, older leaves had a lower Ps rate on an aver-
age across six soybean cultivars during vegetative
growth. Morgan et al. (2006) have also found that
photosynthetic damage caused due to O; was
more pronounced when plants and/or leaves were
older. Significant reductions in Ps and g, were
recorded in an oil-yielding crop Brassica napus
under O; exposure (Feng et al. 2006) (Table
14.2). Elevated Os; led to an average reduction in
net carbon assimilation by 11% in ten test soy-

bean cultivars (Betzelbetger et al. 2010) (Table
14.2). A meta-analysis applied on 39 different
wheat varieties found that light-saturated photo-
synthesis rate (Ay,) reduced by 40 %, while g
and chlorophyll content displayed reductions by
31% and 46 %, respectively, under elevated O,
(Feng et al. 2009). In a study performed by Hayes
et al. (2009), reduced growth in Trifolium repens
and Lolium perenne have been correlated with
reduction in photosynthesis. Pleijel et al. (2006)
and Biswas et al. (2008b) found that modern or
cultivated species demonstrated higher O; flux as
shown by increased g, resulting in higher relative
reduction in Ps than wild/old species of wheat.
Physiology of trees has also been found to be
affected under O; exposure. Seedlings of Populus
nigra, Viburnum lantana, and Fraxinus excelsior
were subjected to charcoal-filtered and non-
filtered air, and it was found that O; had signifi-
cant effects on Ps and g, of all the three species
(Novak et al. 2005) (Table 14.3). Adverse effects
of O; on physiology of Populus tremuloides,
Betula papyrifera, and Acer saccharum were
reported by Karnosky et al. (2005). Velikova
et al. (2005) found that g, of oak leaves reduced
immediately after O; exposure. In a study on
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Table 14.3 Effects of O; on physiological responses in various tree and grass species (]) decrease, (1) increase

Tree species
Fagus sylvatica

Quercus ilex

Quercus pubescens
Populus nigra Viburnum
lantana

Fraxinus excelsior
Liriodendron tulipifera

Quercus ilex
Quercus faginea
Quercus pyrenaica
Quercus robur
Pinus canariensis

Quercus mongolica
Fagus crenata

Quercus mongolica var.
crispula

Betula pendula Roth

Clone 4

Clone 80

Liriodendron chinense
Liquidambar formosana

Cinnamomum
camphora

Cyclobalanopsis glauca
Schima superba

llex integra

Photinia x fraseri
Neolitsea sericea

Grass species

1lex aquifolium
Trifolium pratense

Trifolium alexandrinum
6 cultivars
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effects of O; on maple, decrease in CO, assimila-
tion was observed (Calatayud et al. 2007). In a
FACE setup with beech and oak, elevated O; con-
centrations caused reductions in Ps and g, and it
was found that photosynthetic activity of beech
was more sensitive to O; than oak (Watanabe
et al. 2013) (Table 14.3).

Wittig et al. (2007) reviewed 348 measure-
ments across 61 studies on Ps and 266 measure-
ments across 55 studies on g; and documented
that mean elevation of O; to 47 ppb since the
industrial revolution reduced A, by 11 %, while
average elevated O; concentrations of 42 ppb
reduced g, by 13 % (Wittig et al. 2007). There
were also variations among the species reflecting
that A, and g, were significantly reduced in
Fraxinus, Populus, Prunus, and Viburnum spe-
cies, while no changes were recorded in Picea,
Pinus, and Quercus species. In a similar meta-
analysis, it was found that angiosperms were
affected more than gymnosperms and younger
trees were affected less than the older tress under
O; stress. One evergreen (Quercus ilex) and three
deciduous (Quercus faginea, Quercus pyrenaica,
and Quercus robur) tree species, when exposed
to elevated Oj; levels in OTCs, showed reductions
in Ps except in Quercus ilex, which displayed no
change (Calatayud et al. 2011) (Table 14.3).

Seedlings of Populus nigra, Viburnum lan-
tana, and Fraxinus excelsior when grown under
non-filtered chambers displayed reductions in net
photosynthesis (Pn) and g, compared to filtered
chambers (Novak et al. 2005). Tulip poplar seed-
lings when exposed to two elevated O; levels dis-
played reductions in Ps rate (Lombardozzi et al.
2012) (Table 14.3). Seedlings of Metasequoia
glyptostroboides, a living fossil, when exposed to
elevated O;, showed reductions in photosynthetic
pigments and gaseous exchange (Zhang et al.
2014a). Within-canopy variations in leaf gas
exchange were also observed in Fagus sylvatica
exposed to twofold ambient O; concentrations.
Reduction in Ps of sun-exposed leaves was more
pronounced than the leaves under shaded condi-
tion, while a reverse trend was followed for g
(Herbinger et al. 2005). In a similar experiment,
gas exchange parameters were more affected in
adult trees than the juvenile ones (Herbinger
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et al. 2005). It was found that Ps and g increased
though being nonsignificant while quantum yield
of PSII activity decreased when Pinus canarien-
sis was grown in a FACE environment at elevated
O; (67 ppb) (Then et al. 2009). Elevated O; con-
centration of 32.4 ppb (14 h) increased the Pn of
red clover by approximately 21-23% before
appearance of visible injuries (Saviranta et al
2010) (Table 14.3).

Reductions were found in g, when Timothy
grass (Phleum pratense) was grown at 60 ppb O;
for 12 h (Danielsson et al. 2013). Mills et al.
(2009) stated that upon chronic O; exposure,
reduction in sensitivity of stomatal cells to
abscisic acid could be a reason that some grass
species displayed increased g,. The g, were higher
in Dactylis glomerata and Leontodon hispidus
when grown under O; concentrations varying
between 21.4 and 102.5 ppb (Mills et al. 2009).
Stomatal conductance increased under O; stress
in Ilex aquifolium (Ranford and Reiling 2007),
Ranunculus acris, and Dactylis glomerata (Wagg
et al. 2013) (Table 14.3).

