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PREFACE

The tropospheric “ozone” (Os3), which is only 10% of the total
concentration of Os, has a large impact on plants and human health
globally. Ozone is also the third most powerful greenhouse gas in the
atmosphere. It has a potential impact on all the ecosystem services,
including the supporting services (root growth), cultural services (aesthetic
value) and economic services (crop yield). It causes visible injuries such as
stippling and bronzing on sensitive species, reduces the growth and
induces early senescence. Along with the vegetation, O3z also adversely
affects human health. Children are more sensitive to higher concentrations
of O3 as the lung development continues in the postnatal period.

In the above context, we have tried to compile the recent information
provided by experts in the subject area in form of this edited book. This
book presents an up-to-date report and a critical and well-discussed
overview of the wide-spread impact of trophospheric Os on plants and
humans, an emerging issue that needs an immediate attention of the entire
world.  Each chapter has covered detailed information on various
important issues related to the tropospheric Os,

The history of identification of O3 in Los Angeles, USA at first and
then in Europe as a result of photochemical reaction of hydrocarbons and
NO; under sunlight was detailed in chapter I. The spatial scale of O;
problem in Europe was correlated with decline in conifers. The chapter
further explained the improvements in indices of risk assessment using
different models. The history of O3 also provides evidence of collaborative
research work in strengthening the understanding of sources of O3
problem. In the chapter II, “Tropospheric ozone: formation, distribution
and trends over time”, the authors have discussed the O; precursors, the
lifetime of tropospheric Os in the boundary layer and free troposphere, and
the long-range transport from regional to hemispheric scale through trans—
Atlantic, trans—Pacific and trans—Eurasian transport. Such long range
transport affects remote areas including Arctic. However, the trend of O3
concentration showed declining pattern in North America and Europe, but
an increase in Asia. The chapter III reviews the spatial and temporal
changes in O3 levels under different emission and climate scenarios on
different assumptions on climate, energy access policies, and land cover
and land use changes. The results of different simulations performed using
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numerous global or regional chemistry models under the new RCPs
scenarios for past, future and current trends of O3 concentration were also
discussed.

Bio-monitoring of Os pollution using plants is suggested to be a very
low cost method of wider application to quantify spatio temporal changes
in the living organisms in chapter IV. Ozone biomonitoring using tobacco
Bel W3 is a widely accepted procedure throughout the world. Chapter V
describes an adjustment in Oz biomonitoring protocol, which suits to
subtropical regions with dry winter and hot summer. Ozone uptake in leaf
mostly takes place through stomata, but alternative routes for Oz uptake
and associated changes in the leaf structure of tropical plants have been
discussed in chapter VI. The consequences of O; stress on series of
interconnected physiological processes, modifying the responses of plants
are discussed in chapter VII. Effects of Oz on forest ecosystems are less
explored. Chapter VIII reviews the information on O3 impact on growth,
carbon allocation, phenology and physiological functions of forest tree
species. Species interactions affected by Oz were also highlighted.

Ozone induced oxidative stress in plants and resulting responses of
signaling pathways and antioxidative machinery revealed the mechanism
of O3 tolerance in chapter IX. Ozone induced changes at trancriptome,
proteome and metabolome levels in plants were detailed in chapter X,
which will improve the understanding of molecular mechanisms regulating
the plant susceptibility to O;. Chapter XI attempted to review the
information on varying responses of crop plants under different agronomic
practices such as nutrient amendments, water and weed management, use
of antioxidants and other protectants. The review in chapter XII on
influence of past, current and future O; concentrations on various
ecological services including supportive, provisioning, regulating and
cultural clearly emphasizes the need of such studies in future for the well
being of mankind. Efficiency of ethylene diurea (EDU), a synthetic
antiozonant compound and a chemical protectant was discussed in relation
to new insights at molecular, nutritional and physiological levels in
chapter XIII.

Isoprene, a VOC playing crucial role in formation and degradation of
O3 is suggested to be an important factor, which needs to be regulated
under future climate change scenarios in chapter XIV. Productivity of
crops directly reflects the influence of stress factors on food security. The
chapters XV and XVI presented comprehensive reviews on impact of O3
on crop yield in global and Indian perspectives, respectively. Ozone has
also potential negative effects on quality of food grains/seeds. Influence of
surface O3 on human health in relation to cardiovascular, reproductive and
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neurological to respiratory disorders using epidemiological and exposure
based studies, is reviewed in last two chapters, XVII and XVIII. Ozone
has been found to contribute significantly in the global burden of diseases.

Overall, this edited volume compiles the recent available information
on trends and extent of O3 pollution in the world and its past, present and
future influences on food security, human health and ecosystem services.
The content of the book will help the academicians, scientists, policy
makers and organisations involved in understanding and solving
environmental issues in particular reference to O3z pollution and its impact
on the living world.

We highly appreciate all the authors for their quick response to our
invitation and their timely submission of manuscripts, which made the
edited volume possible even during the present period of COVID-19
pandemic. Our profound thanks also go to all the learned reviewers for
making their critical reviews and providing constructive suggestions on
different chapters. The help rendered by Professor Muhammad Igbal and
Dr Helen Edwards, Commissioning Editor, Cambridge Scholars
Publishing, U.K. is gratefully acknowledged for bringing out this volume.

Finally, we would like to dedicate this book to our teacher Professor
D.N. Rao, Ex Head, Department of Botany, Banaras Hindu University,
India who initiated researches on Os stress in relation to plants in India.

S.B. Agrawal
Madhoolika Agrawal
Anita Singh
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CHAPTER ONE

HISTORY OF AIR QUALITY AND PLANTS:
THE FUNDAMENTAL ROLE OF OZONE

PIERRE DIZENGREMEL'"

AND ROBERT L. HEATH?
"UNIVERSITE DE LORRAINE, AGROPARISTECH,
INRAE, SILVA, F-54000 NANCY, FRANCE
2UNIVERSITY OF CALIFORNIA, DEPARTMENT OF BOTANY
AND PLANT SCIENCES, RIVERSIDE, CA 92102, USA
E-MAIL: PIERRE.DIZENGREMEL@UNIV-LORRAINE.FR;
HEATH@UCR.EDU

Abstract

Eighty years ago, smog in Los Angeles caused eye irritation and plant
damage. The damages were different from those observed in smog
episodes in the eastern USA and Europe. Haagen-Smit tested the action of
ozone (O3) and gasoline on crops and got symptoms similar to smog.
Getting similar results with hydrocarbons and NO; under sunlight, he
concluded that the smog resulted from the photochemical reaction of
hydrocarbons and NO, from car exhausts and fuel combustion, O3 being a
secondary pollutant. Visible symptoms of O3 damage on pines were
identified in the mountains surrounding Los Angeles. In Europe, German
scientists claimed that the conifers in Germany and France were declining.
A co-operation started between the two countries, followed by European
programs, allowing considerable knowledge about the physiology of crops
and trees exposed to Osz. At the leaf level, decreased photosynthesis and
increased respiration were the physiological symptoms of lower plants'
growth. To improve the indices of risk assessment, the SUMO, and AOT40
metrics were abandoned in favor of PODs integrating the actual quantity
of O3 entering the leaf. The challenge remains to better include the
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detoxification capacity in the models. At similar PODs, C4 plants show a
faster decline in metabolic activities than Cs plants under Os;, but they
resist better in the field thanks to their lower stomatal conductance. The
study of the behaviors of these two groups of plants under O; and
associated stresses (drought, elevated CO,, temperature) and the upscaling
to ecosystems is needed.

Keywords: History; Air quality; Risk Assessment; Detoxification model

1.1 General Remarks

Histories have to be written from a perspective of the current time and
place but cover a sequence of events that has a very different perspective
(Zeitgeist!). Here we are trying to describe how urban air with highly
oxidative components was discovered to injure plants and how scientific
progress was made to understand how that injury occurred. We will focus
mainly on the 20th century, but we will mention the ways that recent
research was positioned primarily for improving the risk assessment index
and the integration of experiments from cell to ecosystem.

By the century's end, we believe that science had a general picture of the
mechanisms, although as the remainder of this book shows, more details are
emerging. Much of the progress depended upon the technology available
and the understanding of biological processes. We also wish to emphasize
the role of various countries and people in this process. Overall, the
investigations really began in the US, especially in a polluted area, such as
Southern California, and then spread to the rest of the US and Europe. While
researchers in Japan played a role in some areas, the remainder of the world
became involved much later due to a lack of recognized areas of urban
pollutants and the political will to fund such studies.

Why is such a discussion needed now? The Earth has nearly 10 billion
people to support, and the ecological problems seem to be building
exponentially. Yet some of the important policymakers are denying there
are any issues. Policy as usual, or even retrograde changes, appears to be
the rule. While the rise in the Earth's atmospheric CO; level is important,
we feel that it is time to take stock of the problem of pollution by other
molecules concerning that rise and to emphasize the need for research
responding to this challenge, for instance, by developing fruitful
cooperation.

* Corresponding Author E-mail: pierre.dizengremel@univ-lorraine.fr.
! the general intellectual, moral, and cultural climate of an era.
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This chapter is an example of how many countries and their scientists
came together to define a problem and then indicate ways of solving the
problem. That problem was the building up of toxicants in urban air
regions; Oz was the major component. Those toxicants ultimately force an
alteration of the full plant ecology, whose understanding is only now being
assembled (see Jolivet et al. 2016, Cailleret et al. 2018, Grulke and Heath
2020).

1.2 First warning signs of air pollution
problems in the world

The Industrial Revolution during the 18th and 19th centuries changed
everything, including the air that gives Earth its life. The burning of coal
in factories for energy and homes for domestic heat led to high levels of
urban air pollution.? During foggy episodes in winter, under certain
atmospheric conditions, known as air inversion, the polluted fog could
become trapped beneath a warm air layer leading to days of dense haze.
These events compiled in an excellent review (Heidorn 1979), caused high
death rates from respiratory diseases, especially among the old and the
very young. In London, during December 1873, 650 people died due to the
noxious fog that lasted 3 days. The 1875 Public Health Act by the United
Kingdom contained a smoke abatement section to reduce smoke pollution
in urban areas; that section was revealed to be largely insufficient. In the
second half of the 19th century, France also strengthened its
industrialization, and cities and industrial regions discovered the harmful
effects of factories and mines. The impact of this pollution on buildings
and vegetation became obvious. A French novelist in the mid-1800s, in a
novel on the mining work, wrote that "the foliage of trees remains covered
with fine, shiny coal dust" (Berthet 1866, cited in Cooper-Richet 2019,
The Conversation).

At the beginning of the twentieth century, big cities in Europe were
still impacted by heavy fog. This appears in the paintings of the River
Thames in London by Claude Monet in 1903. The foggy aspect was due to
haze and smoke. To describe this combination of smoke and fog, the term
"smog" was coined in 1905 by Dr. Henry Antoine Des Voeux in a paper
presented at a Public Health Congress meeting in London. The smog
contained black soot and sulfur dioxide, resulting from the heavy use of

2 Early pollutant episodes were mainly particulates, which are very small particles
of what was burnt since the visibility was greatly reduced. No doubt, there were
other compounds, but such detection technology was not present.
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coal? to heat homes and to run factories. Unfortunately, the problem of air
pollution persisted. About thirty years later, in December 1930, in the
Meuse Valley of Belgium, an episode of industrial air pollution combined
with temperature inversion lasting 3 days caused several hundred cases of
illness and killed 60 people.

In December 1952, London was hit by a disastrous episode of smog
lasting 5 days. A temperature inversion again occurred, leading to the cold
foggy air becoming trapped over the city by a high-pressure weather
system. The smog, composed of a heavy fog combined with sulfurous
fumes and nitrogen oxides from coal fires, vehicle exhaust, and power
plants, caused the premature death of 4,000 people, mainly the elderly,
young children, and people with respiratory problems. This smog episode
was the worst air pollution crisis in Europe, leading a few years later, to
the British Parliament passing the Clean Air Act of 1956, which restricted
the burning of coal in urban areas and offered grants to convert from coal
to alternative heating systems. A few years earlier, in October 1948, the
same phenomenon was observed in the USA's industrial towns. At
Donora, a town southeast of Pittsburgh in Pennsylvania, a similar air
inversion led to one of the United States” worst air pollution events. The
smog, composed of a mixture of hydrogen fluoride, sulfur and nitrogen
dioxides, was trapped for five days by the inversion layer, killing 20
people and sickening 7,000 more. The events at Donora led to the
appearance of a clean air movement in the United States, ultimately
leading to the Clean Air Act amendment in 1967 (also called the Air
Quality Control Act) and the Clean Air Act of 1970.

Smith (1872) authored the first scientific report on air pollution,
primarily on acid rain, discovered in the 1850s as a problem resulting from
coal-powered factories. The release of sulfur and nitrogen compounds into
the atmosphere negatively impacts plants. The deleterious effects of air
pollution were observed on the growth of grasses in industrial regions
(Crowther and Ruston 1912) and the blackening on conifer needles by soot
caught on them (Rhine 1924). Up to the end of the Second World War, the
main air phytotoxicants implicated in plant injury were sulfur and nitrogen
dioxides, fluorides, and halogens (Thomas 1951).

This chapter's remainder is concerned with the formation and effects
upon plants of 20th-century pollutants, in general, created by modern
machinery — the automobile with its internal combustion regime. These
pollutants are generated by atmospheric effects and sunlight upon the

3 Coal comes in different forms: often, the coal used here had great qualities of
sulfur compounds, which were converted into SOz by heating.
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organic materials released by the exhaust — O3 and organic oxidants. This
particular type of plant damage is due to the release into the atmosphere of
unsaturated hydrocarbons and nitrogen oxides from car exhaust and
industrial fuel combustion, photochemically producing Oz as a secondary
pollutant (Haagen-Smit et al. 1952). In Europe, thirty years later, O3 was
incriminated in a general decline of forest trees (Blank 1985, Guderian
1985); this secondary but major pollutant will be largely treated in this
chapter.

1.3 A Tale of a City

In southern California, the Los Angeles basin is surrounded by high
mountains of nearly 4000 m (12,000 ft) pushed up by the collision of two
continental plates of the Earth. The basin is formed by a plain that is
connected to the Pacific Ocean. On that plain, a series of valleys formed
by smaller hills gives different growing conditions for plants and urban
settings. The basin area is nearly 100 km x 100 km (60 x 60 miles) within
the mountain ranges (Fig. 1.1).

Historically, this basin was home to many Indian tribes, which had low
population densities and relied upon natural ecology for food and housing.
In the 17th century, Spanish/Mexican peoples arrived from the south
through Baja California, spreading into valleys, but the main population
density was along the coast where transportation was more accessible. In
the 1840s, a US population,* moving westward from the Eastern seaboard
and the Midwest, arrived in California. This initially small population of
Eastern Americans explosively increased due to the discovery of gold in
1848, the Republic of California's formation by Americans displacing the
Spanish/Mexican population, and the completion of the transcontinental
railroad in 1863.

More and more Americans moved to the coastal regions due to the
great climate and open lands. In Los Angeles, the real boom started during
the first few decades of the 20th century. Houses were built, and an urban
light rail was started.

4 The original Americans were native Americans called Indians by the early
explorers. The Europeans of the Eastern Atlantic Coastline, whose colonialization
started in the early 1600s, had largely displaced the native Americans by the mid-
19% century. Of course, this population of the "Original Thirteen Colonies" had
groups of Africans, mostly slaves, and Hispanics.
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Fig. 1.1. Los Angeles Basin. The Pacific Ocean is on the left, a grey area. Mountains
are indicated by the darkened areas. The on-shore sea breeze from the Pacific Ocean
is indicated as a black arrow. The scale is about 450 km (270 miles) across the figure
horizontally. North is up. Modified map using a Google map initially

By 1910 ...Los Angeles was the hub of extensive Pacific electric, ‘a 1,100-
mile interurban system whose big red cars skirted mile after mile of sandy
shorelines, swept past endless acres of orange groves and climbed into the
foothills of the San Gabriel Mountains'. Interestingly, a network of streetcar
systems, rather than the car, created the sprawling nature of Los Angeles
and its suburbs. All its main highways had a streetcar line running down
them, and therefore it was the distance to the streetcar stop that was the
limiting factor in local development. The Pacific electric inner-urban system
was the brainchild of developer Henry E. Huntington, who built it as a loss
leader financed by profits from his housing project. He saw the excellent
transportation was as essential as ensuring the houses had water and
electricity and therefore was not concerned that he lost money on providing
it. This extensive urban spread gave Los Angeles a reputation, which has
lasted to this day, as the very urban sprawl model. (Christian Wolmar 2012).