Some species experienced closure of stomata
in order to decrease the g, and thus O; diffusion
reduces into stomatal chamber/leaf mesophyll
(Madkour and Laurence 2002). However, it may
happen that stomata get impaired by chronic
exposure of O; and are unable to close (Hoshika
et al. 2013). Some of the studies have focused on
stomatal acclimation and stomatal sluggishness
upon O; exposure. Darbah et al. (2010) showed
no evidence of stomatal acclimation in two aspen
clones (42 E and 271) even after continuous O;
exposure for a decade. Stomatal sluggishness
was observed by Paoletti and Grulke (2010) in
Quercus kelloggii and Quercus douglasii when
exposed to 70 ppb O; for 8 h day™' in OTCs.
Stomatal sluggishness increased the time of sto-
mata to open and close limiting the CO, uptake,
hence affecting the photosynthesis.

Ratio of photosynthetic efficiency (Fv/Fm) is
a measure of maximum efficiency of PS II, and
its reduction suggests decrease in linear flow of
electron through PS 11, leading to lesser electrons
available for Calvin cycle and water—water cycle.
Lowering of Fv/Fm ratio under O; exposure was
observed in wheat (Sarkar and Agrawal 2010a;
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Rai and Agrawal 2014), rice (Sarkar et al. 2015),
soybean (Singh et al. 2009; Betzelberger et al.
2010; Zhang et al. 2014b), and mung bean
(Mishra and Agrawal 2015) (Table 14.3). Fv/Fm
ratio reduced by 12% in white clover sensitive
clone (NC-S) at 200 ppb O; for 5 h day~! (Francini
et al. 2007), by 9.3 % in snap bean cv S 156 at 60
ppb O; (Flowers et al. 2007) and by 5.4% in
wheat cv M 234 at mean ambient concentration
of O;42.4 ppb (Rai et al. 2007). A decrease in Fv/
Fm ratio with increasing O; exposure has been
demonstrated in some tree species (Bussotti et al.
2011), and out of 78 studies, about 52 % showed
significant differences in Fv/Fm ratio between
O;-treated and control plants. In Achillea and
Vernonia, Fv/Fm ratio was negatively affected
under O; treatment (non-filtered air with added
50 ppb Os3;) when grown in monoculture, while
there was an increment in this ratio by 27.5%
when grown in mixed culture with Poa pratensis.
Fagus sylvatica displayed reduction of 18.2% in
Fv/Fm ratio under twice-ambient O; concentra-
tion (Gilen et al. 2007).

14.5.2 Photosynthetic Pigments

Ozone-generated ROS are known to alter
membrane-bound organelles such as chloroplast,
which leads to destruction of photosynthetic pig-
ments (Rai and Agrawal 2008, 2012). Significant
reductions of 27 % and 44 %, respectively, in total
chlorophyll content of rice plants under ambient
and elevated dose of O; were reported (Rai and
Agrawal 2008; Sarkar et al. 2015). In a study
with 20 cultivars of wheat, Biswas et al. (2008a)
found 24-35% reductions in total chlorophyll
content in recent cultivars and 3—-12% in older
ones at 82 ppb O; given for 7 h day~!. Reductions
in chlorophyll by 6.4 % and carotenoids by 5.7 %
ateach 10 ppb increase in mean O; were observed
in two soybean cultivars grown under O; levels
varying between 37 and 116 ppb (Sun et al.
2014). Feng et al. (2008) in their meta-analytical
study also reported about 40 % decrease in chlo-
rophyll content in wheat plants under O;
exposure.
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Elevated O; decreased total chlorophyll con-
tent in subtropical broad-leaved tree species
Cinnamomum camphora and Cyclobalanopsis
glauca (Zhang et al. 2012) and in Citrus clemen-
tina (Iglesias et al. 2006). Gilen et al. (2007)
exposed Fagus sylvatica to twice-ambient O;
level and detected 15.9 % reduction in total chlo-
rophyll content. Riikonen et al. (2005) reported 5
and 19 % reductions in total chlorophyll content
in two European silver birch (Betula pendula)
clones 4 and 80, respectively, upon Oj; treatment.
In six Trifolium alexandrinum cultivars, total
chlorophyll showed reductions varying from
13.1% to 57.3 % and carotenoids by 9.4-39.2 %
under O; dose ambient +10 ppb (Chaudhary and
Agrawal 2013). Total chlorophyll content
increased in DHM117 and HQPMI1 cultivars of
maize grown at lower O; dose (ambient +15
ppb), while a reduction was observed in plants
exposed with higher concentration (ambient +30
ppb). Similarly total chlorophyll content
increased by 13, 37 and 5% and decreased by
47 % in maize plants at elevated levels of O, i.e.,
+20,+40,+60, and +80, respectively, relative to
non-filtered chambers (Leitao et al. 2007). Pinus
canariensis exposed to elevated O; concentration
(67 ppb) displayed an increment of 14.3% in
photosynthetic pigments though insignificant
(Then et al. 2009). In Vernonia, also, O; exposure
increased the total chlorophyll content (Scebba
et al. 20006).

Carotenoids are vital photoprotective agents,
which prevent photooxidative chlorophyll
destruction (Singh et al. 2010, 2014b). Changes
in carotenoids content under O; treatment may
lead to a modification in their capacity to protect
photosystem against photooxidation. Several
studies have noticed Os-induced reduction (Rai
and Agrawal 2008; Sarkar et al. 2010; Sarkar and
Agrawal 2011; Mishra and Agrawal 2015) or
induction (Leitao et al. 2007; Singh et al. 2014b)
in carotenoid content. The effects of O; on
3-year-old Clementina mandarin trees were
studied at two O concentrations, and reductions
in total chlorophyll as well as carotenoids pools
in leaves were recorded (Iglesias et al. 2006)
(Table 14.4).
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Table 14.4 Summary of yield responses of selected agricultural crops and growth responses of tree species at varying
concentrations of Os

O; concentrations | Parameters Response
Study site Crops and cultivars | (ppb) assessed (%) 111 References
Crops
Lahore, Pakistan Barley: Haider 71 Wt. of grains 112.9- Wahid (2006b)
93, Haider 91, plant™ 43.9%
Jou 87, Jou 85
Lahore, Pakistan Wheat: Inquilab 72 Wt. of grains 118-43% | Wahid (2006a)
91 plant™
Punjab 96,
Pasban 96
Varanasi, India Wheat: M 234, 4048 Wt. of grains 120.7, 16, Rai et al. (2007)
PBW 343, M 533 plant™! 14%
Varanasi, India Rice: NDR 97, 35.5 Wt. of grains l14.5and | Raietal. (2010)
Saurabh 950 plant™! 15%
Varanasi, India Wheat: Sonalika, |45.3 Wt. of grains 111-20 % Sarkar and
M 510 plant™ Agrawal (2010a)
Varanasi, India Rice: Shivani 51.3 Wt of grains m= 113-15% Sarkar and
Malviyadhan 36 Agrawal (2011)
Varanasi, India Mustard 44.6 Wt. of grains 17-19.3% | Singh et al.
Ashirwad and plant™ (2012)
Kranti
Varanasi, India Wheat cvLok-1 58.2 Wt. of grains 116% Singh et al.
plant™ (2014c¢)
Varanasi, India HQPMI, 55.6 Wt. of kernels 14-55% Singh et al.
DHM117 plant™! (2014a)
Varanasi, India Mung cultivars 64 Wt. of grains 115.4- Chaudhary and
plant™ 9.8% Agrawal (2015)
UsS Soybean 37.9-46 Yield l11- Betzelberger
3-36.8% et al. (2010)
China Rice: SY63, WYJ | 74.2 Wt. of grains 120.7- Pang et al.
63 plant™ 6.3 % (2009)
Forest
US Great Smoky Eastern hardwood | >60 ppb Net primary 13-16 Karnosky et al.
Mountains forest productivity (2007)
Northern Blackcherry and | >60 ppb Growth 120 % Karnosky et al.
Wisconsin, USA aspen (2005)
New Jersey, USA Southern pines 45 Growth 110% Karnosky et al.
(2007)
Northern Aspen FACE 50-60 Growth 110-15% Karnosky et al.
Wisconsin, USA (2007)
Mediterranean Fagus sylvatica AOT 40=45 Crown 139 % Paoletti (2006)
Forest, Italy ppm.h transparency
Mediterranean Deciduous oak AOT 40 =45 Basal area l Paoletti (2006)
Forest, Italy ppm.h increment
France Hybrid poplar 200 ppb Cambial growth l Richet et al.
(2011)

(}) decrease; (1) increase



14 Tropospheric Os: A Cause of Concern for Terrestrial Plants

14.5.3 RuBisCO Content

The decline in RuBisCO content upon O; expo-
sure has a direct effect in form of significant
reduction in photosynthetic capacity (Wittig et al.
2009). Ozone-induced decline in RuBisCO quan-
tity may possibly be due to inhibition of synthesis
and/or its increased degradation (Eckardt and
Pell 1994). Sarkar and Agrawal (2010b) reported
that elevated O; caused degradation of large sub-
unit (LSU) and small subunit (SSU) of RuBisCO
in rice. Similar results were obtained in wheat
(Sarkar et al. 2010), maize (Singh et al. 2014a),
and mung bean (Mishra and Agrawal 2015).
Amount of RuBisCO increased by 10, 20, and
17 % and decreased by 7 % in O; atmospheres of
+20, +40, +60, and +80, respectively, compared
to non-filtered chambers (Leitao et al. 2007).
RuBisCO content was also reduced by 35.9 % in
beech, while increased by 23.0 % in oak at 60 ppb
O; concentration. Riikonen et al. (2005) found
respective reductions of 11 and 7 % in RuBisCO
content in two European silver birch (Betula pen-
dula) clones 4 and 80 under elevated O;
exposure.

14.5.4 Secondary Metabolism

In plants, phenylpropanoid metabolism is
induced as a general response to stress, and
enhancement of key enzyme activities and accu-
mulation of secondary metabolites occur early
after stress in order to improve the resistance/tol-
erance to stresses. Ozone exposure elevates the
levels of secondary metabolites through the
phenylpropanoid pathway, thereby supplying
carbon skeletons for secondary metabolites
(Fig. 14.1) (Santos and Furlan 2013). The
enhancement of phenylpropanoid biosynthesis
by O; is documented (Iriti and Faoro 2009).
Phenyl ammonium lyase (PAL) is a key enzyme
of phenylpropanoid pathway and is considered as
a biochemical marker indicating the activation of
plant defense, which includes the synthesis of
both structural and protective compounds. Gene
encoding PAL was induced rapidly but tran-
siently in both clones of Birch during O; expo-
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sure (Tuomainen et al. 1996). Long-term O;
exposure can lead to increase in levels of pheno-
lic acids, flavonoids, and related compounds
(Booker and Miller 1998). In Arabidopsis
(Arabidopsis thaliana), PAL mRNA is rapidly
and transiently induced within 3 h of O; treat-
ment (300 ppb daily for 6 h), reaching a threefold
higher level than control plants (Vainonen and
Kangasjarvi 2014). Interestingly, the increase in
activity of this enzyme has been associated with
higher lignin content in Os-exposed leaves
(Richet et al. 2011) and the newly synthesized
lignin structurally differed from the control
lignin.

14.6 Secondary Responses

Ozone has a potential to affect natural and semi-
natural vegetation due to differential O; sensitiv-
ity of plant species, leading to changes in the
floristic composition of plant communities
(Fuhrer et al. 1994).