For the population in the Los Angeles basin, another push came during
and after World War II, due to the many experiences of military personnel
while on the West Coast, especially in the ports of San Diego and Long
Beach/Los Angeles. The climate was perfect, and the Pacific Ocean
provided near-perfect beaches. As long-distance transportation provided
by trolleys was eliminated due to unfair competition by petroleum
producers and car manufacturers, the automobile's rise led to the final
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problem. Now everyman had a nice house and car, leading to the filling-in
of the land of the Los Angeles basin.

By the late 1940s, downtown Los Angeles was beginning to be known
as the USA’s smog capital (see Fig. 1.2). By 1945 all the parts of the
system to produce oxidative toxicants within the atmosphere of that valley
were present: a large and growing population, transportation by vehicles
using internal combustion engines, a climate of bright sunshine and warm
air, and periods where the atmosphere did not clear or blow through the
region. Furthermore, the Los Angeles basin was capped by an inversion
layer due to cooler air above kept in by the high mountain ranges. A
pressure cooker filled with a large number of strange molecules from
partially combusted petroleum was present. That atmosphere generated
many heretofore unknown oxidative carbon and nitrogen compounds that
increased as the sun rose and moved into the inland valleys as the on-shore
breezes swept inland during the afternoon to clear as the inversion layer
broke at night, allowing the warm polluted air to escape.

Fig. 1.2. A photo from above of Hollywood on 26 July 1943, looking eastward
towards downtown Los Angeles. At that time, the largest building downtown was
the city hall at 32 stories. The road shown is the beginnings of the Hollywood
Freeway (now Interstate 10). If the photo were in color, the layer of smog would
be brown. Photo from WIRED, Source: http://www.wired.com/thisdayintech/
2010/07/0726la-first-big-smog/, non-copyrighted
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In 1947, California authorized Air Pollution Control Districts in every
county to respond to the "Black Wednesday" in 1943 during World War
II. Smog in Los Angeles blinded drivers, and residents thought it was a gas
attack (Fig. 1.2). In 1967, the then-Governor Ronald Reagan understood
that air quality regulations debated in the US Congress would be much
less than those California had already passed. He asked for a waiver to
allow California to set higher standards than those in the rest of the US.
Every President save the present one, renewed that waiver for California.
That President's "statement" is being fought in the courts (Jonathan Taplin,
"California is so not 'over’." Los Angeles Times, Sunday, December 1,
2019, 18).

1.4 A Problem is Observed

Those inland valleys were perfect for growing a wide variety of
vegetable and fruit crops: such as leafy spinach and lettuce, citrus fruit,
and grapes. That agricultural production leads to the observation that leafy
crops seem to suffer pathological changes — necrotic and chlorotic patches
— and a collapse of the mesophyll regions, its air spaces filled with water
(areas of water-logging). In the 1920s, UCLA was formed as the second
campus of the land-grant college in California (Berkeley was the first in
1868). However, UCLA required a site for studies of how crops grew in
warmer inland valleys along the coast. The UC Agricultural Research
Center at Riverside was established, where the visible injury to plants was
first described by John T. Middleton (1956). That Center later became the
University of California at Riverside, where further research (carried out
in the Statewide Air Pollution Research Center) was summarized in the
Annual Review of Plant Physiology (Middleton 1961).

On the other hand, Prof. Haagen-Smit from Caltech (California
Institute of Technology) was able to demonstrate that the cause of these
injuries was O3 contained in smog (Haagen-Smit et al.1952), and was the
first to link the symptoms of injury to a photochemical process and the
gas, Os. After a few hours of fumigation, the development of damage
symptoms was similar to that noticed on plants exposed to smog. In these
experiments, the Oz concentration was adjusted to 0.2 ppm, which
corresponds to rubber cracking during severe smog conditions. However,
this successful experiment, creating a synthetic smog, was incomplete
since only Oz was used as the pollutant. Knowing that the organic
compounds could be oxidized by air in the presence of light and nitrogen
dioxide, Haagen-Smit developed experiments with unsaturated
hydrocarbons, nitrogen dioxide, and sunlight (Table 1.1).
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The fundamental reaction of oxidant smog is between molecular
oxygen in the atmosphere and the oxide of nitrogen (NO;) released by the
combustion of gasoline, as given below:

NO; + Oz + hv—> NO + O3 [1-1]

The presence of NO; in the atmosphere is easily seen as a brown tinge,
especially at sunset. This equilibrium reaction is why much of the early
pollution control efforts focused upon eliminating the oxides of nitrogen
(from the fuel before combustion and in the tailpipe by catalytic
converters).

By submitting the plants to a mixture of unsaturated hydrocarbons and
NO; with sunlight, Haagen-Smit got symptoms of injury similar to those
produced by “Los Angeles smog” (Table 1.1). By contrast, no effect was
observed by using SO, in combination with hydrocarbons under sunlight
(Table 1.1). Haagen-Smit finally concluded that the photochemical
dissociation of nitrogen oxides, forming atomic oxygen and O3, would be,
in the presence of organic material such as hydrocarbons, responsible for
plants’ visible symptom damage. All these investigations, published in two
landmark papers (Haagen-Smit 1952, Haagen-Smit et al. 1952) led to the
conclusion that the major source of the typical smog, responsible for
damages to plants and human health, is the release into the atmosphere of
hydrocarbons and nitrogen oxides from car exhausts and industrial fuel
combustion producing the photochemical smog with Oz as a secondary
pollutant.

In the last decade, a new group of air-borne phytotoxicants was described
and identified as smog components. Since ‘smog’ refers to smoke and fog,
neither of which are responsible for vegetation damage, the polluted air
mass containing the damaging incitants is herein called ‘photochemical’
or ‘community’ air pollution. The toxic components in community air
pollution are typically the oxidation products of hydrocarbons and result
either from the dark reaction of O3 and olefins or the photolytic reaction of
nitrogen oxides and hydrocarbons in the presence of sunlight. (Middleton
1961, 431).

Later, chemists found that the atmosphere is complex, and once
combustion products of gasoline are released into it, that system generates
many, many more organic compounds. Some of the compounds involving
elements other than just H and C are various oxides (O3 and peroxides),
oxides of nitrogen (such as peroxyacetyl-nitrate), and, if present, oxides of
sulfur. Some of these multiple reactions have been documented by
Atkinson’s group at the Statewide Air Pollution Center, UCR (see
Atkinson 1990, Atkinson and Aschmann 1993, Atkinson 2000, Aschmann
et al. 2002).
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Table 1-1. Effect of fumigation with hydrocarbon, ozone, NO,, SO», alone
and in combination, without and with sunlight on plants (adapted from
Haagen-Smit et al., 1952; Table I, 27 and Table IV, 31).

Mode of fumigation Injury of leaves

Spinach Endive Beets Oats Alfalfa

Hydrocarbon 8.5 ppm x Sh 0 0 0 0 0
Ozone 0.2 ppm x Sh A A 0 0 A
Hydrocarbon 3.4 ppm + Peroxide 0.28 ppm T T T T T
+ Ozone 0.2 ppm x 5h

Hydrocarbon 4 ppm + NO, 4 ppm x 5h 0 0 0 0 0
NO, 0.4 ppm + Sunlight 0 0 0 0 0
Hydrocarbon 4 ppm + NO, 0.4 ppm + Sunlight t T T T T
x 2h

Hy;ilrocarbon 4 ppm + SO; 0.1 ppm + Sunlight 0 0 0 0 0
x5

0: no injury; A: atypical damage; T: typical smog damage; t: less severe typical smog damage

1.5 Research in other institutions

In the 1950s the main location of auto exhaust emission was near
downtown Los Angeles, so the concentration of O3 was greatest there in
the morning (with the highest amounts observed in the late morning). As
the on-shore breezes increased during the afternoon, the polluted
atmosphere blew into Riverside such that high peaks were observed at
3.00—4.00 PM (some as high as 0.4ppm in 1970).

Mark Dugger, C. Ray Thompson, O. Cliff Taylor, Irwin Ting, William
Thomson, Brian Mudd, and Lawrence Ordin at UCR (the University of
California at Riverside) began a series of research endeavors which tried
to determine what was happening within the plant to cause such damage.
Dugger and Ting (1970) wrote an Annual Review of Plant Physiology
article, which shifted the discussion from how individual plants showed
the visible effects of the oxidants to what physiological processes were
involved. One of the early discoveries was that the stomata controlled
much of the injury, see Fig.1.3. As the conductance increased in the light
(from 0.067 initially to 0.20 cm/sec), the visible injury increased from near
zero to 25%. Of course, this was argued by others as not very absolute in
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terms of cause and effect, but gradually the role of the stomata was proven
to be significant (Musselman et al. 2006; Grulke et al. 2007).

Initially, the plants used were of obvious agricultural importance: the
visible injury that was produced lowered their economic value and
production. After many observations, it was equally clear that plants in an
ecological setting were likewise being altered (observed in the mountains
surrounding the Los Angeles basin) (see Bytnerowicz et al. 2008;
Sandermann et al. 1997). This alteration was often to plants that had a low
economic value and were thus unimportant to political consideration.
Later, the alterations were shown to weaken the plant, such that other
diseases or insect pests could kill it and thus lower its relation to different
ecological parameters leading to a collapse of the full system. All
countries realized that urban air, by moving into important ecological
areas for tourists and harvesting trees, needs detailed studies.
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Fig. 3. Leaf damage from O3 as a function of time in light (6 x 10* ergs/cm?- sec).
Three-week-old cotton plants were treated with 0.75 ppm O3 for 1 hr at the time
indicated. Plants were in the dark for 12 hrs before the light period. The authors
used leaf resistance, determined with a resistance hygrometer as a measure of
stomata opening, before Os treatment, but here that has been converted to
conductance, the inverse of resistance, and today's standard. Redrawn from Dugger
and Ting, 1970, Fig. 3
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Other research groups in the 1960s were those found at North Carolina
State University, which included Walter Heck, Arthur Heagle, and
Howard E. Heggestad at the US Department of Agriculture at Raleigh
along with Ellen Brennan and Eva Pell at Raleigh University (Pell later
went to Penn State to join John M. Skelly). A strong association was
formed at the University of Minnesota, which was dominant in the
editorship of the journal Environmental Pollution, by William J. Manning
and Sager V. Krupa. Later, the formation of an Environmental Protection
Agency Center at Corvallis, Oregon, generated a large group of scientists,
which included David T. Tingey, William E. Hogsett, and David M.
Olszyk (who was previously at UCR’s Statewide Air Pollution Center),
who cooperated with many others across the US.

At this time, ecologists were beginning to see injury patterns
suggesting O3 injury within the forest near the LA basin and far removed
from cities, such as the Sierra Nevada Mountain Range of California. The
visual patterns were needle bleaching or mottling, leading to needle loss,
summarized in Sandermann et al. (1997) and Bytnerowicz et al. (2008). A
group formed at the Southwest Regional Headquarters of the Forestry
Service in Riverside, called the Fire Lab since they were working on forest
fire prevention in the local mountains, was led by Paul Miller, Andrej
Bytnerowicz, and Nancy Grulke.

Also in the USA, the idea of an Air Pollution Workshop was conceived
in mid-1968 at the meetings of the American Phytopathological Society at
Columbus, Ohio, by Norman Lacasse, Richard Reinert, William Feder,
and Gabriel Seldman. This workshop would consist of an informal
meeting ground for those researching air pollution and plants®. Of especial
note was the primary purpose of communicating research among the
young scientists new to air pollution research and the older scientists who
had been studying air pollution and vegetation effects since the mid-1950s.
An air pollution workshop's plan was a need for "greater communication
among scientists involved in air pollution research in agriculture in the
United States and Canada." The workshop's purpose was to "bring
together all interested persons involved in air pollution research related to
agriculture for an informal exchange of ideas and information." A
tentative agenda was suggested with two time periods devoted to the
intensive discussion of 5 topics. The first air pollution workshop was held
on March 17-19, 1969, at the Nittany Lion Inn, Pennsylvania State
University, College Park, PA, and run by Norman Lacasse. Drs. Michael

°> From a note written by Richard Reinert and passed out at the 1997 Air Pollution
Workshop.
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Treshow and Clyde Hill ran the second workshop at the University of
Utah in Salt Lake City in March 1970. A newly formed Steering
Committee met on May 14, 1970, following the 2" annual workshop and
decided that the 3™ and 4" Annual Air Pollution Workshops would be held
at Riverside, California (west) and Raleigh, North Carolina (east); the
concept of rotating meeting sites from west to east was then formed. This
workshop proved to be very effective in research communication but was
lost in about 2016 due to funding problems and a lack of active researchers.

1.6 Europe: Reaction to the Problem

In southern Germany in the early 1980s, especially in the Black Forest,
symptoms of forest decline (Waldsterben) were observed on silver fir (Abies
alba Mill.) and Norway spruce (Picea abies Karst.) (Schiitt and Cowling
1985, Krause et al. 1986). Scots pine (Pinus sylvestris) and deciduous trees
such as beech (Fagus sylvatica) and oak (Quercus robur, Q. petraea) were
also affected (Schiitt and Cowling 1985, Krause et al. 1986). Symptoms of
tree decline were also observed in different countries of western and central
Europe. In France, as early as 1983, severely defoliated coniferous stands
were identified in the Vosges Mountains (Landmann and Bonneau 1995).
However, extensive dieback of forests throughout western and central
Europe did not occur, which led the German scientists to introduce the
concept of "novel forest decline" (neuartige waldschéiden, Krause et al.
1986, Matyssek et al. 1997). Forest status was thus based on crown
transparency, linked to leaf loss and foliage yellowing. Experiments were
carried out on slightly damaged mature Norway spruce trees with yellowing
needles in France and Germany in a collaboration between French and
German scientists (Arndt et al. 1993). In parallel, an attempt was made to
differentiate the factors linked to this novel forest decline from the known
factors, usually causing tree declines such as climatic and biotic constraints
and acidic smoke injury observed since the beginning of the industrial
revolution (Krause et al. 1986).

It appeared there was not one unique cause of this novel forest decline
in Europe (Schiitt and Cowling 1985; Landmann 1995). In the
mountainous regions, forest trees generally grew on superficial, rocky
soils with a poor water reserve and possible nutritional deficiencies.
Furthermore, the plantings were often very dense. These predisposing
factors would allow climate events, such as drought episodes and air
pollution, to contribute to the observed forest damages (Landmann and
Bonneau 1995). Also, high amounts of SO in the atmosphere and acid
rains linked to SO, and NO, were related to tree damages (Ulrich 1984,
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Krause 1988, Darrall 1989). A similar effect was observed in agriculture
and forestry (Roberts 1984).

The SO, atmospheric levels were high in the period 1960-1980,
especially in central and eastern Europe, with a clear relationship between
the industrial source's proximity and the observed damages on plants.
Since the mid-1980s, a decrease in SO, pollution has occurred due to the
reduction in emissions. In the Vosges Mountains, SO, reached up to 100
ppb in the winters of 1986 and 1987, but since then, the atmospheric
concentration of SO, has drastically decreased (Fig. 1.4).