14.6.1 Herbs, Grasses, and Native
Species

In case of crops, yield of the plant has been set as
an important criterion to determine O, sensitivity,
while it is more difficult to decide criteria to
adopt with most of the natural vegetation. Annual
or monocarpic species must produce seeds to sur-
vive, so seed output is an obvious criteria to use,
but perennials pose a difficult problem due to
their long life.

The most common parameters studied to mea-
sure O; sensitivity are visible symptoms and
growth. Visible symptoms of O; were first
recorded in crops, ornamentals, and wild species
in California, USA, during 1940s (Thomas
1951). However, there was a weak correlation
between visible symptoms and biomass in three
grass species (Dactylis glomerata, D. ascherso-
niana, and Phleum alpinum) (Pleijel and
Dannielsson 1997). These grasses showed visible
symptoms, but no effect on growth was recorded.
Some studies have, however, reported significant
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Fig.14.1 Generalized diagram
showing effect of ozone

on plant metabolism,
physiology, yield, and quality
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effect on growth without visible symptoms of
injury (Davison and Barnes 1998; Reiling and
Davison 1992; Bermejo et al. 2003).

Visible symptoms varied between different
plant species. Bermejo et al. (2003) conducted a
screening study in OTCs to assess the Oj; sensitiv-
ity of 22 representative therophytes of grassland
ecosystems based on the appearance and extent
of foliar injury. A distinction was made between
specific O; injury and non-specific O; discolor-
ation at three O; treatments (charcoal-filtered air,
non-filtered air, and non-filtered air supplemented
with 40 ppb Os;). The results showed that
Papilionaceae species were more sensitive than

|

| Disturbed photosynthetic allocation |

v

|Yield I |

Poaceae. Os-induced injury in Papilionaceae spe-
cies were consisted of brown-reddish necrotic
spots that were associated with foliar chlorosis.
While in Poaceae, apical necrosis and reddish-
brown spots to interveinal symptoms were
recorded. Trifolium was the most sensitive among
Papilionaceae family and Avena barbata in
Poaceae.

Bergmann et al. (1995) reported wide range of
visible injury symptoms in native herbaceous
species of Rumex obtusifolius, Cirsium arvense,

Atriplex patula, Chamomilla recutita,
Chenopodium  album,  Cirsium  arvense,
Galinsoga  parviflora,  Malva  sylvestris,
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Matricaria discoidea, Senecio vulgaris, and
Solanum nigrum grown at three O treatments,
viz., charcoal-filtered air (CF), CF+30 ppb as
background level of O;, and CF+70 ppb O, for 8
h day!. The most dominant symptoms were pre-
mature leaf senescence. Reddish pigmentation
was observed in Rumex obtusifolius, Senecio vul-
garis, and Sonchus asper, while necrotic spots
were observed in Malva sylvestris and Cirsium
arvense.

Other traits in grassland species affected under
O; exposure were stomatal control, specific leaf
area, and biochemical defense capacity (Bender
et al. 2006). These traits were correlated with vis-
ible symptoms and growth of plants. The cumula-
tive dose of O; taken up by leaves as determined
by both g, and O; concentration at leaf level was
found to be a key factor influencing O; damage to
the plants (Mills et al. 2009). Detoxification pro-
cesses are based on a generic response to oxida-
tive stress, induced by increased levels of free
radicals (Fuhrer and Booker 2003). The leaf area-
based antioxidant content has been found to
increase with age. In addition, physical defense
in the form of cell wall thickening has been
observed in a variety of species (Bass et al. 2006;
Bussotti et al. 2005). Both biochemical and phys-
ical responses require energy for regeneration
and transport of antioxidants; thus, O; tolerance
could depend on the amount of carbohydrates
available and on the energy supplied from photo-
synthesis (Fuhrer and Booker 2003). High spe-
cific Os sensitivity relates with thinner palisade
mesophyll layers and a high ratio of spongy to
palisade mesophyll cells (Bennett et al. 1992).
Such leaf traits decrease mesophyll resistance to
O; diffusion and in turn increase the cumulative
dose per cell. O; sensitivity may increase with
increasing specific leaf area (Korner 2003).

Ozone sensitivity also varies with different
phenological stages, but studies are limited for
herbs and grasses. Plantago major was found to
be more sensitive in the seedling stage (Davison
and Barnes 1998; Reiling and Davison 1992).
Centaurea jacea showed enhanced sensitivity
during the reproductive phase (Bassin et al.
2004), but it was not possible to distinguish

whether this was due to physiological changes, or
due to more exposure period to Os. In perennials,
which typically dominate temperate grasslands,
three phases can be separated: establishment
phase, vegetative growth phase, and recurring
generative growth phase. Establishment and gen-
erative stages were identified to be O; sensitive
(Bassin et al. 2007). The possible reason is that
initial establishment phase is characterized by
expansion with high relative growth rate (RGR),
large carbon investments in roots and shoots, and
high g, which make the plant species highly sen-
sitive to ozone. While in generative phase, spe-
cific leaf area (SLA) is very high and has less
detoxification capacity and altered carbon alloca-
tion more toward developing reproductive struc-
tures and less toward root and leaf. During the
vegetative phase, growth rates are reduced as
compared to the establishment phase and carbon
is mainly invested in growth of storage organs but
also in structures and biochemical defense (Ye
et al. 2000). Therefore, during this phase, plants
may be more sensitive to O; than during the veg-
etative phase.

Another most important factor is nutrient
availability in modifying O; response of semi-
natural vegetation (Davison and Barnes 1998).
Increasing nutrient supply could have opposing
effects: increasing sensitivity due to stimulated
growth and higher SLA or alternatively increas-
ing tolerance due to enhanced detoxification
capacity through stimulated photosynthesis.
Several studies have been carried out in OTCs
using a cross-factorial design with more O;
treatments and nutrient levels. Whitfield et al.
(1998) found that high nutrient supply pro-
tected Plantago major against O; damage, but
similar response was not confirmed in Trifolium
subterraneum, where fertilization (only N) was
reduced.