By contrast, the O3 concentration was high every year during the
spring-summer period (Fig. 1.4), being at least in part responsible for the
symptoms of damage observed on trees mainly at relatively high altitudes.
As early as 1975, it was suggested that photochemical O3 might be
transported in continental Europe, away from its region of production, into
isolated areas where plants may suffer the effects of this pollution (Cox et
al. 1975). A consensus thus emerged in the scientific community between
1985 and 1995: damage could result from a range of predisposing stress-
inducing factors followed by secondary abiotic and biotic factors. Several
severe climatic episodes (as drought stress in 1976, severe cold periods)
would have contributed to weakening trees planted too densely on poor
soils. Air pollution was then responsible for foliar damage to these trees.
Acidic deposition, mainly observed in the eastern countries near industrial
settlements, was thus incriminated with SO, as the main responsible
pollutant. Os, transported by winds and present at high altitude, was later
named as a secondary causal factor that aggravated the situation and
allowed insects’ and pathogens' attacks on weakened trees (Landmann and
Bonneau 1995).

The abundant alarmist comments in the press about the visibly
diseased forests in Germany and France contributed to the formation of
national research programs on this problem, such as in Germany (PEF,
Projekt  Europaisches Forschungzentrum fiir ~Massnahmen zur
Luftreinhaltung 1984-1998) and in France (DEFORPA, Dépérissement
des Foréts et Pollution Atmosphérique 1984—1991). These programs were
devoted to the study of natural and anthropogenic factors which were
capable of causing forest decline. Fruitful cooperation first developed
between the two countries, followed by European programs
(EUROSILVA, 1987-1994). As mentioned above, serious damages to
coniferous trees were also observed in the western USA at the end of the
1950s, which led, as early as 1983, to a German-USA scientific exchange
on forest decline, sponsored by the Bundesministerium fiir Forschung und
Technologie in West Germany and the Environmental Protection Agency
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in the USA. This program allowed a comparison between the symptoms
analyzed in the two continents. The European Union has always supported
the study of air pollution and plants over the last 30 years by directly
funding research programs and allowing exchanges between researchers
through European Cooperation in Science and Technology (COST)
programs. These COST programs, among them "ICAT, impacts of
elevated CO» levels, climate change and air pollutants on tree physiology
(1991-1997)" and "Climate change and forest mitigation and adaptation in
a polluted environment (2009-2013)", largely contributed to the
improvement of knowledge through facilitated scientific cooperation.
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Fig. 1.4. Monthly mean concentrations of SOz and O; in the Vosges mountains at
the Donon pass (700 m asl).

(After data from the Association pour la surveillance et I’étude de la pollution
atmosphérique, Alsace, France)

1.7 Ozone concentration and symptoms of injury

The symptoms of damage caused by smog in the Los Angeles basin,
thereafter attributed to photooxidants and O;, were first observed by
Middleton et al. (1950). They were characterized by silvering, bronzing,
and necrosis, principally on the lower leaf surfaces of crops and weeds.
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The conifers showed the yellow chlorotic mottling of needles (Parmeter et
al. 1962). These visible damage symptoms are typically linked to high
concentrations of Os, causing acute injury and leading to cell and tissue
death. Lower concentrations of O3 delivered during weeks cause chronic
injury, characterized by the reduction of growth, often in the absence of
visible symptoms. This hidden injury may occur by changes in carbon
metabolism (assimilation and catabolism) at the enzyme level, allowing
the cell to accommodate the oxidative stress (see paragraph 1.15.4). If the
O3 exposure persists, the cell will not cope with the negative impact of the
oxidative stress, which will ultimately lead to cell and plant death, as
recently reviewed (Vollenweider et al. 2019).

Acute O3 exposure can be considered as a short duration exposure of 200
ppb to 2 ppm O3 from 1 hour to 3 days. In contrast, chronic exposure applies
to more realistic long-term exposures (weeks or months) to lower O;
concentrations of 50 to 150 ppb (Renaut et al. 2009). The effects are not
linear in that 0.4 ppm of Os for 1 hour does not resemble 0.1 ppm of O; for 4
hours. Generally, the lower the dose, the much fewer are the symptoms,
while higher levels will damage the leaf (Fig. 1.5C). Also, much of the
visible injury pattern is a pattern across the leaf where some regions (both
small and large) look normal, while others are chlorotic or necrotic. A larger
selection of photos of vegetation is in Jacobson and Hill (1970).

Fig. 1.5. Visible Injury Patterns on the Leaves of Cotton Plants. Cotton seeds were
germinated and allowed to grow in a greenhouse for 3 weeks until the first true leaf
was well developed. The plants were then exposed in a closed chamber (similar to
Fig. 1.9) in a greenhouse to 3.0 ppm Os for 20 minutes near noon, removed, and
returned to the greenhouse for an additional day. The left photo (A) is the control
without O3 exposure, and the others (B and C) are randomly chosen leaves. An
electronic camera took the pictures with the leaf held over a white sheet of paper in
the greenhouse. Solid ellipses represent chlorotic regions, while arrows represent
necrotic regions — unpublished data from David Grantz and Robert Heath
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The variation in visible injury is easily seen in the first true leaf of a
cotton plant exposed to high O3 levels for a short period in the middle of
the day (see Fig. 1.5B). A typical plant's uniformity is not seen, but
relatively small necrosis areas generally appear near the margin. As the
level or duration of O3 exposure increases, the size of the necrosis
increases until it covers nearly all the leaf; yet the veins seem to be more
resistant to atmospheric O3, presumably because of a lowered density of
stomata. Many leaves exhibit chlorosis, again between the veins but with
very little uniformity. With such variation, visible injury is usually given
to estimate the area in which either chlorosis or necrosis occurs. Again, the
density and aperture of the stomata seemed to play a part, and it has been
noted that not all stomata behave in the same manner across a leaf
(Cheeseman1991; Mott and Buckley 2000).

Early on, three varied symptoms were described by researchers: 1)
visible injury, 2) loss of productivity, and 3) invisible injury. As described
above, the visible injury was necrosis, chlorosis, or waterlogging that
could be seen but was generally erratic across the leaf's surface. Loss of
productivity was a long-term result that required producing a "product" of
the crop, e.g., seed production. The invisible injury was defined as no
apparent visible injury but an alteration of the plant's "normal" growth
pattern. One prominent "alteration" was an increased pathogen attack
(Conklin and Barth 2004).

Plants' visible injury was not simple: there was a wide range of
apparent patterns, and the leaf surface was not uniformly damaged. How
could that be? Bobrov (1952, 1955), using cytological microscopy, did
extensive studies, summarized by Middleton (1961).

Her [Bobrov] elegant studies of living tissue have shown that the first
response of cells is their engorgement, especially of the guard cells and
surrounding epidermal cells. As the epidermal cells become stretched,
unusually through the guard cell's distention, they frequently rupture and
collapse. This observation accounts for the change from the epidermis'’s
blister-like appearance to that of the water-soaked appearance in which
the plasmolysis of cells in the spongy parenchyma occurs. The silvering
and glazing of the leaf surface are attributed to the dehydration and
shrinkage of many of the mesophyll cells through the formation of
enlarged, air-filled, intercellular spaces.

It was recognized that these injury patterns were linked to the stomata
and to how the oxidants entered the leaf through the stomata or the cuticle:

...exposed to low concentrations of oxidant for short periods, they
frequently appear chlorotic rather than expressing the typical glazed lower
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surface. Bobrov demonstrated that this yellowing is due to the plasmolysis
of a limited number of cells, such that several chloroplasts are destroyed
while adjacent cells may remain intact.

The injury patterns were not just the apparent visual change but also a
mechanism deeper within and linked to the plant. In the 1950s, plant
physiology and biochemistry were beginning to expand; yet both fields
had a long way to go.

Tomato plants that were given limited water supply resisted injury
compared to those receiving abundant water. They also demonstrated that
transpiration and water uptake rates of tomato plants were lowered by
exposure to oxidant. (Hull et al. 1954)

The full plant was involved as it was not just the leaf appearance that was
affected but also the fruit both by productivity and early senescence.

As the exposure of lemons to both reaction products and ambient air
containing oxidants was extended, there was premature senescence and
drop off the older lemon leaves. (Taylor 1958)

We can now see how those symptoms may be related, but not in a
linear relation. Visible injury lowers the photosynthetic productivity of the
leaf by a loss of productive area. The area of damage is walled off and so
does not spread into the leaf's remainder, but less area means less
productivity. Loss of productivity is a full-plant response that suggests a
loss of photosynthetic productivity and a loss of translocation to the plant's
productive part, e.g., seed production within the reproductive organs. It
may also suggest a poor functional ability to move nutrients from the soil
to the organ that requires them and a transfer of energy and carbon from
one use to another, e.g., a wounding or pathogen response.

There is another more general response that is more global: forest
decline. Operationally it is a visual response inventory — chlorosis of
needles with a loss of needles (or rather the lack of foliar retention) and a
change of morphology of the structure of the collection of needles (the
whorls) (see Chapter 11 in Sandermann, Wellburn and Heath 1997, Grulke
and Heath 2020).

Too often, we do not see that these different responses are interlinked.
The study of one response cannot easily lead to or predict the function of
another. For detailed studies, one must dose the leaf with a known amount
of O3 flowing about the leaf, find what regions are affected, perhaps by
chlorophyll fluorescence, and then study physiological changes across the
leaf within small sections of that leaf.
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1.8 Oxidation as part of life

Chemical reactions often occur due to the movement of electrons from
one atom (the reductant) in a compound to another atom (the oxidant) in
another compound, called oxidation. Generally, this involves a flow of
energy. All of life requires energy movement to convert one type of
compound into another, generally a varied carbon state. Early life (4-3
BYA) in the Earth's seas used existing reduced compounds such as H,S or
ferrous compounds for electrons to reduce carbon. Early life seemed to do
quite well without oxygen as it is a powerful oxidant — it "steals" electrons
from many compounds. When photosynthesis using sunlight arose, it
formed oxygen as a waste product and forced all life forms to develop
techniques to contain/control their own oxidative status. Evolution found
that oxygen was good and evil. It was a marvelous sink for electrons
coming from other nutrients, allowing a secondary energy capture but
ruthlessly attacked other unrelated molecules. Not surprisingly, these
mechanisms used to contain unwanted oxidations are often crucial in
controlling foreign oxidants, such as Os.

Plants ... have a love/hate relationship with light. As oxygenic
photoautotrophic organisms, they require light for life; however, too much
light can lead to increased production of damaging reactive oxygen
species as byproducts of photosynthesis. In extreme cases, photooxidative
damage can cause pigment bleaching and death... (Miiller et al 2001)

1.8.1 Photosynthesis

Once early life learned how to break down water into oxygen and
"reduced hydrogen" using sun power, an infinite source of reducing power
became available. Photon capture using chlorophyll set up as an energy
source that can remove electrons from water, thus generating oxygen and
allowing CO, to be reduced to carbohydrates (and many other
compounds). Two systems of photosynthesis are linked: the light reactions
(in which light is captured and used to generate ATP and NADPH and
releases oxygen) and the dark reactions (or Calvin Cycle Reactions in
which ATP and NADPH are used to convert CO, to a simple
carbohydrate) (Fig. 1.6). The light reactions are the most dangerous
because of the many reduction/oxidation units within them. Furthermore,
this is within a membrane system that can be damaged by oxidants.
Photosystem II within the light reactions is the most oxidizing unit
because it must split water into O, and active H. For this, many oxidation
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controls exist, such as glutathione, ascorbate, tocopherol, and superoxide
dismutase.
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Fig.1.6. Basic processes of photosynthesis in a leaf diagram. The photosynthetic
apparatus is contained within the chloroplast from which sugar is transported out to
be used in other portions of the cell. The leaf structure (shown upside down with
the stomata on the top) allows gases to flow into the leaf. The varied processes are
discussed in detail below

The light and gases from outside the leaf must penetrate the leaf's
cuticle and epidermis to reach the region of the mesophyll cells. The
photosynthetic processes occur within the chloroplast (denoted as the gas
exchange). The size of stomata will generally limit all gas exchange as the
cuticle represents a near-zero gas exchange capacity. Similarly, the
amount of light entering the leaf will be governed by the cuticle via some
reflection (ca. 3-6%). Typically, the concentration of gases within the leaf
is different from those outside — water vapor is higher due to the
movement of water from the cell to the substomatal cavity and then out to
a drier atmosphere, while CO; will be lower within the substomatal cavity
due to CO, capture by photosynthesis. O3 will also move along the gas
exchange pathway.

All three environmental units (light and gases) must then pass through
the plasma wall and membrane of the mesophyll cell and the chloroplast
membrane before photosynthetic reactions occur. Once the light reactions
and dark reactions produce a triose-phosphate molecule, that molecule can
be converted into many other carbohydrates, which can be used for starch
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storage and sucrose transport out of the chloroplast and into a vascular
system (translocation). The sugar product, indicated as [glucose] in the
figure, can be [1] transformed into other carbohydrates, [2] converted into
amino acids with nitrogen units, [3] stored within the chloroplast as starch,
and [4] moved out of the leaf as sucrose by translocation to other portions
of the plant. Again, these varied pathways are highly regulated, and any
disruption, such as by oxidants, alters the normal metabolic changes of
carbohydrates. O3 can react with any of these biological processes.

The dark reactions center on the enzyme ribulose 1,5-bisphosphate
carboxylase/oxygenase (Rubisco), which "fixes CO,” (Fig. 1.6). Rubisco
is highly regulated by the energy level of the chloroplast and by the flow
of various sugars. It was found that Rubisco was a critical part of how O3
altered plant productivity (see later). Rubisco is a key to produce the
triose-phosphate, which is the beginning of carbohydrate metabolism.

Two major processes of the gas flow in green plant photosynthesis
occur with the movement of CO; into the leaf through the stomata in the
cuticle's outer layer (see the top of Fig. 1.6) and the actual reduction of
COs; to carbohydrate as in the Calvin Cycle, above. Oxidants can interfere
with the two processes in entirely different ways, and therefore observed
effects upon photosynthesis depend upon each flow system separately.

1.8.2 Production and reactions of O;

Experimentally, O3 can be produced by either a reaction of oxygen
with ultraviolet radiation or a high voltage spark discharge. Ozone thus
produced is in high concentration within the gas stream and must be
diluted for use. However, O; is highly reactive and must be transported
within stainless steel or Teflon containers and tubes. Commercially, high
concentrations of O3 are used to sterilize solutions of water in water
purification treatments (Hoigre and Bader 1978), and thus many reactions
of compounds with water have been well studied (Bailey 1958, 1982). On
the other hand, the production of O3 within atmospheric regions depends
on what is injected into the atmosphere by partially combusted gasoline
and the atmosphere's conditions, including humidity (Stone et al. 2012).

The most common unit used in the current literature is parts per million
(ppm, vol/vol) or parts per billion (ppb). Ppm and ppb are equivalent,
respectively, to pLL"! and nLL"'. Calculations to convert to other units
such as micrograms per cubic meter (ug.m™) of air rely upon the
pollutants' molecular weight and the perfect gas constant (at 0°C, 22.4
liters/mole). At a temperature of 20°C and pressure of 1013 kPa, an O3
concentration of 1 nLL" or 1 ppb is equivalent to 2 pg.m.
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The chemistry that O3 causes as it interacts with plants has been
challenging to measure for two significant reasons: [1] O; is highly
reactive with many compounds, especially in a water milieu and the
compounds thus produced (typically H,O> and HO-) are likewise short-
lived and highly reactive (see below); and [2] Ozone is three atoms of
oxygen, and oxygen does not have an easily obtained radioactive isotope,
which can be followed.®

Using chemical data from air reactions and water-solvent reactions of
O3 with varied purified compounds (Alder and Hill 1950, Atkinson 1990,
Atkinson and Aschmann 1993, Atkinson et al. 1992, 1994, Stone et al.
2012), studies have made predictions of how Oz would react with
biochemicals on the surface of and within plants (see Heath 1979, 1987b,
1996b, 1996¢, 1999). In general, an oxygen atom or hydroxyl group is
transferred to the biochemical with several free radicals produced
transiently. Stone et al. (2012) indicate many of the simpler types of
reactions revolving around hydroxyl radical and excited O states;
however, many of these compounds are very transient but reactive, so
multiple pathways often exist.

To date, there have been few biochemical studies to find which of the
various postulated compounds are present in plants after O3 fumigation.
Runeckles and Vaartnou (1997) attempted to measure free radicals by
electron spin resonance. They were frustrated by the high concentrations
of free radicals normally produced by photosynthetic processes. No real
conclusion was reached about the subtractive spectra.’

1.9 Exposure Indices

While visible injury shows damage to the plant, the question rapidly
became, how much O; in the air does not lead to injury, visible or
otherwise? Some argued that any amount is toxic, yet background O; in
the Antarctic is about 0.02 ppm, indicating that level is the background
level for which plants have compensated. On the other hand, one should
assume that the amount entering the plant through the stomata is the
dangerous concentration — the level due to flow into the cellular system
that could not be detoxified (see Dugger and Ting 1970, Heath 1980).
Typically, the relationship would be given as:

¢ O'%is a stable isotope, but other stable isotopes (O!” and O'8) are present in small
concentrations; all can be followed by mass spectrometry.

7 Subtractive spectra produced by subtraction of the spectra observed with O3
exposure from the control spectra (that without O3).
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Injury =g [03] external [1'2]
where g is the stomata conductance (in units of m sec!). Here the amount
of injury would be given as mole m? sec’! since the concentration would
be in mole m. The level of injury (e.g.,% of visible injury) would have to
be related to the amount of O3 (moles) that caused that injury. The one-to-
one relationship of this injury pattern has been difficult to determine.

However, the above equation means that injury would increase linearly
with a constant conductance. Many studies have shown that any measure's
injury does not increase linearly (see Fig. 1.3 and Heagle et al. 1988). Yet
this was not the only point of controversy; some believed there might be a
threshold of O3 to induce injury ([O3]"). This threshold may be the plant's
ability to detoxify any entering Oz up to a certain level.

([05]"< no Injury) [1-3]

This could then mean that it is a linear development of injury to the
amount of Oz above the threshold ([Os]T). Here the injury is linearly
related to the concentration above the threshold.

Injury = A { [05] -{05]" } [1-4]

On the other hand, there could be a more complex power law (e.g., n)
response to injury, such as:

Injury = A { [O5] -[O5]" } [1-5]

Once this type of query was started, the number of possible
mathematic responses seemed to spread, so almost any response relation
was explored (see later).

This is not just an academic discussion. Politically, if a group wishes to
control the level of O3, one must explain why a certain level was chosen
for a control point. Is there a real threshold below which one does not have
to be concerned about any injury or damage? If it goes above that
threshold, does the injury become greater, faster, or more extreme, or does
the actual injury slow its further production rate? Two other concepts give
problems in such discussions. One is the idea of an "invisible injury" in
which no visible injury is observed, but the plant does not thrive, and its
net production can be reduced. Production takes a long time to measure, as
one must go through a growing season while a typically visible injury
develops in a few days. The second one concerns an accumulated dose
being the problem; damage or a loss of productivity will gradually develop
with the total dose (amount per unit time entering the plant X, the plant's
total time in that particular atmosphere). This accumulated dose must be
subjected to the same type of arguments as above. How do you calculate
the dose which is being accumulated, and can the plant reverse the injury
if the accumulated dose is small? There have been many arguments along
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this line, and various countries have argued for and against most
mathematical models.

1.10 Atmospheric concentrations: now and models

A rapid increase in Oz concentration was observed across western
Europe using measurements from several locations, beginning with the Pic
du Midi in the 1870s followed by several high altitude sites in
Switzerland, Germany, and France from the 1930s through to the early
1990s (Marenco et al. 1994). This increase was by a factor of 5 between
the late 1800s and the early 1990s and by a factor of 2 between the 1950s
and the early 1990s. Similar conclusions were drawn from additional data
sets from the 19301950 period in central Europe (Stachelin et al. 1994).
Routine monitoring of the composition of atmospheres developed in the
1980s at rural and remote locations for detecting long-term changes
throughout the USA (Lefohn et al. 2010; Cooper et al. 2012). For a
complete picture of how O3 levels have changed within the Los Angeles
basin and in the mountains surrounding it, see Lee et al. (2003). More
recently, a study of a time series from 2040 last years showed a leveling
off or a decline from earlier Oz increases in the mid-latitudes of the
northern hemisphere (Oltmans et al. 2013). A complete overview of the
global distribution and trends of tropospheric O3 confirmed this plateau in
the northern hemisphere (Cooper et al. 2014; Fig. 1.7).

In the late 1950s to early 1960s, the yearly average O3 concentrations
in Europe were in the 15-20 ppb range, which almost doubled at the
beginning of the 20th century (Vingarzan 2004), but no positive trend has
been observed since then (Fig. 1.7). This stabilization in annual mean
surface Oz concentrations in Europe and North America is predicted up to
2050 while a continued increase would be observed in South and East
Asia (Cho et al. 2011, Lei et al. 2012, Li et al. 2019, Ainsworth et al.
2020).
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Fig. 1.7. Surface Os time series at several rural sites around the world. Trend lines fit
through the yearly average O; values using the linear least-square regression method
(modified by Cooper et al. 2014, Figs.1, 5, from the original that appeared in IPCC 2013

1.11 Exposure Methodology

Early studies were done in separate fields with different atmospheric
levels of O3, which were agronomically close (Musselman and Hale 1997).
Clearly, these initial studies were useful but difficult to compare. Plants
subjected to different water potentials and nutrients in the soil could not be
easily compared to productivity. Naturally, this method has fallen out of
use, except for ecological studies. Large trees in the wilderness cannot be
moved or covered with atmospheric chambers, so the field and
atmospheric conditions must be similar but taken into account.

Currently, we know more about how conditions affect plant growth
and, therefore, can compensate for field variation (this is now what is
referred to as a "big data" investigation). Furthermore, as we understand
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how O3 interacts with plants and how to model exposure indices, varied
fields of plants can be more easily compared.

1.11.1 Open top chambers

Studies of varied fields did not lend themselves to a complete
understanding of the injury patterns, and therefore, predictions of which
injury would occur could not be easily accomplished. Plants have to be
exposed to O; in the same field conditions as a control. A leap in
experimental evidence of Os-derived injury patterns was made with a
better fumigation system, an exposure system that enveloped the crops —
one chamber had added Os, and another had an unchanged atmosphere. In
the 1970s, open-top chambers (OTC) were standardized to study the dose-
response effects on productivity and physiological parameters (Heagle et
al. 1973; Musselman and Hale 1997). Plants in OTCs were fumigated with
various concentrations of Os, and charcoal-filtered chambers served as a
control. The "Open Top Chambers" were used routinely thereafter with
many small modifications (e.g., a rain shield over the gases’ exit at the
top). Figure 1.8 shows a diagram of such a chamber. The steel structure of
the chamber was lined inside with transparent Teflon sheets.

0.8m
Frustum
T
U Remote blower
Mixing blower jen
im Main chamber = R /
~—
Ay
Inlet plenum

Lower plenum -

Fig. 1.8. Diagram of an Open Top Chamber detailing the flow of air. Air is drawn
into the remote blower and blown through the inlet plenum into the chamber. The
mixing blower draws air from inside the chamber through the lower plenum's
perforated inner wall and blows it back into the chamber. Air exits the chamber
through the frustum (Drake et al. 1989).
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Ozone does not react with stainless steel metal, glass, or Teflon: but it
does react with most other plastics and metals. Yet every surface produces
some breakdown of Oz, and so any chamber must be monitored
extensively as to the actual O3 concentration within. Ozone is introduced
at a high concentration into a wind generated by a large fan leading into
the chamber with the airflow exiting through the top opening. A door is
provided so the researcher can enter to take samples. In these studies, an
unenclosed area of plants is used to show if the enclosures alter plants'
growth. The unenclosed plants are generally found to be different from the
control enclosed plants. The enclosure does alter the light quantity and
quality and changes the atmosphere itself due to wind and evaporation
from the soil. Such a field of OTC is shown in Figure 1.9.

&0 »
Uhs| SOUTHEASTERN FOREST
)

EXPERIMENT STATION

Fig.1.9. Loblolly pine saplings growing in open-top chambers (with Rain Shields
at the top) treated with charcoal-filtered air, non-filtered air, and 2.0 x ambient O3
concentration (Photo taken by Pierre Dizengremel, 1990 at Duke Forest site,
Durham NC)

The typical experiment was performed in Duke Forest, Durham, North
Carolina, USA. Loblolly pine seedlings were transplanted to the field plots
in June 1987. Open-top polyvinyl field chambers, 5 m in diameter and 5 m
tall with rain exclusion caps were erected in March 1988. The trees were
thinned to 8 per chamber in 1989 and to 4 per chamber in 1990. The
overall experiment consisted of 54 chambers arranged in 3 blocks with
charcoal-filtered air (CF), non-filtered air (NF), or 2.0 x ambient O3
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concentration. Charcoal-filtering removed approximately 80% of ambient
03, while NF chambers tracked 5 to 8% below ambient O3 concentrations.
The 12-h daily mean Os concentrations were 8 ppb in CF chambers, 45
ppb in NF chambers, and 86 ppb in 2.0 x ambient Oz chambers. The trees
were fumigated from 08:00 to 20:00h (EST), from March/April to mid-
November each year. As saplings, loblolly pines produce three to five
flushes of growth per year. The cumulative Oz exposures received by each
tree's flushes were calculated. The cumulative O3 dose is the summation of
I-hr mean concentrations for each of the 12 exposure hours each day
during the exposure season. (Dizengremel et al. 1994, 301-302)

The open-top chambers have often been built within a greenhouse
(often with added lights) to provide better light and temperature controls
during repeated days of exposures. Here too, the chamber modifies the
exposure conditions compared to the greenhouse alone. To better measure
mature trees' response to Os, large branch chambers were developed
(Ennis et al. 1990, Houpis et al. 1991, Teskey et al. 1991, Havranek and
Wieser 1994). This system, which is easy to use, can also be criticized
since the isolated part of the plant treated with Oz is under different
environmental conditions than the rest of the tree.

1.11.2 FACE units

The problem with most exposure systems is that they must be artificial
compared with the normal environmental conditions.To mix the air with
any short-lived pollutant requires rapid mixing followed by a fast delivery
into an area and requires a wind velocity well beyond normal atmospheric
exposures. In addition to the modification of some microclimate
parameters, the OTCs can only contain tree seedlings even for the larger
chambers. Thus, a new system, called FACE for “Free Air Controlled
Exposure” or “Free Air Carbon dioxide Enrichment," was developed at the
beginning of the 1990s (McLeod et al. 1992, Wulff et al. 1992; Hendrey
and Kimball 1994, Musselman and Hale 1997).
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iy b 4 e

Fig. 1.10. Aspen FACE at the Northern Forest Ecosystem Experiment (NFEE),
funded by the US Forest Service. The fumigation sites are observed by the series
of circles with vertical tubes. Original trees were harvested during 2009, and a new
forest vigorously sprouted under the FACE treatments in 2010 before treatments
were discontinued (http://aspenface.mtu.edu/index.html)

This system requires a relatively large and flat area, which will be the
planting area. Arranged around this area in a circle is a series of pipes that
have holes at a predefined spacing from which the mixture of gases that
need to be part of the atmosphere is emitted. The wind speed and direction
across the area are measured, and the injection rate of each pipe is
controlled by a computer so that a given concentration is formed from that
flowing across the area. As the wind changes in speed or direction, so does
the amount of the gases released coupled with the varied pipes used. Thus,
the ambient atmosphere and wind conditions are used for the plants within
the circle, and the mixed gases within the atmosphere of the plants is very
similar to the environment, save for the added gases. Moreover, several
gases can be used simultaneously, such as O3 and more CO, (Fig. 1.10).
Thus, the FACE system, simulating field plant growth conditions better
than OTCs, was used to research the effects on plants of Oz and high CO»
(Matyssek et al. 2007).
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In the upper part of Michigan in the USA, one free-air fumigation
study was conducted within the canopy of tall sugar maple trees, although
the O; fumigation was restricted to clusters of sun and shade foliage
(Tjoelker et al. 1995). Another experiment, Aspen FACE, with elevated
CO;, and Os, was carried out in Wisconsin from 1998 to 2010 with
trembling aspen alone or mixed with either paper birch or sugar maple
(Karnosky et al. 2003). After seven years, the presence of elevated O3
hastened the conversion of stands to paper birch, whereas the presence of
elevated CO; delayed it. Elevated O3 modified the relative importance of
aspen and maple by -2% and +5%, respectively, and with elevated CO»,
the changes were +9% and -20%, respectively. Thus, elevated O3 slightly
increased the conversion rate of aspen stands to sugar maple, but the
opposite effect is observed under elevated CO, (Kubiske et al. 2007).

In Europe, a FACE system studied young birch trees' growth in
Finland (Oksanen 2001). More recently, an example of a FACE project
was carried out in Kranzberg Forest (Bayern, Germany). This research
project, CASIROZ "Carbon Sink strength of beech in a changing
environment: experimental Risk assessment of mitigation by chronic O3
impact," was supported from 2002 to 2006 by the European Commission
under the Fifth RTD Framework Programme (Matyssek et al. 2007). The
project studied the vulnerability to chronic O3 of adult beech trees growing
in under-stand conditions. A "Free-Air Canopy O; Exposure” system,
creating an experimentally enhanced Os regime within the canopy (relative
to “control” trees in unchanged air), was used for analyzing Os-induced
responses. For relating tree performance to effective O3 doses rather than
O3 exposure, the O3 flux concept into leaves has been examined and
validated against the AOT40 standard. Besides, branch cuvette
fumigations and exposure of young beech plants inside the stand canopy
would validate the ecological significance of former O; studies in
phytotrons, open-top chambers, or on single branches in tree crowns.
Mechanistic modeling for scaling to the stand level and quantifying the O3
impact for "Global Change" scenarios was the goal. The main results were
that the doubling of O3 concentrations over five years did not substantially
weaken beech trees, thus not the most O; sensitive tree species.
Nevertheless, at cell and leaf level, many O3 responses were detected, and
O; intake rather than external Oz concentration was relevant when
assessing the risk potential. O3 responses varied between years, sun and
shade leaves displaying similar O3 sensitivity, and Os effects on roots and
mycorrhiza were detected.

A FACE system was recently used in Japan to study the effect of O3 on
larch (Agathokleous et al. 2017).
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1.12 Ecophysiological Systems Affected by O3

In many of the chapters within this book, more details are given about
how Oj alters plants' normal physiology, as these are constantly being
improved in their detail. As is now understood, many of the processes are
interlinked through signal transduction pathways and small biochemicals
altering speeds of protein synthesis and/or stability of produced proteins.

It was understood that genetic variations would alter plant responses
(Engle and Gabelman 1966, Berge 1973, Cameron and Taylor 1973,
Cameron 1975), but our understanding of genetics was not good enough to
connect the varied ideas. The notion that some cultivars had different
responses was used to test those variations (Elkiey and Ormrod 1979,
Dijak and Ormrod 1982) and develop bioassays for the field (Berge 1973).
We have arrived at our understanding today because of the great strides
forward in such fields of genetics and system biochemistry. Moreover,
such systems understanding depends upon new sensitive technology.

By the 1990s, several plant systems were becoming sufficiently
understood to describe how Os; could alter the plant's net pollutant
responses in terms of gross metabolism and visible wounding of the
leaves. These responses were listed by Heath (1999) and, with some
modification, still go far in explaining what is happening at the
physiological level (Table 1.2).