14.6.2 Plant Communities
Effects of O; may occur at various levels of orga-

nization, i.e., from the cellular level through the
level of individual organs and plants to the level
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of plant communities and ecosystems (Fuhrer
2009). Ozone affects at community level by
affecting species richness and diversity (Pfleeger
et al. 2010). The existence of phenotypic vari-
ability in species sensitivity to O; suggests a
potential capacity of O; for driving species evolu-
tionary changes (Anav et al. 2011). To measure
O; sensitivity of a community, it is assumed that
sensitivity of the component species determines
its sensitivity, however, in communities domi-
nated by species with traits, which are associated
with high sensitivity to O;, may lead to a shift in
species cover or frequency, or loss of productiv-
ity. Hayes et al. (2007a, b) conducted a meta-
analysis on 83 seminatural vegetation species
based on field experimental facilities, OTCs, field
release systems, and solardomes, with exposure
duration of at least 3 weeks and mean maximum
hourly O; concentration of less than 100 ppb.
Meta-analysis showed that approximately one-
third of the species in this database showed
reductions in aboveground biomass above 10 %
at 15 ppm.h AOT-40 compared to 3 ppm.h con-
sidered as sensitive to O; (Hayes et al. 2007a, b).
About 15 species showed 5% stimulation of
aboveground biomass at 15 ppm.h O; compared
to 3 ppm.h and were classified as moderately sen-
sitive, and the remaining 41 species were consid-
ered insensitive to ozone. Meta-analysis data also
showed that Fabaceae was more sensitive to O;
than plants of the families Asteraceae,
Caryophyllaceae, and Poaceae; however, a spe-
cies of Asteraceae, namely, Leontodon hispidus,
was reported highly sensitive to O;. The most
possible reason for Fabaceae to show greater sen-
sitivity may be due to differences in the detoxifi-
cation of O; and ROS production rather than
differences in O; uptake (Hayes et al. 2007a, b).
An investigation to establish relationship
between sensitivity to O; and Raunkiaer life-
form showed that the therophytes were more
sensitive than chamaephytes and hemichamae-
phytes (Hayes et al. 2007a, b). In therophytes,
higher sensitivity was observed due to distur-
bance in partitioning of photosynthates to their
seeds at the expense of maintaining other aerial
biomass. On the basis of meta-analysis, traits
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were identified which correlated with O; sensi-
tivity like species with higher leaf N was more
sensitive than with those having less N content.
Reich et al. (1998) suggested that the combina-
tion of high mass-based leaf N concentration,
dark respiration, and maximum photosynthetic
rates in leaves entails specific trade-offs, since
such leaves are fragile (high specific area and
low toughness) and less well physically defended
against biotic (herbivory) and abiotic stresses
(including O3).

Leaves of fast-growing species generally
show the above characteristics, which implies
that fast-growing species are more sensitive to
O; than slow-growing species. Ellenberg eco-
logical habitat scores showed that light-loving
species were more sensitive than shade-loving
species to Os;. Mills et al. (2007) mapped Os-
sensitive communities using available European
land-cover datasets: the SEI land-cover dataset
and the European Environment Agency Corine
land-cover dataset. Mapping was done on the
basis of the European Nature Information
System (EUNIS), which was used for mapping
impacts of pollutants in Europe. Using the
EUNIS approach, Os;-sensitive communities
identified were alpine and sun-alpine grasslands,
Woodland fringed and clearings, and E1 Dry
grasslands.

14.6.3 Change in Competitive
Hierarchies

In non-managed systems, competitive mecha-
nisms are among the most determining factors of
shifts in the floristic composition in response to
changing environmental conditions (Bishop and
Cook 1981). Neighboring individuals compete
for resources both below- and aboveground, and
any changes in resource availability, resulting
from effects of O; on one of the competing spe-
cies, may lead to adaptations in other competing
species. Rooting pattern is strongly influenced
by the presence of neighbors, and in dense
stands, competition for light causes changes in
shoot growth and architecture (Turkington et al.
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1994). Thus, it can be hypothesized that the sen-
sitivity to O; depends on whether the plant is
grown in isolation, in a monoculture, or in intra-
specific competition. In a competitive environ-
ment, growth may be enhanced or reduced
depending on the relative responses to O; of the
target species and its neighbors. Ozone impacts
on these interactions are important, but little is
known about interspecific interactions under O;
stress (Fuhrer and Booker 2003). Blackberry
(Rubus cuneifolius) under high O; became domi-
nant in an early successional community previ-
ously dominated by sumac (Rhus copallina)
despite the great sensitivity of blackberry to O;
(Barbo et al. 1998).

Bender et al. (2006) reported that interspe-
cific plant competition was altered under O,
exposure. Using a phytometer approach, O,
effect on growth of Poa pratensis was observed.
Poa pratensis was grown in monoculture and in
mixed cultures with four competitor plant spe-
cies (Anthoxanthum odoratum, Achillea millefo-
lium, Rumex acetosa, and Veronica chamaedrys).
Mesocosms were exposed to charcoal-filtered
air 425 ppb O; as background levels and non-
filtered air +50 ppb O; (elevated O;). A result
showed that biomass of Poa pratensis was high-
est in monoculture, but lowered in mixtures due
to competition with other species. Among plant
competitor species, Veronica chamaedrys was
the strongest competitor. Foliar injury symptoms
were observed in both the monoculture and
mixed cultures of Poa pratensis. Poa pratensis
was the most sensitive when grown all alone,
while competing species reduced the extent of
injured leaves, indicating that O; effects in a
competitive situation differ from effects
observed in monoculture. A possible reason for
the reduced O; sensitivity of Poa pratensis in
competition with other species might be altera-
tion in plant canopy structure leading to reduc-
tion in O; flux. Nussbaum et al. (2000) showed
that competition changed the species reaction to
O; in an experiment with binary mixtures.
Trisetum flavescens planted with either Trifolium
repens or Centaura jacea in different mixing
ratios exhibited a significant O; x mixing ratio
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interaction with 7. repens, but not with other
species (Nussbaum et al. 2000). In a study of
four wetland species grown in competition with
Agrostis capillaris, O; had no impact on species
productivity, but competition substantially influ-
enced the biomass of the target species
(Tonneijck et al. 2004).