Table 1.2. Current theories of oxidant-induced alterations of plants.
Adapted from Table 1, Heath (1999) they are listed by the physiological
process but arranged into special processes or biochemicals

1. Loss of Photosynthetic Capacity
e Stomatal Response
e Photosystems
e Carboxylation
e Translocation
2. Membrane Dysfunction
e Loss of Ion Channels (K*, Ca*")
e Loss of Permeability
e Alteration of Normal Ionic Channels
e Membrane Structure
Loss of Signal Transduction Receptors
4. Antioxidant Protection
e Superoxide Dismutase (anti-superoxide)
e Peroxidases and Catalase (anti-hydrogen peroxide)

W

printed on 2/13/2023 5:47 AMvia . All use subject to https://ww. ebsco. coniterns-of - use



EBSCChost -

32 Chapter One

e Ascorbate and Glutathione (anti-superoxide, hydrogen peroxide,
hydroxyl radical)
e Tocopherol (anti-peroxides)
5. Wounding Response
e Wounding Proteins (e.g., chitinase, S-glucan synthase)
e Activated Oxygen (ROS)
e Ethylene Production
6. Premature Senescence
e Early Loss of Productivity
e [Inability to Remobilize Nutrients

1.12.1 Effect on yield, growth, and productivity

One of the USA's largest projects was the National Crop Loss
Assessment Network (NCLAN) in the mid-1980s. Headed by Walter
Heck, it included many of the researchers who were active at that time in a
set of studies using virtually identical systems to expose varied crops to O3
(generally using open-top chambers) but in different USA regions. These
studies were funded by the US Environmental Protection Agency and
were summarized at the end by a symposium (See Heck et al. 1988).
While the emphasis was on plants' growth and the production of seeds
(yield), side studies were done on what changes were forced by the O;
exposure. The effect of Oz was thus also studied not only on the quantity
but also the quality of the harvested product (Pell and Pearson, 1984). This
was one of the first major attempts to generate a workable metric that the
EPA could use to regulate O3 levels in varied sections of the USA. For a
relatively complete but short summary of findings, see Heagle et al. (1988).

1.12.2 Sensitivity and tolerance

It was discovered early on that varied species of plants demonstrated
effects and tolerated Os differently, e.g., Gillespie and Winner 1989. Table
1.3 lists some varieties classified by their relative sensitivity to O3. Of
course, how sensitivity is ranked (e.g., visible injury, growth rate, or
productivity of seed production) will change some of these rankings.
Sensitivity has not yet had a coherent and easily observed measure.

Crops are more sensitive than trees, and annual grasses are more
sensitive than perennial ones. It is noteworthy that C4 plants are more
tolerant than C3 plants (see also paragraph 1.14). Concerning trees, recent
comparisons generally show that angiosperm trees (deciduous) are more
sensitive to elevated O3 than gymnosperms (evergreen). The total biomass
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of angiosperms was reduced by 23% at an average O3 concentration of 74
ppb, while the total biomass of gymnosperms was reduced by 7% at a
higher mean O3 concentration of 92 ppb (Wittig et al. 2009).

Table 1.3. Classification of plants in the function of their sensitivity to O3
(adapted from Mills et al. 2007, Table 1; Wittig et al. 2009, Fig. 4 and Fig.
8; Castell and Le Thiec 2016, Table 1)

Ozone-sensitive species Moderately ozone sensitive species Ozone tolerant species
_ wheat, turnip, soybean beet, colza, tobacco, rice, potato barley, rye
a bean, pea, cotton maize, sorghum
o tomato
@,
®
g poplar, black cherry beech, birch, sugar maple oak
o)
5 larch
8
ponderosa pine scots pine, Austrian pine Douglas fir
loblolly pine white pine, fir Norway spruce
maritime pine

However, a specific species can have multiple cultivars that also have
different sensitivities to O3 (see above). In the past, the definition of
sensitivity was generally demonstrated by how much visible injury was
observed after a specific amount of exposure to Os;. That amount could be
varied greatly by the researching team since the exposure characteristics
and times of post fumigation vary. Clearly, all these variables can
influence the definition of a sensitive cultivar. Some cultivars have been
very useful in understanding why variations existed, such as the O;-
sensitive tobacco Bel-W3 and the tolerant Bel-B (Heggestad 1991).
Heagle et al. (1991) have used various clover cultivars to examine
physiological differences and develop plant-based sensitivity tests.®

On the other hand, as economists often state, the only thing of value in
a forest is the trees which are to be logged (see chapters 19-23 in Heck et
al. 1988). In this, much of the forest has no monetary assigned value since
much of a forest is just beauty and peacefulness. Yet early on, it was
observed that woods near a polluted area had major problems (Evans and

8 The sensitivity tests are bio-assays in that a specific sensitive cultivar is grown
under uniform conditions in a pot. Then those pots are set out in an environment
that is believed to have Os in the atmosphere. After only a few days, the visible
injury appears, and that injury is correlated with the amount of Os.
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Miller 1972). In a later attempt at summarizing what was happening in the
varied US and European forests, Sandermann et al. (1997) edited a book
on Forest Decline, which summarized much of what was then thought
about how forests were being altered, if not destroyed, by atmospheres
with oxidants. Much of the Os; was being produced elsewhere but
transported by normal atmospheric flow to the mountains and rural
valleys. Once again, California was at the forefront of research led by Paul
Miller, Patrick Temple, and André Bytnerowicz (see chapter 2, Miller et
al. 1997). An excellent map shows the urban air basins of San Diego, Los
Angeles, and San Francisco, which, producing the polluted atmospheres,
are upwind of the regions of forests in the mountains of the Sierra Nevada
and the Coast Range (see Figure 2.1, 41 of Sandermann et al. 1997). In
these studies, the numbers of whorls and needles in each of the pine trees
declined with Os exposure along with a mottling® of many of the needles
of a whorl, which is a combination of developmental/production alteration
combined with visible injury (see Miller et al. 1997).

1.12.3 Alteration of gaseous exchanges

There are two main sites on the leaf where O3 could impact the cuticle
and enter the mesophyll layer through the stomata (see above regarding
the dose). The cuticle data are somewhat contradictory, but in general,
there was no real evidence that the cuticle was being altered by the Os
exposure at reasonable levels (Kerstiens and Lendzian 1989). Indeed, O3 at
the cuticle surface could breakdown with no alteration of the productivity
of the leaf, but its breakdown could lower the concentration near the
surface of the leaf, and thus, the amount of O; entering the mesophyll
region would decline (see Aphalo and Jarvis 1993, Grantz and Vaughn
1999, Morison et al. 2007 for diagrams of gaseous flow near the stomata).

The stomata were tagged as a possible control of injury to the leaf very
early on (Dugger and Ting 1970; Brennan 1975; Heath 1980; Winner et al.
1991). The exact role has always been challenging to understand due to
the ability to measure actual flow due to then-current technology. The leaf,
as an interface between the atmosphere and plant, is the main target for
pollutant attack. In its gaseous exchanges, all flux into and out of the
mesophyll cells is regulated by stomata (see Fig. 1.6). Air pollutants, such
as Os, by entering the leaf through the stomata, can disturb sugar
production and cellular metabolism directly by altering the stomata's

° Mottling is defined as loss of chlorophyll non-uniformly along a needle; only
chlorosis in regions.

printed on 2/13/2023 5:47 AMvia . All use subject to https://ww. ebsco. coniterns-of - use



EBSCChost -

History of Air Quality and Plants: The Fundamental Role of Ozone 35

ability to open and so lowering the internal CO,. Yet that would also lower
the dose of Oj; into the leaf. Succinctly put, if the stomata are closed, there
is no problem with O3 entry, and so the plant is protected. However, then
the ability to fix carbon through photosynthesis would be deeply impacted
(Reich and Lassoie 1984). Yet the boundary layer cannot be ignored as air
flows faster and more turbulently around the margin, leading to a greater
exposure of pollutants there (Woodrow, Ball and Berry 1990). In fact,
boundary layers about the leaf can explain why the margin of the leaf
(with its higher, more turbulent airflow) is more likely to show visible
injury (Fig. 1.5). The alteration of airflow near the veins and the stomatal
density near the veins can partially explain why the vein regions are the
last to show visible injury; a large boundary layer will slow the Oz flow
into the interior of the leaf.

A series of papers (Olszyk and Tibbitts 1981, Tingey and Hogsett
1985) began to address the role of water stress upon injury by Os to leaves.
This, of course, pointed to stomata's role in controlling the flow of the
pollutants into the leaf since water stress slows gas flow by closing
stomata. Water stress normally develops later in the day (midday
depression, Heath et al. 1985). Thus, stomata opening and O; entry are not
constant throughout the day. This O3 impact with water status was nicely
summarized by Pearson and Mansfield (1993). During the last few
decades, one question has been repeated: how much O3 actually penetrates
into the full mesophyll where any gas injury would be expected and could
be measured? In several experiments, it was observed that photosynthesis
could be lowered without a concurrent decrease in stomatal conductance
(Saxe 1991, Heath and Taylor 1997, Grulke et al. 2007). A recent meta-
analysis on trees clearly showed that even though both the photosynthetic
rate and the stomatal conductance were decreased progressively in the
chronic O3 dose's function, the stomatal conductance was systematically
less altered than the photosynthetic rate (Wittig et al. 2007).

Short-term exposure to acute high concentrations of Oz (above 200
ppb) generally causes some degree of closure of stomata (Hill and
Littlefield 1969, Rosen et al. 1978, Olszyck and Tibbitts 1981). At
concentrations below 200 ppb Os, a diversity of stomatal responses has
been reported with opening, closure, or no change in the function of the
studied species (Bennett et al. 1974, Darrall 1989). As the understanding
of how regulations to control the stomata aperture progressed, it became
clear that stomatal regulation was highly complex, and there were several
sites in which O3 could alter the net behavior of stomata themselves (Fig.
1.11).
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Fig. 1.11. Processes’ interaction to alter the aperture of the stomata. Adapted from
Munemasa et al. 2007. The responses can be separated into turgor-induced and
injury-induced. Both are connected by abscisic acid, the stomata phytohormone,
and organic acids, closely linked metabolically to sugars via the Krebs Cycle. Note
the involvement of varied channels (of Ca?" and anions) within the guard cells'
membrane. ROS: Reactive Oxygen Species

Of course, the leaf's water potential played a dominant role in the
aperture of the stomata; highly negative water potential meant that water
would be withdrawn from the stomata guard cells, and they would become
flaccid and close. Well-watered plants maintained an open aperture, and
gas flow would be high for CO, and Os (Heath et al. 1985). Later it was
shown that ion fluxes (especially Ca** and anions) and the pH within the
cell and cell walls of stomata could alter the water balance and the
aperture size (Outlaw and Lowry 1977, Outlaw and Kennedy 1978).
Recently, interactions of varied phytohormones, such as ABA, auxin, and
varied jasmonic acid species, could alter the ion fluxes' response and alter
how stomata responded.

Early in the 21st century, it was clear that while turgor pressure,
including its alterations by ions and sugars and hormones (Beardsell and
Cohen 1975, Assmann 2003), was critical, there were many other players
in the functioning of the stomata. Of surprising note was the role of H,O»

EBSCChost - printed on 2/13/2023 5:47 AMvia . All use subject to https://ww.ebsco.conlternms-of -use



EBSCChost -

History of Air Quality and Plants: The Fundamental Role of Ozone 37

and general ROS biochemicals (Munemasa et al. 2007, Pei et al. 2000). It
was found that abscisic acid (ABA) and methyl-jasmonate could stimulate
the production of H»O», thereby altering normal calcium channels, and
therefore change the flow of anions, especially K*. The normal reactions
of O3 with water can produce these various ROS chemicals. They would
be able to interfere with normal stomata control, so depending upon many
variables, the stomata could open, close, or change the speed of responses
by O3 exposure. This may explain the confusion of earlier observations in
the field.

1.12.4 Effect on Photosynthesis

The first studies conducted on the effects of Oz on photosynthesis used
high concentrations of Oz (between 400 ppb and 1 ppm) delivered over a
few hours, leading to a marked decrease of photosynthesis (Erickson and
Wedding 1956, Todd 1958, Todd and Propst 1963, Hill and Littlefield
1969, Botkin et al. 1972). In some cases, the fumigation was repeatedly
made for several days (Taylor et al. 1961). Visible plant damage
symptoms are often a consequence of this acute concentration (Todd and
Propst 1961, Botkin et al. 1972, Taylor et al. 1982). Sometimes, visible
symptoms appear a few hours after the end of very short-term fumigations
with high concentrations (440 ppb) of O3 (Todd 1958). With slightly lower
concentrations (300 ppb) delivered to beans for 3 hours, photosynthesis is
immediately decreased, but visible leaf injury symptoms develop only
after one day (Pell and Brennan 1973). All these experiments were done
on young crops and tree seedlings, thus beginning the "cause and effect"
argument about which process affects which other processes.

Several experiments used fumigations with more realistic O3
concentrations, up to two times the ambient concentration. These long-
term chronic O; exposures, conducted in the same period on tree
seedlings, caused a decrease in photosynthesis without any visible
symptoms of needle injury, at least in the first stages of the time course
(Miller et al. 1969, Barnes 1972). Table 1.4 summarizes the two latter
studies' results using 150-300 ppb O; delivered up to one month. A
chlorotic mottle of needles was observed only for the higher O3 treatment
applied during the longest time (Miller et al. 1969).
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Plantspecies (age) ~ Treatment Reduction Symptoms Reference
in photosynthesis
Pinus Ponderosa 150 ppb 10 days 4% No Miller et al. (1969)
(3-year-old) 150 ppb 30 days  10% No Miller et al. (1969)
300 ppb 10 days  15% No Miller et al. (1969)
300 ppb 30 days  67% chlorotic mottle ~ Miller et al. (1969)
Pinus elliottii 150 ppb 36 days  23% No Barnes (1972)
Pinus serotina 150 ppb 36 days 6% No Bames (1972)
FPinus tgeda 150 ppb 36 days  14% No Barnes (1972)
(8-month-old)
Pinus strobus 150 ppb 36 days  22% No Barnes (1972)
{2-year-old)

A decline in photosynthesis under moderate concentrations of O3 was
observed in many other experiments on young crops (Ormrod et al.1981;
Reich et al. 1986) and trees (Kuno 1980, Reich 1983, Yang et al. 1983,
Arndt and Kaufman 1985, Keller and Hésler 1987, Kiippers and Klumpp
1988, Tseng et al. 1988, Sasek and Richardson 1989, Wallin et al. 1990).
In the field, sapling trees (Pinus ponderosa) experiencing air oxidants in
the San Bernardino mountains (Coyne and Bingham 1982) and 25-year-
old white pine trees under the ambient pollutant level in Tennessee
(McLaughlin et al. 1982) also showed a reduction in photosynthesis. A
clear separation can thus be made in plant photosynthesis responses to
acute and chronic O3 exposures (Darrall 1989). In the latter case, a
parallelism between the reductions of photosynthesis and growth is
generally observed (Reich and Amundson 1985).

As for growth and yield, the degree of photosynthesis sensitivity to O3
depends on the studied species. In a study on seven species (crops and
trees), long-term exposure to O; caused a linear decrease of the
photosynthetic rate without visible injury (Reich and Amundson 1985). In
non-fumigated conditions, the crop species (clover, wheat, soybean) and
hybrid poplar present higher photosynthesis rates than sugar maple, red
oak, and white pine. They experienced a stronger decline in
photosynthesis per unit O3 dose (Fig.1.12). A 10% reduction of
photosynthesis was observed for 5 ppm.h for wheat and clover, whereas
25 ppm.h were necessary to decrease red oak and 30 ppm.h for white pine.

A question arises on the concomitance between the reductions in the
photosynthetic CO, uptake and the stomatal conductance. The decreased
photosynthetic rate observed in Os-fumigated needles of loblolly pine trees
growing in OTC for 3 years in two times ambient O3 (92 ppb, 12 h
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seasonal mean) appears to be not due to higher stomatal resistance (Sasek
and Richardson 1989). The decreasing effect of O3 on the photosynthetic
rate would better correspond to a decrease in the Rubisco-mediated
carboxylation efficiency rather than changes in stomatal conductance
(Dann and Pell 1989, Heath and Taylor 1997, Matyssek et al. 1991, Pell et
al. 1992).
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Fig. 1.12. Reduction in photosynthesis of several crops and trees in relation to the
cumulative dose of O3 (adapted from Reich and Amundson 1985, Fig. 1 right, 568)

1.12.5 Effect on Respiration

By contrast with photosynthesis, O; generally increased respiration
(Dizengremel and Citerne 1988, Dizengremel 2001). Under exposure to
high O3 concentrations during a few hours, this increase was generally
accompanied by visible injury (Todd 1958, Macdowall 1965, Pell and
Brennan 1973, Furukawa and Kadota 1975). With lower concentrations of
O3, more typical of ambient polluted air, and delivered during weeks, an
increase of respiration was observed without symptoms of visible injury
(Barnes 1972, Kiippers and Klumpp 1988, Wallin et al. 1990). A realistic
concentration of Oz (100 ppb) delivered for 2 weeks resulted in a strong
decrease of photosynthesis and photorespiration and a slight respiration
stimulation in poplar leaves (Kuno 1980). The opposite effect of O3 on
photosynthesis and respiration was clearly demonstrated in a study on
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leaves of young poplar cuttings treated with 125 ppb during three months
(Reich 1983; Fig. 1.13).
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Fig. 1.13. Effect of O3 on photosynthesis and dark respiration of hybrid poplar
leaves (redrawn after Reich, 1983, Fig.1, 293)

By contrast, photorespiration is generally shown as being decreased
under O3 exposure, probably in relation to the damage caused at the
Rubisco level (Aarnes et al. 1993, Booker et al. 1997, Dizengremel 2001,
Bagard et al. 2008).

1.12.6 Assimilate Distribution

Recent reviews and meta-analyses were compiled on the effect of O3
on photosynthesis, growth, and yield of crops (Morgan et al. 2003, Feng et
al. 2008) and trees (Wittig et al. 2007, 2009). Of course, growth and yield
are coupled to photosynthesis by translocation. Translocation is dependent
upon photosynthesis products and the water potential of the leaves and
other organs to which the sugars are transported. The full system is
complex. There are few studies on the O3 impact upon translocation per se,
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but a useful review of translocation by Cooley and Manning (1987) should
be consulted.

A depression of photosynthesis resulting in a reduction of
photosynthates and stimulated respiration providing carbon skeletons for
repair and detoxification would restrict carbohydrates available for growth
(Barnes 1972, Heath 1996a, Dizengremel 2001). Furthermore, greater
retention of photosynthates in the leaves was observed concomitantly with
a decrease in phloem loading and allocation of carbohydrates to roots
leading to a decrease in root-shoot ratios (Adams et al. 1990, McLaughlin
et al. 1982, McLaughlin and McConathy 1983, Darrall 1989, Spence et al.
1990, Einig et al. 1997). Clearly, one must take into account the full
carbon balance of the entire plant.

1.13 Effect on Enzymes of Carbon Metabolism:
Biochemical Mechanisms

1.13.1 RuBP carboxylase (Rubisco)

Even though O3 can reduce CO; assimilation by indirectly inducing
stomatal closure, many experiments show that Oz can directly alter
photosynthesis functioning (Pell and Pearson 1983, Dizengremel 2001). It
is generally admitted that the carbon reduction part of photosynthesis
(Calvin cycle) is impacted before any alteration in the photochemical
dependent light-use efficiency (Dizengremel 2001, Heath 2008). A
decrease of Rubisco activity was first demonstrated in rice leaves treated
with O3 (Nakamura and Saka 1978) and was further observed in a large
number of crops and trees (Pell et al. 1992, Pell and Pearson 1983,
Dizengremel et al. 1994, Fontaine et al. 1999, Pelloux et al. 2001,
Degl’Innocenti et al. 2002).
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Fig. 1.14. Photosynthesis (A) and Rubisco activity (B) expressed relative to the
charcoal-filtered treatment in relation to the cumulative O3 exposure for loblolly
pine needles exposed to charcoal-filtered air (CF), non-filtered air (NF), and 2 x
ambient O3 in the 1989 first flush (89-1), third flush (89-3) and 1990 first flush
(90-1). Values are from each month from May to August 1990. The photosynthetic
rates and the Rubisco activities were expressed on the same basis (needle surface
area). Adapted from Dizengremel et al. 1994, Fig.2, 303)

Rubisco's implication in the Os-induced decrease of photosynthesis
was demonstrated in loblolly pine needles with a parallel reduction in
photosynthetic rate and Rubisco activity with increasing cumulative O3
exposure (Fig. 1.14, Dizengremel et al. 1994). The 3-year-old trees were
placed in OTCs with charcoal-filtered air (CF, 8 ppb O3, 12 h daily mean),
non-filtered (NF) ambient air (45 ppb O3), and 2 x ambient Oz (86 ppb
03). Data obtained from three different flushes at various sampling dates
were expressed in terms of cumulative O3 exposure in ppm.h. By mid-
August 1990, the 1989 first flush had accumulated an Oz dose of 380
ppm.h in the 2 x O3 treatment compared with 125 ppm.h in the CF one. In
contrast, the younger 1990 first flush had only accumulated 120 ppm.h in
the 2 x O3 treatment and less than 20 ppm.h in the CF treatment.
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A similar pattern of changes in photosynthetic rate and Rubisco
activity under O; is also well illustrated with the diurnal changes in these
two parameters measured during a sunny day on needles of trees submitted
to different doses of O3 (Fig. 1.15).
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Fig. 1.15. Effect of Os on the diurnal photosynthesis and rubisco activity.
Measurements were made on a sunny day in August 1991 on the 1st flush 1990 of
4-year-old loblolly pine seedlings submitted to O3 in OTCs. The cumulative O3
doses were 120 ppm.h, 200 ppm.h, and 380 ppm.h in charcoal-filtered air (CF),
non-filtered air (NF) and two times O3 (2xOs) (Dizengremel, Brown, Sasek and
Richardson, unpublished data)

In a later paper, Pell et al. (1994a) discusses the idea that one of the
toxic products of O3 fumigation has altered Rubisco. The observed
decrease in Rubisco activity by O3 is due to a reduction in quantity (Pell
and Pearson 1983, Landry and Pell 1993, Fontaine et al. 1999, Pelloux et
al. 2001, Gaucher et al. 2003, Bohler et al. 2007) and that of Rubisco
activase (Pelloux et al. 2001, Degl’Innocenti et al. 2002). Decreased levels
of the mRNA transcripts for Rubisco's two subunits were observed in tree
leaves (Bahl and Kahl 1995, Brendley and Pell 1998, Pelloux et al. 2001).
However, the Os-induced reduction in the Rubisco activity and quantity
may involve several mechanisms, such as an inhibition of the protein
synthesis, as described above, an increased rate of protein degradation or
alteration of the protein through an oxidative process (Landry and Pell
1993, Junqua et al. 2000). These processes could occur together or
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separately, depending on O; concentration, exposure time, and leaf age
(Junqua et al. 2000).

Yet Williams et al. (1994) have developed a correlation between the
levels of ABA after water stress in Arabidopsis thaliana/leaves and the
loss of rbeS. This work suggests that water stress may alter the
relationships much more than merely closing the stomata. If ABA is
lowering rbcS by whatever mechanism, rbcS may not be worth much as a
marker of O3 fumigation except under very controlled conditions. Harris
and Heath (1981) showed that conductance was not the only point where
water potential played a role: root and water delivery systems could play a
major contributory role in determining foliar O3 sensitivity. Heath (1994a)
summarized what was known about the mechanisms of O3 injury on
Rubisco, but he pointed out that, like many processes of plants, that
enzyme is highly regulated by a relatively complex transducer. For
example, the two subunits of Rubisco (rbcS and rbcl) are genetically
related, and the enzyme activity is regulated by other polypeptides, such as
Rubisco activation. So, the loss of subunits’ production by O3z exposure
may be controlled by different processes and not a simple cessation of
DNA transcription (Galmes et al. 2013). Like stomata aperture size, the
activity and/or levels of Rubisco may be subjected to events far removed
from Oj; halting DNA systems. An excellent and exhaustive review of
photosynthesis and O3 exposure has been provided by Saxe (1991).

The lowered plant productivity (Heck et al. 1988) measured over a
growing season is believed, but not fully proven, to result from photosynthesis
inhibition with the actual mechanism still being actively debated.

There are two probable causes: a forced closure of the stomata and/or
an actual inhibition of one or more carbon fixation steps. Ozone may cause
both effects either simultaneously or subsequently.

As discussed in both Chameides (1989) and Heath (1994b), the
detoxification system used to remove O; or its products from the tissue is
critical. Any system can be overloaded if O; enters the cell rapidly.
Detoxification systems are generally enzyme-based and with a limited
amount of co-substrate (e.g., ascorbate) and enzyme (e.g., superoxide
dismutase) present. Again, the timing and amount of the oxidant exposure
may be closely linked to the effects observed due to multiple pathway
involvements.

There are at least three possible O3 pathways within the tissue to three
different cell types (Heath 1994a). The cells closest to the stomatal
aperture are the guard cells, and the short path to those cells would serve
to minimize the breakdown of Oz and maximize the exposure of those
cells. Thus, the guard cell should be exposed to the highest level of Os.
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The cells next closest are generally the subsidiary cells (Esau 1965). These
would be subjected to the next highest level of Os. The mesophyll cells
containing the chloroplasts are often the furthest from the entry point and
should receive the lowest exposure due to the breakdown of O3 during its
travel. It seems likely that these questions will not be answered on a
macroscopic investigation; the types of oxidants and where they occur
microscopically must be investigated.

1.13.2 Phosphoenolpyruvate carboxylase and enzymes of carbohydrate
breakdown

Phosphoenolpyruvate carboxylase (PEPc) is a cytosolic enzyme with
low activity in C3 plants in which it contributes to the refixation of
respiratory CO, and the replenishment of the tricarboxylic acid cycle
(TCA) in an anaplerotic pathway (Latzko and Kelly 1983, Chollet et al.
1996). Increased activity of PEPcase in conifers exposed to O3 was
observed for the first time at the beginning of the 1990s (Liiethy-Krause et
al. 1990).
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Fig. 1.16. Changes in RuBisCO and PEPcase activities of mature poplar leaves
fumigated for 1 month with 100 ppb Os. The dotted line shows the maximal
PEPcase activity (adapted from Renaut et al. 2009, Fig.5, 503)
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A high stimulation of the PEPcase activity was afterward found in
deciduous and coniferous trees (Saurer et al. 1995, Sehmer et al. 1998).
During chronic O3 exposure of C3 plants, a relatively substantial increase
in PEPcase activity accompanied a progressive decrease in Rubisco
(Landolt et al. 1994, 1997, Fontaine et al. 1999, Liitz et al. 2000,
Dizengremel 2001, Gaucher et al. 2003, Inclan et al. 2005, Leitao et al.
2008, Gandin et al. 2009, Renaut et al. 2009, Dghim et al. 2013, Fig.
1.16). Increases in the PEPc protein amount and the corresponding
mRNAs were also observed (Fontaine et al. 2003). The ratio between
Rubisco and PEPcase activities is decreased 3- to 20-fold in various
species (Dizengremel et al. 2009). The contrasting behavior of the two
carboxylases was also observed in the field where needles of declining
trees in Os-polluted areas showed lower Rubisco/PEPc ratios than needles
of healthy trees (Wild and Schmitt, 1995, Dalstein et al. 2002).

Under chronic O3 exposure, PEPc could supply organic acids to the
TCA cycle, thus providing precursors for amino acid synthesis through the
anaplerotic pathway (Dizengremel et al. 2009, 2012). The stimulation of
PEPc activity is related to the increased activities of several enzymes of
glycolysis and the pentose phosphate pathway as well as of cytosolic
enzymes delivering NAD(P)H (Dizengremel et al. 1994; Sehmer et al.
1998, Dizengremel et al. 2008, 2009, Dghim et al. 2013). The resulting
higher amount of reducing power would serve for repair and detoxification
mechanisms. In fact, phosphoenolpyruvate is at the crossroads of four
metabolic routes, which all increase under O3 exposure: mitochondrial
respiration, the anaplerotic pathway, the pathway for isoprenoid synthesis,
and the shikimate-phenylpropanoid pathway (Dizengremel et al. 2012).
However, it is interesting to note that the increase in PEPcase activity
would be transient (Fig. 1.16).

In the mitochondria, some TCA cycle enzymes were increased in
activity (Dizengremel et al. 1994, Sehmer et al. 1998). Using a
concentration of O3 at the limit of acute on tobacco, Ederli et al. (2006)
showed a decrease in the capacity of cytochrome oxidase and an increase
in the capacity of alternative oxidase (AOX), the non-phosphorylating
terminal oxidase of the respiratory chain. An increase in the alternative
pathway's capacity in leaves of Erythronium Americanum exposed to 80
ppb O3 for 3 weeks was also observed (Gandin et al. 2009). A net increase
in the level of mRNA transcripts for AOX was found in leaves of poplar
trees treated with 100 ppb Os for 4 weeks (Hasenfratz-Sauder et al. 2000)
as well as in tobacco leaves treated for a few hours with 150 ppb O3
(Ederli et al. 2006). Increased participation of AOX could limit the
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production of reactive oxygen species (ROS) (Purvis and Shewfelt 1993,
Maxwell et al. 1999), which follows the uptake of O3 by leaves.
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Fig. 1.17. Relative activities of three enzymes of carbohydrate breakdown and
Rubisco in the function of the cumulative O3 exposure for loblolly pine needles
exposed to CF, NF, and 2xOs ambient air (see Fig. 1.14 for details on studied pine
needles). G6PDH: glucose-6-phosphate dehydrogenase (HMP pathway); PFK:
phosphofructokinase (glycolysis); Fumarase (mitochondrial Krebs cycle). Adapted
from Dizengremel et al., 1994, Fig. 4, 304

A careful examination of the results obtained in a range of experiments
shows that the substantial increase in PEP case activity reaches a
maximum, which is transient (see an example in Fig. 1.16 with the dotted
line). More generally, the activities of several enzymes implied in
carbohydrate breakdown show an increase more or less pronounced before
a plateau and a decrease in function of the course of fumigation and, thus,
in the function of the cumulative uptake of O3 (Fig. 1.17; Dizengremel et
al. 1994). This decrease, therefore, accompanying the reduction in Rubisco
activity, would correspond to visible symptoms of injury and cell death.
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1.14 Case of C4 plants

Even though a general decrease in crop yield is described, it is rarely
mentioned that C4 plants are less sensitive than C3plants (Fig. 1.18). This
better tolerance could be due to the well-known lower stomatal
conductance of C4 plants compared to C3.
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Fig. 1.18. Effect of O3 on the yield of C3 (wheat) and C4 crops (corn, sorghum).
Adapted from Heagle et al. (1988), Fig.7.6, 159

The photosynthesis rate is generally more reduced in C3 than C4 plants
exposed to O3 (Miller 1988). However, in the two types, a good
relationship between the reductions in photosynthesis and yield was
observed (Miller 1988), as already mentioned for a series of C3 plants
(Reich and Amundson 1985). More recently, a similar decrease of the CO,
assimilation rate and Rubisco activity of C3 and C4 crops was observed
when expressed in the function of AOT40 (Accumulated amount of O;
above a Threshold value of 40 ppb), maize presenting the lower reduction
compared to wheat (Bagard et al. 2015).

However, when expressed on a POD (Phytotoxic O3 Dose) basis,
maize's response curves become more pronounced than those of wheat
(Bagard et al. 2015). Fig. 1.19 compares the changes in the photosynthetic
rate of the two crops expressed on an AOT40 and PODO basis. The
difference is that AOT40 only considers the external O; concentration
while POD integrates the uptake of Os, as discussed in paragraph 1.17.
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As shown in Fig. 1.20, Rubisco's activity decreased along with the
PODO values for wheat, poplar (C3), and maize (C4).
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Fig. 1.19. Comparison of the relative photosynthetic rates of wheat and maize
expressed on AOT40 and PODO (adapted from Bagard et al. 2015, Fig. 2, 415)
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Fig. 1.20. Dose-response relationships for Rubisco activity (A) and PEPc activity
(B) of maize, wheat, and poplar exposed to Os. Wheat seedlings were exposed to
charcoal-filtered (CF) air, CF air + 40 ppb O3, and CF air + 120 ppb Os for 18 days
during the 14-h light period. Maize seedlings were exposed to CF air, CF air + 40
ppb O3, and CF air + 80 ppb O3 for 32 days, 12 h daily during the light period.
Hybrid poplar trees (Populus tremula x Populus alba, INRA 717-1B4 clone) were
exposed to CF air, CF air + 40 ppb O3, and CF air + 120 ppb O3 for 35 days, 13 h
daily during the light period (adapted from Bagard et al. 2015, Fig.3, 416)
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The activity of PEPc was increased in treated leaves of wheat and poplar,
which is a typical response of C3 plants to Os; this stimulation is related to a
stronger demand in reducing power for detoxification and repair processes.
By contrast, in maize leaves, the activity of PEPc, which is in charge of the
primary step of CO; fixation, is strongly reduced in response to Os, as
previously shown by Leitao et al. (2007). This decrease is even stronger than
that observed for Rubisco, PEPc being more exposed in mesophyll cells
while Rubisco would be more protected in bundle-sheath cells. In the field,
the least sensitivity of maize, compared to wheat, for similar atmospheric O3
concentrations, is probably largely due to its smaller stomatal conductance,
which considerably reduces the uptake of Os.