14.6.4 Changes in Forage Quality
and Herbivory Pattern

Effects of O; on plant growth and productivity
can vary depending upon timing of exposure and
whether plants are growing alone or in competi-
tion with other plants for growth resources such
as light, water, nutrients, etc. (Davison and
Barnes 1998). Most of the studies on seminatural
grasslands are related to shift in species composi-
tion; therefore, resistant grasses are benefitted at
the expense of sensitive grasses. Few studies
addressing the effects of ambient and rising lev-
els of O; on pasture communities revealed sig-
nificant reduction in forage nutritive quality, a
factor critical for animal production and is also
commercially important. Ozone exposure can
directly influence plant nutritive quality for her-
bivores as a result of altered concentrations of
minerals, protein, and carbohydrates (Fuhrer
2009). Fuhrer and Booker (2003) found that ele-
vated O; exposure reduced clover biomass and
thus increased the grass/clover ratio. Blum et al.
(1982) reported that O; exposure reduced total
nonstructural carbohydrate and increased min-
eral concentrations in ladino clover (Trifolium
repens), while Rebbeck et al. (1988) found
increase in starch with no change in soluble sugar
content under O; exposure.

Changes in forage quality under elevated O,
are due to direct effect on secondary metabolism,
or a change in plant development (Ferndndez
et al. 2008). Increase in levels of phenolic acids,
flavonoids, and related compounds under long-
term O; exposure (Booker and Miller 1998) may
negatively affect ruminant microorganisms and
enzyme systems. One of the most common
effects of Os is to promote leaf senescence. Thus,
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in pastures or other types of grasslands exposed
to O;, the fraction of senescing tissues may
increase (Fuhrer et al. 2003). Because of increase
in lignification, and decrease in leaf/stem ratio,
forage digestibility decline under O; stress
(Ferndndez et al. 2008). In grass-clover forage,
leaf in vitro dry matter disappearance (IVDMD)
and N content in leaves decreased and neutral
detergent fiber (NDF) increased in Trifolium
repens under ambient O; (50 ppb) compared with
charcoal-filtered air (Burns et al. 1997). Bender
et al. (2006) also reported decrease in nutritive
quality of Poa pratensis in terms of relative food
value (RFV) and increase in NDF and acid deter-
gent fiber (ADF) due to higher lignin content
under elevated O;, suggesting significant nutri-
tional implications for its utilization by
ruminants.

A study was conducted to assess the impact of
O; and its interactions with soil-nutrient regime
on the productivity and nutritive quality of rye-
grass/clover sward exposed to ambient O; (non-
filtered air, NFA), NFA+ 25 ppb, NFA +40 ppb,
and NFA+ 55 ppb (Ferndndez et al. 2008).
Results showed deterioration in forage quality of
ryegrass and clover in form of reductions RFV
and consumable food value (CFV). Increases in
NDF, IVDMD, and ADL were observed in clover
(Ferndndez et al. 2008). Changes in forage qual-
ity may result from shift in species composition.
Differential O; sensitivities between grasses and
legumes have been found to cause a shift in the
grass/legume ratio in favor of grasses, hence,
modifying the protein concentration and other
quality traits relevant for animal nutrition
(Rebbeck et al. 1988).

A number of studies have documented the
negative impact of O; on nutritive quality of for-
age crops and crop residues for ruminant herbi-
vores as determined by in vitro incubation
experiments and/or chemical composition using
wet-chemistry methods (Gonzalez-FernandeZ
et al. 2009; Frei et al. 2011). Gilliland et al.
(2012) conducted a digestibility experiment with
a mixture of common Southern Piedmont (USA)
grassland  species  (Lolium  arundinacea,
Paspalum dilatatum, Cynodon dactylon, and
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Trifolium repens) by exposing at ambient O;
(non-filtered; NF) and elevated O; (twice-ambient
(2X) concentration) and then fed to individually
caged New Zealand white rabbits (Oryctolagus
cuniculus). Forages and feed refusals were ana-
lyzed for concentrations of total cell wall con-
stituents, lignin, crude protein, and soluble and
hydrolyzable phenolic fractions. Neutral deter-
gent fiber and acid detergent fiber digestibility by
rabbits were significantly lower at 2X O; than NF
forage. Decreased digestibility could not be
attributed to lignin concentration but was associ-
ated with increases in concentrations of acid-
hydrolyzable and saponifiable phenolics
(Gilliland et al. 2012). Exposure of forage to
elevated O; resulted in decrease in digestible dry
matter intake by rabbits. The negative impact on
forage quality under elevated O; resulted in
decreased nutrient utilization by mammalian her-
bivores in Southern Piedmont grasslands under
projected future climate scenarios of IPCC
(Ainsworth et al. 2012).

14.6.5 Induction and Suppression
of Pathogenicity

Ozone can have secondary effects on crops by
affecting the incidence of pests and diseases and
by altering crop—weed competition. The effects
of O; on plants lead to altered disease susceptibil-
ity, but the effects are variable (Sandermann
2000). As observed by von Tiedemann et al.
(1991), powdery mildew (Erysiphe graminis),
leaf spot disease (Septoria nodorum), and spot
blotch following inoculation with Bipolaris soro-
kiniana were significantly enhanced under expo-
sure of wheat flag leaves to O;. Conversely,
Plazek et al. (2001) found a positive effect of O;
on resistance of barley and fescue to Bipolaris
sorokiniana and in rapeseed to Phoma lingam.
Leaf rust disease (Puccinia recondita) on wheat
leaves was strongly inhibited by O; (von
Tiedemann and Firsching 2000).