1.15 Biochemical mechanisms of O3 impact

Investigations of which biochemical systems were altered by O;
exposure began as soon as it was clear that exposure lowered productivity
(see above). Of course, in the 1950s the ability to measure the varied
biochemicals was severely limited by the available knowledge. Only a few
enzymes could be measured, and the various metabolic pathways were just
being put together. Many of the assays were bioassay-linked; for example,
hormones were determined by what they did to plant growth physiology.

Heath (1980, Table 1) postulated that oxidants' entry must lead to
membrane impairment and osmotic imbalance, leading to altered
biochemical pathways. The interaction of these two processes leads to
selective permeability loss, which forces a decline in transpiration.
Photosynthesis inhibition is forced by these events leading to altered water
potential and a lack of biochemical intermediates. The collapse of normal
cell processes will lead to cellular injury. Furthermore, weak acids formed
by the exposure of plants to either HF or SO, may lead to cytoplasmic
poisons, including osmotically active agents, which then become
entangled with the above processes. Many of the functions were suspected
but not yet proven as there were few or no connections for events. Olszyk
and Tibbitts (1981) had shown that SO, and O; did interact in an
interesting but challenging to understand manner. The line of how varied
toxic elements of a generalized atmosphere can interact to cause more
significant or sometimes lesser injury has not been well studied as yet.

Nonetheless, many reports were moving towards an understanding of
how Os3 altered plant productivity. Some systems were more sensitive, and
some had no relation to O3 exposure. For a time, the physiology was
decoupled from both genetics and biochemistry (see above). It was
towards the 1990s that real progress was made, and a link with a
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physiological understanding about biochemistry and especially genetic
control was the driving force.

1.15.1 Model Systems

The concept of a model biological system was discussed at length by
Heath (1994a). These model systems were simpler systems of unicellular
cells or organelles, which, it was thought, could provide insight to more
complex whole plant systems. This was the case for chloroplasts subjected
to O3 (Coulson and Heath 1974). Ozone bubbled into a suspension of
isolated chloroplasts inhibited electron transport in both photosystems
without uncoupling ATP production. Photosystem I was found to be a
little more sensitive than photosystem II. O3 was found not to act as an
energy transfer inhibitor since the drop in ATP production and high energy
intermediate (measured by amine induced swelling) was nearly parallel to
the decline in electron transport. Oz did not seem to penetrate the grana
region through the outer membrane of intact plastids. Simultaneously, it
inhibited the bicarbonate-supported O evolution, and the rate of
ferricyanide-reduction in osmotically ruptured intact plastids was
unaffected.

The gassing system for the green alga, Chlorella sorokiniana, was
similar to that used for chloroplasts, with most of the O3 passing through
the solution unreacted, until quite late in the fumigation process (Heath et
al. 1974, Heath 1987b). The fumigation dose was varied by time of
exposure. After fumigation of the cells, they were removed to another
vessel to probe the viability of cells, loss of varied ions, or photosynthesis.
For example, the cellular viability (as measured by a cell's ability to form a
plaque on agar plates) was reduced by 60% after 50 minutes of O3
exposure (2.6 pmoles Oz/min). A dramatic increase in TBAR (a test for
malondialdehyde, a product of lipid peroxidation) formation with an 8-9%
loss of the unsaturated fatty acids was noted (Frederick and Heath 1975).
These kinetics were mirrored by the loss of K+ from the cells measured by
ion-specific electrodes (Chimiklis and Heath 1975).

As measured by Os-evolution and the fluorescence kinetics,
photosynthesis was completely inhibited by 20 minutes of Oz exposure
(total introduced O3 = 3.7 pmoles, Heath et al. 1982). Under these
conditions, the kinetics of chlorophyll fluorescence (in the dark-adapted
alga, measured as yield excited by one actinic light; with the level before
actinic light exposure equal to Fo) were also examined. After 2 minutes of
O3 exposure, the initial peak of fluorescence became higher (Fv/Fo = 3.0-
3.2) than that initially (Fv/Fo = 2.2) but was significantly inhibited (Fv/Fo

printed on 2/13/2023 5:47 AMvia . All use subject to https://ww. ebsco. coniterns-of - use



EBSCChost -

52 Chapter One

= 1.4) by more prolonged exposure (4x). The value of Fo rose by about
10% during the first 5 minutes, but then fell to less than 0.4 after 20
minutes. The decline in Fo indicated a general disruption of the cell and
was consistent with the dramatic decrease in the ability to hold metabolites
within the cell and pump ions into the cell (Heath 1984a). Furthermore,
the cell's ultra-structure underwent a dramatic alteration at this extended
time of exposure, suggesting a general cellular collapse (Swanson et al.
1982).

The rise and subsequent decline in Fv/Fo suggest a change in electron
flow or energy transduction. Higher Fv/Fo indicates a blockage in electron
flow out of PS II (similar to the addition of DCMU or a lack of CO,) and
is consistent with the rise in Fo. The later decline suggests that either
energy is being used more efficiently in photosynthesis (which is not
supported by the oxygen evolution data) or, more probably, energy
transduction is being altered.

In this period, the permeability and membrane properties of the
Chlorella sorokiniana are being changed such that ion distribution is no
longer normal (Heath 1987b, Heath and Castillo 1987). It can be argued
that in this period (or equivalent dose), the ionic imbalance of the cell is
beginning to affect the normal processes of photosynthesis. In this system,
no studies of any of the photosynthetic enzymes were undertaken, but the
data support the concept that initially (within 2 minutes) Ribulose
Bisphosphate Carboxylase/Oxygenase (Rubisco) is being inhibited (Pell et
al. 1994b).

Thus, the data collected on Chlorella sorokiniana argue that there are
three phases of Os disruption: (1) an ion leakage and transport impairment
of the plasmalemma induced by short exposure to O3, temporarily leading
to a rise in Fv/Fo and a slight inhibition of Rubisco and photosynthesis; (2)
a loss of membrane permeability and depolarization of the plasmalemma
leading to a fall in variable fluorescence with an apparent blockage of
electron flow within the chloroplast; and (3) a general disruption of the
integrity of the cell concurrent with a decline in dark level of the
chlorophyll fluorescence yield (Fo). In retrospect, these data suggest that
changes in fluorescence patterns would occur only upon extreme
disruption of cells within leaves, corresponding to high Os levels in the
atmosphere and gross visible injury. Therefore, many of these model
studies must be equated with acute fumigations of plants, rather than
chronic, except for very low doses at early time scales (Heath 1987a).
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1.15.2 Lipid Alterations and Membranes

From studies on model systems, it seemed that the membranes of the
cell were the primary target of Os for three reasons: 1) the plasma
membrane was the first limiting region of the cell and so must be "hit"
first; 2) electron microscopy showed that membranes were often altered or
the internal structures of organelles were being changed, and so
membranes must be altered to shift the internal structures; and 3)
unsaturated fatty acids of membranes were highly reactive with Os. One
might expect that lipids within the membrane would protect enzymes
within them, but Banerjee and Mudd (1992) showed in a model system
that enzymes within lipid vesicles could be altered more rapidly than
outside.

Certainly, in chemical systems, O3 rapidly attacks double bond systems
(Bailey 1958). One of the more studied chemical reactions of O3 with lipid
is the Criegee mechanism listed below, in which the O3z molecule adds to
the double bond with an oxygen bridge and a dioxygen bridge. This
intermediate breaks down into a wide range of oxidative products (Fig.
1.21 and see Heath 1987b, for more details).

It was thus expected that fatty acids of plants, which have many double
bonds, would be attacked by O3 with breakage of the double bonds. Since
these lipids play a significant role in the formation of membranes, that
breakage would be expected to play an important role in altering
membrane function, leading to a loss of membrane permeability. That
alteration of membrane permeability would lead to gross instability and
the death of the cell. Furthermore, some early studies found a compound
of malondialdehyde, a marker for the oxidation of fatty acids
(Thiobarbituric acid (TBA) reaction; see Heath and Packer 1965; Heath
1978). That linkage was not very well proven because sucrose itself can
generate an orange color with the TBA reaction.
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Fig. 1.21. Ozonation of a double bond within a fatty acid by the Criegee

mechanism. For a complete diagram, see Figure 7 in Heath, 1989. There are 8

different units, mostly fragmentation from the carbon double bond. From
Ozonolysis in Wikipedia Commons, the free media repository

Yet, it is difficult to study lipids in leaves since there are many pools of
a great diversity of lipid types. Also, similar lipids are used in several of
the membranes of organelles and the plasma membrane; the loss of one
kind of fatty acid would not show a site of that loss. If one expected to
have Os attack the plasma membrane lipids, they would have to be
separated from lipids within each organelle: a difficult task. Thus, it was
thought to approach lipid injury/damage by other methods, see Fong and
Heath 1981. The concept was to label the fatty acids within the lipids with
radioactive acetate: acetate on the leaf's surface was taken up by the cells
by a passive transport and then entered into fatty acid synthesis via the
acetyl-CoA molecule. Following a pulse of acetate, the leaf would then
show changes in lipid turnover. This interesting idea was tried, but the
acetate's entry was not as constant as it needed to be, leading to
uncertainty in the turnover rates. Furthermore, in the 1970s, analysis of
lipids was by TLC plates leading to difficulties in analysis.

To understand these lipids' turnover, Sakaki (1998) fed acetate directly
to the leaves by applying a small drop of the solution before fumigation
(two days). This allowed the acetate to enter the leaf with partial
equilibration with the acetate pools within the leaf. The experiments of
Fong and Heath (1981) were frustrated by variability when the labeling
was done just before fumigation. Evidently, under those conditions,
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permeability and other Os-induced metabolic changes altered the flow of
acetate, and so the specific activity within the leaf was uneven. In the data
collected by Sakaki et al. (1990), this did not seem to be a problem since
the related amounts of fatty acids within the lipids measured by
radioactivity were uniform for both fumigated and non-fumigated cases.
Unfortunately, the fatty acid's specific activity was not stated in the
publication to allow a complete evaluation.

In a similar experiment, Sakaki et al. (1985) followed the ratio of
Diglycoside Diglyceride (DGDG) to Monoglycoside Diglyceride
(MGMGQG) in spinach plants exposed to 0.5 ppm O3 for up to 6 hours and
found that the ratio declined from 1.82 to 1.37. These diglycerides are
generally found in the thylakoid membranes of the chloroplast and, as
such, would indicate changes in those membranes (Heath 1987b). There
was no discussion of the amount of visible injury observed, which can be
expected to be sizeable since spinach is generally very sensitive to Os.

1.15.3 Transport of materials through the membrane

Early physiological studies by the Ting group regarding how O;
exposure alters leaf discs' ability to take up sugars (Evans and Ting 1973,
Perchorowicz and Ting 1974) or the tracer Rb for K (Evans and Ting
1974) demonstrated that uptake was stimulated by Oz exposure suggesting
an increase in permeability, and disc uptake is not the same as transport
within the mesophyll cell structure. Most uptake is through the cut edge of
the disc. Yet O3 does change something within the leaf leading to faster
uptake.

Primary studies by Thomson and his colleagues (Swanson et al. 1973)
showed that after exposure of plants to O3, the membranes in chloroplasts
seemed to be disorganized as observed by electron microscopy and formed
unusual EM structures. Furthermore, lipid bodies were more pronounced
in chloroplasts in plants exposed to O3, suggesting that the lipid
metabolism or membranes were being altered. Certainly, membrane
functions, such as membrane fluidity (Pauls and Thompson 1981),
permeability by potassium exchange via ATPase reactions (Dominy and
Heath 1985), and calcium exclusion (Castillo and Heath 1990), are rapidly
altered by O3 exposure. The similarity of Os-induced membrane disruption
to wounding responses (Langebartels et al. 1991; Kangasjarvi et al. 1994)
would suggest a membrane trigger, perhaps a change in Ca** movements
(Heath and Taylor 1997), leading to the induction of normal wound-
regulated genes (Mehlhorn et al. 1991; Ecker and Davis 1987; Karenlampi
et al. 1994).
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Mudd et al. (1969) reported on the susceptibility of amino acids and
proteins to Oz. Cysteine was the most susceptible amino acid, followed by
methionine, tryptophan, tyrosine, histidine, cystine, and phenylalanine,
listed in decreasing order of susceptibility. Proteins are associated with
membranes and span the membranes as transport agents. If exposed to O3,
these membrane proteins would be expected to have sulthydryls oxidized
to -S-S- or even into -SO3, as Mudd found. Indeed, significant alterations
of both transport units and fragility in red blood cells are found (Mudd et
al. 1996; Koontz and Heath 1979). Yet Mudd et al. (1997) found that O3
did not react with the RBC membrane's lipids.

These observations lead to the hypothesis that O; induces a loss of
membrane permeability and the inhibition of transport of some ions by
membrane components’ oxidation. In particular, a change in membrane
function leading to a rise of intracellular Ca®>" would lead to the alteration
of all sorts of intracellular metabolism, similar to that observed in the
wounding of plant tissue. Castillo and Heath (1990) demonstrated that
plasma membrane Ca?' transport systems were in vivo altered by Os
exposure, assayed after isolation from exposed plants with the inhibition
of an efflux pump and stimulation of influx permeability.

Heath (1987b) also argued that the breakdown of O; in water could
produce H" and alter the wall space pH. The loss of K* from and the gain
of Ca®' into the cell's interior coupled with an increased amount of K*
outside and a shift in apoplastic pH could increase the loss from the cell of
a wide range of metabolites, induce enzyme activation and alter normal
gene transcription. Peroxidases (Castillo et al. 1984) and superoxide
dismutase (Castillo et al. 1987) were stimulated, yet diamino oxidase
(Peters et al. 1989) was inhibited by O3 fumigation in vivo. Further, O3
exposure lowers the amount of ascorbate acid within the wall (Castillo et
al. 1987) and stimulates ethylene production, probably via a membrane
wounding response (Tingey et al. 1976a, Wang et al. 1990). If the
membrane potential depolarizes, the cell will likewise react as in
wounding and respond to a pathogen attack (Boller 1991). Depolarization
would then lead to the production of ethylene and the activation of
extracellular peroxidases. Those sequential events could trigger a series of
other metabolic responses, summarized in Heath (1994b), with
experimental evidence given in a series of excellent papers (Langebartels
et al. 1991, Schraudner et al. 1992). One should note the possible relation
between wound-ethylene release and the ethylene-induced closure of the
stomata (Taylor et al. 1988, see above). Thus, the two types of injury —
"inhibition of photosynthesis” and “visible” — may be the interactions
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between an ethylene presence and the pathways that stimulate ethylene
release.

1.15.4 Antioxidants

The interaction of ozone and plant tissues is mainly driven by three
distinct processes: changes in external O3 concentration, O3 uptake into the
leaf, and Os detoxification within the leaf. The diurnal pattern of
detoxification does not necessarily match the diurnal patterns of external
O3 concentration and uptake (Heath et al. 2009; Wang et al. 2015),
responsible for injury/damage to vegetation (Musselman et al. 2006;
Mishra and Agrawal 2015).