In the field, the incidence of powdery mildew
was reduced because of negative effects of O; on
canopy structure resulting in a drier canopy
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microclimate, while infections caused by faculta-
tive pathogens were generally increased
(Sandermann 2000). This suggests that under
altered climatic conditions favoring infection
pressure, plants weakened by O; stress become
particularly susceptible. But the interaction
between O; and pathogens may be determined
primarily by the timing of O; exposure relative to
the presence of the inoculation. Sandermann
(2000) suggested that O; stress may induce a
burst of active oxygen, which triggers the plant
defense system in the leaves (systemic acquired
resistance, hypersensitive response). Thus the
outcome of plant—pathogen interactions may
strongly vary with timing, stage of plant develop-
ment, predisposing factors, and environmental
conditions.

Investigations on the effects of elevated O; on
the virus—plant system were conducted by Ye
et al. (2012), and a susceptible cultivar Yongding
of tobacco and Vam, a resistant cultivar to Potato
virus Y petiole necrosis strain (PVYN) infection,
were grown in OTCs under ambient and elevated
O; concentrations. Results showed that under
ambient Os;, the resistant cultivar possessed
greater biomass and a lower C/N ratio after infec-
tion than the susceptible cultivar; however, under
elevated O;, the resistant cultivar lost its biomass
advantage but maintained a lower C/N ratio.
Chlorophyll content remained constant in the
resistant cultivar but decreased significantly in
the susceptible cultivar. This study indicated that
a virus-resistant tobacco cultivar showed
increased sensitivity to elevated O; compared to a
virus-sensitive cultivar.

14.7 Yield Response

Tropospheric O; was found to adversely affect
the growth and yield of a variety of agricultural
plants. It also reduced the marketable yield of a
range of crop species even in the absence of vis-
ible injury, primarily through its effects in reduc-
ing photosynthetic rates and accelerating leaf
senescence (Rai et al. 2015). Yield reductions of
29-47 % were reported for six cultivars of bar-
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ley, 37-46 % for three cultivars of wheat (Wahid
2006a, b) in Pakistan, and 10-25 % in four culti-
vars of rice in India (Rai et al. 2010; Sarkar and
Agrawal 2011). Feng and Kobayashi (2009) in a
meta-analysis showed maximum reductions in
yield of soybean (40-60 %), followed by wheat
(20-40 %), rice (10-20 %), and minimum in bar-
ley. Pang et al. (2009) reported that the grain
yield was reduced by 20.7 and 6.3 % in rice cul-
tivars SY63 and WYJ 63 in a FACE experiment
at 74.2 ppb Os;. Ozone exposure of 70 and 100
ppb for 4 h day~! for 70 days led to reductions in
yield by 13.9% and 10 % and 33.5% and 25 %
in soybean cultivars PK 472 and Bragg, respec-
tively (Singh et al. 2010). Sarkar and Agrawal
(2010a) found reductions of 7, 16.7, and 22 % in
wheat cultivars Sonalika and 8.4, 18.5, and 25 %
in cultivar HUW 510 grown at 45.3, 50.4, and
55.6 ppb O; compared to FCs. In SoyFACE
experiment, ten soybean cultivars were exposed
to ambient (46.3 and 37.9 ppb) and 20 % ele-
vated O; concentrations in 2007-2008 and yield
reductions varied from 11.3-36.8 % in 2007 to
7.5-16% in 2008. The yield response relation-
ships also indicated that Loda and Pana were
tolerant and IA 3010 was sensitive (Betzelbergler
et al. 2010).

Zhu et al. (2011) exposed four winter wheat
cultivars (Yannog 19, Yangmai 16, Yangmain 15,
and Yangfumai 2) under elevated O; using a
FACE system from 2007 to 2009 with mean O;
levels of 56.9 ppb for 7 h in 2006-2007, 57.6 ppb
in 2007-2008, and 57.3 ppb for 2008-2009. The
grain yield reductions recorded were 18.7, 34.7,
and 10.1% in'Y 19 in three consecutive years of
O, exposure. Singh et al. (2012) reported reduc-
tions in mustard yield by 19.3 and 7% in
Aashirwad and Vardan cultivars grown in OTCs
receiving mean O; concentration of 44.6 ppb.
Pandey et al. (2015) reported yield loss of
25-48 % in 18 rice cultivars receiving 83 ppb Os;.
Singh et al. (2014c) reported yield reductions of
16 % in wheat cultivar Lok-1 grown at mean con-
centration of 58.2 ppb Os. Yield losses recorded
in six cultivars of mung bean ranged between 9.8 %
and 15.4 % under mean ambient O; concentration
of 64 ppb (Chaudharyand and Agrawal 2015).
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Decline in yield of maize cultivars HQPM1 (4 %)
and DHM 117 (5.5%) exposed to ambient O;
concentration of 52 ppb (Singh et al. 2014b).

Ozone also causes reductions in growth and
biomass of forest tree species (Paoletti 2009). O,
induced 10-15 % reductions in height and diam-
eter growth of aspen (Paoletti 2009). Chappelka
and Samuelson (1998) reported growth losses of
20 % for >50 % of blackcherry and aspen exposed
to elevated Os. Ollinger et al. 1997 used a canopy
to stand model to predict forest response to Os.
Results of modeling study showed decrease of
3—16 % in net primary productivity. Mean annual
production of forest decreased by 3-22 % under
O; exposure. Ozone also affects wood composi-
tion and commercial value. Studies have shown
that O; reduced xylem volume and increased lig-
nin concentration in aspen and poplars (Richet
et al. 2011; Kostiainen et al. 2008). Another
changes associated with wood structure were
vessel lumen diameter which decreased leading
to reduction in water transport efficiency in the
xylem (Karnosky et al. 2005).

Grassland communities have also shown
reduction in aboveground biomass (Fernandez
et al. 2008; Pleijel and Dannielson 1997). Harvest
index (percentage aboveground biomass found in
the reproductive structures at final harvest) did
not decrease in 22 herbs exposed to 49 and 73
ppb O; (Pleijel and Dannielson 1997). In several
studies, O;-induced growth reductions in herba-
ceous species have been measured in terms of
relative growth rate (RGR). Bender et al. (2006)
found no changes in total aboveground biomass
production of Poa pratensis either as primary
growth or in regrowth at the end of season under
O; exposure. This suggests that grasses are rela-
tively insensitive to O; compared to forbs and
legumes (Fuhrer et al. 1994; Davison and Barnes
1998; Gimeno et al. 2004). In a similar exposure
study with wet-grassland species, Tonneijck et al.
(2004) also reported only minimal O; effects on
biomass production of the investigated grass spe-
cies at comparable O; doses.
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14.8 IPCC Projections for O;
Concentrations and Yield

Losses

Global demand for food is expected to increase
by at least 50 % from 2010 to 2050 mainly as a
result of population growth. Tai et al. (2014)
quantified individual and combined effects of
mean temperature and Os pollution on the global
production of wheat, rice, maize, and soybean
from 2000 to 2050. Quantification was done with
Community Earth System Model (CESM) to
simulate present-day (2000) and derive future
(2050) projections of hourly temperature and O;
concentrations consistent with the representative
concentration pathways (RCPs) represented in
the Intergovernmental Panel on Climate Change
Fifth Assessment Report (ARS) (Wise et al. 2009;
Meinshausen et al. 2011). Future O; projections
not only follow trends in anthropogenic emis-
sions of precursor gases but also include the
effects of climate and land use change as these
factors significantly affect future projections.
Two IPCC scenarios, RCP4.5, representing an
intermediate pathway with a global reduction in
surface O; due to pollution control measures
worldwide (except in South Asia), and RCPS.5,
representing a more “pessimistic,” energy-intensive
pathway with a worldwide increase in O; except in
the USA and around Japan, were considered. The
two scenarios represent a range of policy options
regarding O; regulation. Both scenarios project a
global increase in surface temperature with nega-
tive effects on crop production. Ozone formation is
strongly correlated with temperature, so the
observed crop—temperature relationship may arise
in part from O; damage at high temperature.
Results showed that on a global scale, more severe
O; pollution is expected for RCP8.5 leading to sub-
stantial crop damage (except in the USA and South
Korea), thus reducing global total crop production
by 3.6 %, but aggressive pollution control world-
wide expected for RCP4.5 led to substantial gain in
crop production in many regions (except South
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Asia) with an overall 3.1 % increase in global pro-
duction (Tai et al. 2014). It was suggested that O;
pollution control as represented in RCP4.5 has the
potential to partially offset the negative impact of
climate change, leading to a smaller combined
decrease of 9.0% compared with RCP8.5, where
O; pollution and climate change combined to
reduce global crop production by 15 %.

Further evaluation made on how combined
changes of O; and temperature projections may
shift in current (2000) distribution of per capita
food consumption in developing countries, lead-
ing to a change in the rate of undernourishment
as a proxy for the potential societal impact, and
the current undernourishment rate of 18 % was
used as the baseline for estimation, and no
accounts for agricultural advances, land use
change, and international politics were included.
For RCP8.5, more serious O; pollution world-
wide and climate change combined to increase
undernourishment rate in developing countries
by 49 % (from a rate of 18-27 %). For RCP4.5,
undernourishment rate may increase by 27 %
because O; regulation may partially offset the
warming effect, suggesting the importance of air
quality management in devising strategies for
food security. Wheat in all major producing
regions is mostly sensitive to O; and its effect is
much larger compared to temperature effect.
Ozone regulation as represented in RCP4.5 has
the potential to completely reverse the warming
impact and lead to substantial gain in wheat pro-
duction in the USA and China. In South Asia
where O; pollution is projected to worsen in both
scenarios, wheat production will be reduced up to
40%. Results of rice and maize production in
China were also found sensitive to O; pollution.

The study suggests that greater collaboration
between farmers, agricultural policymakers, and air
quality managers is needed to achieve coordinated
goals concerning public health and food security.

14.9 Conclusions

Tropospheric ozone has been identified as a phy-
totoxic secondary air pollutant and a green house
gas. Indiscriminate anthropogenic activities had
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increased its concentration tremendously, leading
to potential threats to crops, pastures, and forests.
Ozone causes visible injury, impairs photosyn-
thesis, alters stomatal behavior, decreases growth
and productivity, and alters the metabolic path-
way of plants. Sensitivity of crops, grasses, and
tree species depends on exposure, leaf uptake,
plant defense capacity, and developmental stages.
Fast-growing species are found to be more sensi-
tive than slow-growing species. Ozone also alters
interspecific plant competition as grasses grown
in monoculture are more sensitive than in mixed
culture. Ozone increases incidence of pest and
disease attacks on plants. O; induces crop yield
and quality losses. Changes in forage quality
through shift in pasture communities leading to
change in herbivory pattern are also found under
ambient levels of O;. Ozone reduces commercial
value of wood. Quantification of effects of O; on
nutritive quality of herbaceous vegetation and on
animal nutrition is lacking. Tropospheric O; has
damaged sensitive forest species of the USA and
Europe and change in wood quality and reduced
commercial value of wood.

There is a dearth of field data on estimating
the impact of rising O; concentration on natural
and seminatural ecosystems in developing coun-
tries where highest O; concentrations are pro-
jected in all future scenarios. In view of the study,
there is a need of greater collaboration between
farmers, agricultural policymakers, and air qual-
ity managers to achieve coordinated goals con-
cerning public health, food security, food
availability, and forest sustainability under pro-
jected scenarios of elevated ozone and
temperature.
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