As stated above, oxygen and its ultimate reaction compounds are very
toxic to life. Often those toxicants are localized in specific regions or
structures to limit further reactions. This limitation method may not
always be successful, and thus, several sequences can stop various
oxygen-derived compounds (see Table 1.5). The detoxification of varied
radicals generated by Os within plants was discussed by Heath (1987b,
1999) and has been linked to several antioxidant systems with plants. In
general, these reactions are noted in very humid air and with aqueous
systems, much like inside cells. Those possible reactions involve hydroxyl
radicals, superoxide, peroxyl radicals, and other postulated radicals of Os.
One potential antioxidant for lipid hydroperoxides is tocopherol, a lipid
antioxidant (see Heath 1996c¢). While much work has been done on
tocopherol reactions, little has been demonstrated in plants that tocopherol
is critical to protect lipids from O3z (compare Csallany et al. 1970 and
Abbasi et al. 2007). In fact, in a pure chemical demonstration, Giamalva et
al. (1986) showed that Oz attacks tocopherol very poorly, and so a
secondary type of reaction with an Oz produced hydroperoxide must be
expected to react with tocopherol.
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Table 1.5. Various enzyme systems drive antioxidant reactions. Adapted
from Heath 1999, Table 2. GSH and GSSG are glutathione (reduced and
oxidized). Of note is that peroxidase reactions have often been measured
using substrates linked to a specific NADH reaction (see Castillo and
Heath 1990). Many of these enzymes are isozymes, similar reactions but
differing protein structures found in various organelles. The latter three
reactions are linked so that ascorbate levels can remain virtually intact by
speeding the production of H,O, and using GSH to detoxify it, through
varied GSSG reductases

Catalase 2 H,0, — O, +2 H,O

Peroxidase* 2 H,O, + NADH — NAD +O, + H*

Superoxide Dismutase 2 Oy +2 H" — O, + H,O

Ascorbate Peroxidase 2 H,0O, + Ascorbate — Dehydroascorbate +
2 H,O

Glutathione Peroxidase 2 H»O, + GSH — GSSG + 2 H,O

Ascorbate Reductase Dehydroascorbate + 2 GSH — GSSG +
Ascorbate

Early experiments showed a protective role of ascorbic acid (AsA)
against Os injury in pinto bean plants (Freebairn 1960). Since then, several
papers have supported the view of a direct correlation between AsA
content and O; tolerance (Méchler et al. 1995). Over the years and
decades, it was admitted that O; tolerance in a given plant species or
cultivar could only be somewhat predicted based on its AsA content.

The apoplastic ascorbate appears to be a good candidate to react with
O3 and Reactive Oxygen Species (ROS) (Polle et al. 1995, Luwe et al.
1993, Plochl et al. 2000, Turcsanyi et al. 2000, Wang et al. 2015). The
apoplastic ascorbate accounts for less than 10% of the total leaf ascorbate
amount but plays important roles in antioxidant defense, perhaps due to its
position within the membrane and the entry of toxic species (Noctor and
Foyer 1998, Pignocchi and Foyer 2003, Dumont et al. 2014, Yendrek et al.
2015). However, many studies showed that a higher AsA content is not the
only possible mechanism involved in O; tolerance (Ranieri et al. 1999,
Conklin and Barth 2004, D’Haese et al. 2005, Dizengremel et al. 2013;
Grantzet al. 2013, Dai et al. 2018). The problem of regenerating oxidized
ascorbate via the ascorbate-glutathione (AsA-GSH) cycle located in
cytosol and organelles was raised, pointing out a possible better role of
glutathione as the main antioxidant (Dizengremel et al. 2013, Dusart et al.
2019a, b).
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Guzy and Heath (1993) examined enzyme activation in a slightly
different method using 12 cultivars of the bean, differing in their
sensitivity to Oz, fumigated with O3 in a growth chamber. Each fumigation
was ended as soon as the most sensitive variety began to show
waterlogging at the leaf margins, so fumigation duration varied from 75 to
135 minutes. O3 concentration remained constant but high during the
fumigations at approximately 0.4 ppm. Assays were done on stomatal
conductance, photosynthetic rate, total ascorbate levels, free sulfhydryl
concentration, and a non-specific peroxidase.

The major conclusions (Guzy and Heath 1994) were:

Some Os-tolerant varieties appeared to lower chlorophyll loss solely by
blocking Os entry through decreased stomatal conductance, whereas other
Os-tolerant varieties appeared to mitigate O3 damage through the action of
the antioxidants, ascorbate, and non-protein sulfhydryl. Similarly, Os-
sensitive varieties showed possible alternative mechanisms of sensitivity.
Damage appeared to derive from either comparatively high stomatal
conductance or comparatively low levels of antioxidants despite low
stomatal conductance.

In other words, Os toleration can be accomplished in different ways.
Moreover, a ranking of chlorophyll loss versus the varied processes did
not correlate with much of anything measured. This study shows how
difficult it is to "dose" the plant with a known and constant O3 level and
then examine processes that are complex and difficult to measure.

1.15.5 Phytohormones

Current concepts of oxidant-induced alterations of plants involve major
systems (reviewed by Heath 1999, see above), including varied ROS
species able to generate wounding proteins and activate ethylene
production and lead to premature senescence. The activation of some or all
of these systems rapidly leads to an early loss of productivity combined
with the inability to remobilize nutrients elsewhere in the plant. The
involvement of phytohormones in plants' response to Oz was largely
admitted early on, even though they were not considered responsible for
the primary response but rather as signals of stress (Meyer et al. 1987).

1.15.5.1 Auxin

Frits Went, a Dutch botanist, discovered auxin's role as a plant growth
substance (Went 1926) and proposed the oat coleoptile curvature test for a
bioassay of auxin (Went, 1928). The first compounds considered as auxins
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(auxin a and b, heteroauxin) were isolated from human urine by Kogl and
Haagen-Smit (Kogl and Haagen-Smit 1931; Kogl et al. 1934). In 1933
Went moved to the USA, working at the California Institute of
Technology, where Haagen-Smit joined him in 1937. A few years later,
Haagen-Smit isolated Indole-3-acetic acid (IAA or heteroauxin) from
higher plants (Haagen-Smit et al. 1941). At the beginning of the 1950s,
when the damages caused to plants by smog were worrying, Went's group
discovered that smog decreased the Avena test's coleoptile sensitivity and
proposed this bioassay to quantify low amounts of photooxidants in the
smog (Hull et al. 1954).

Interestingly, it was recently observed that ROS production induced by
oxidative stress, such as Os, can alter auxin gradients and auxin-mediated
signaling in plants (Blomster et al. 2011; Choudhury et al. 2017). Auxin is
probably implicated in the adaptive strategy to withstand the stressful O3
impact through redox-dependent ROS-auxin crosstalk (Tognetti et al.
2012). Sixty years separate the first observations of auxin inhibition under
smog from the current research on altering hormone action under oxidative
stress. Moreover, these relations show that plants are an integrative
system, where one incidence of stress can provoke changes in many,
seemingly unrelated pathways.

1.15.5.2 Ethylene

In the early 1990s, it was clear that multiple independent pathways did
interact after O3 exposure (see Heath 1994b). An attempt was made to link
variable pathways to a membrane injury's initial event (Fig. 1.22A). Early
studies showed that ethylene was involved in O; injury: however, the
cause and effect were poorly linked in these experiments (Craker 1971,
Tingey et al. 1973, 1976a). Due to its known link with the wounding of
plants, ethylene was soon reported to be produced by plants fumigated
with O3 (Craker 1971). Ozone was delivered at a relatively high
concentration (250 ppb), and, after only 2 hours of fumigation, the
production of ethylene was accompanied by progressive leaf damage.
With similar high concentrations of Oz delivered to a series of plants, a
good correlation was observed between ethylene production and a
concentration of O3 up to 750 ppb (Tingey et al. 1976a). Interestingly, in
this study, wheat was largely more sensitive to O than corn (see Fig.
1.19). Ethylene, produced by oxidative impact before a visible injury
occurs, was associated with the further development of early senescence
and plant tissue injury (Craker 1971).
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Fig. 1.22.A. Multiple pathways and branching of varied toxic species. A toxicant
produced by O3 can have multiple effects. Redrawn from Heath 1994b,
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Fig.1.22. B. Branched pathways generated by a fungi attack leading to varied
wounding species and activation of defensive genes. Adapted from Ward et al.
1991, Lamb and Dixon 1997, Simon-Plas et al. 1997

As research continued, it was clear that plants' pathogen attack
activated similar pathways, and alterations of membrane function were the
primary stimulus of the remaining systems (see Fig. 1.22B for a more
modern diagram of how antioxidants, internally generated H,O,, and
wounding were linked). Most importantly, defense genes were stimulated
and produced more globally compounds used to activate regions of the
plant that are not immediately involved, such as salicylic acid and
jasmonic acid. No doubt, we are just beginning to understand these
relations and how genetic stimulation is carried out.

Polyamines were also implicated in Os toxicity as there was an
activation of some of the polyamine pathways (Bors et al. 1989; Ormrod
and Beckerson 1986). Furthermore, it was known that polyamines could
eliminate some radical reactions (see Drolet et al. 1986) linked to O3 entry
into the plant (see above). The linkage of the activation of ethylene
formation and polyamines was ultimately shown by the pioneering studies
of Langebartels of Sandermann’s team (see Langebartels et al. 1991). One
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can understand the difficulty of these studies by examining the known
pathways of ethylene and polyamines (Fig. 1.23). They are interlinked but
activated by different systems, including other phytohormones.
Furthermore, while the activation of the pathways may be somewhat rapid,
the actual formation of ethylene is slightly delayed due to the need for
other metabolic conditions to be present, the gas of CO, and auxin.

wounding Activats Ca’--depandant
Wall fragments TTTeTTmmTemmmsemooseoew Protzin Kinass
Intracellular Cal- incrassa

) Activata DNA
4 transcription factors
TCA Cyels
| ./ ey ACC
ACC Synithase Cidase

4 Fumarata

5-Adanos- _". Amino Cyelopropans ' Ethyle
Metbinnine—*h{athin:]ma{s.‘ﬁ»{) Carhoxvlats (ACC) e

Polvamina Pathweay
s e Salicylic Acid
ipi o EE 13-Hydmopsromy- 2 ¥ o
Phospholipid - Linolenic Acid Lo loai e Allena Oxide
b Syetemin — Tra;z:ldam Jasmomnic Acid

Fig. 1.23. Involvement of the polyamine and ethylene pathways with cell wall
wounding and activation of defense pathways. Compare with Fig. 1.22B. Synthesis
of newer work by authors

Twenty years later, it was shown that a significantly lower O3
concentration (80 ppb) delivered for 5 hours a day to potato induced
ethylene production after 3 days of exposure (Glick et al. 1995). The
increase in ethylene level correlated with a decrease in the rbcS mRNA
transcript (a small subunit of Rubisco). These changes preceded a decline
in Rubisco and accelerated senescence with visible damages on leaves
(Glick et al. 1995).

1.15.5.3 Secondary metabolism

As mentioned above (paragraph 1.1.3.2), PEP was increasingly used
under O3 exposure to produce secondary compounds. In isoprenoid-
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emitting plants, the synthesis of isoprenoids, which play an antioxidant
role, was increased (Ormrod et al. 1995, Valkama et al. 2007, Vickers et
al. 2009). As early as the mid-1970s, it was shown that O3 exposure
caused an accumulation of flavonoids in the leaves of soybean (Keen et al.
1975) and of phenolics in loblolly pine seedlings (Tingey et al. 1976b).
Ozone is now well known to cause increases in activities and gene
transcription of a series of enzymes of the shikimate pathway and the
phenylpropanoid pathway in leaves, leading to increased production of
phenolic compounds and monolignols (Rosemann et al. 1991, Tuomainen
et al. 1996, Booker and Miller 1998, Dizengremel 2001, Cabané et al.
2004, Betz et al. 2009). In poplars exposed to Os, an increase in lignin in
the wood was observed, counterbalanced by a decrease in other cell wall
components (Richet et al. 2012). In particular, there is an increase of the
lignin to cellulose ratio, which would allow the tree to maintain radial
growth while minimizing carbon cost (Richet et al. 2011).

It is well defined that O3 exposure can shift the normal homeostasis
within the plant and that the effects are multiplied within the varied
pathways (Heath 2007). Undoubtedly, some of the differences in
observations of various species and varied fumigation regimes are the
varied activations of these multiplicity pathways. We expect that much
more will be clarified as the interrelations between pathways and
activation processes become better understood.

1.16 Steps of control of O3 uptake

It would be delightful to say that research on O3 interaction with plants
forced governments to crack down on the air; however, the driving force
of the issue was O3 being unhealthy for humans. This research led to the
"primary" standard for air quality (in the USA) or, what was the highest
level of Ojs that induced no changes in human health? The "secondary"
standard was set by the levels of O3 that induced "no alteration in plants'
productivity."

In California, state standards were set by an early committee that
turned into the California Air Resource Board with a clear mandate to set
urban air basin standards. It became clear that the reaching of those
standards would require a national effort. Cars sold in the US had to be
made to release the various toxicants that internal engines made; the
oxides of nitrogen emitted (see equation 1-1) had to be reduced to near
zero. Ultimately, in the mid-1970s, the United States' federal government,
passed a complex law called "The Clean Air Act," which continues to be
modified. This law generated the concept of primary and secondary
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standards and required the Environmental Protection Agency (EPA) of the
US to set the standards based upon reports generated by scientific research
and written by scientists. Each decade the oxidant standard (used O3
primarily) had to be re-thought and have a revised report.

The current US secondary standard (see National Ambient Air Quality
Standards for O;, 2015, including the primary standard) is 0.070 ppm
averaging time over 8 hours linked to an annual fourth-highest daily
maximum, averaged over 3 years.

Similarly, the European scientific community drew the policymaker's
attention to the problems caused by air pollution to the health of human
people and vegetation. Thirty-two countries in the pan-European region
decided to cooperate to reduce air pollution. In 1979, they signed the
Convention on Long-range Transboundary Air Pollution (LRTAP),
negotiated under the auspices of the UNECE (United Nations Economic
Commission for Europe), creating the first international treaty to deal with
air pollution on a broad regional basis. The LRTAP Convention's objective
is to limit and, as far as possible, gradually reduce and prevent air
pollution over a long range and trans-boundaries. Like the US, the success
of the Convention in air pollution abatement is linked to its solid scientific
underpinning. This was established by developing a common knowledge
base, including an extensive international network of scientists of various
disciplines aimed at joint monitoring and modeling programs. Besides, the
Convention has provided a platform for scientists and policymakers to
exchange information. Initially mainly centered on acid rain and sulfur and
nitrogen oxides, the Convention's work later included Os. The Gothenburg
protocol signed in 1999 was set up to abate acidification, eutrophication,
and ground-level Os. It entered into force in 2005, and a revised protocol
was adopted in May 2012.

For the protection of vegetation, from May to July each year, the target
value would be (AOT40 based, calculated from 1h values) 18,000 pug/m3-h
averaged over five years.

1.17 Metrics: a tool for determining responses

Unfortunately, the science of air quality and its interactions with plants
was too good. Enough information was gathered to show that the air
quality of urban regions had to be improved to prevent damage within
many regions and would not alter important ecological areas "down-wind'
from where it was produced. Political forces demanded that "we develop a
metric that could be used region-wide to regulate the amount of Os that
could be in the atmosphere but would not harm plants".
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Yet plants vary in their response to O3 because many bioprocesses
interact. Those interactions must be taken into account and averaged such
that one level of O3 was at the tipping point between normal growth and
injury. A simple threshold would not do since environmental conditions
vary in each region and with each growing plant. The scene was set for a
long and quite active battle between varied metrics that could be
expressed: how to weight conditions of O3z according to how plants
expressed injury (Musselman et al. 2006). In other words, the thresholds
improve dose-response relationships and might account for the detoxifying
capacity of leaf tissues. Some of the attempts are shown below in Table
1.6.

It was not satisfying to express the effect of Oz as a function of the time
plants are exposed to the pollutant. The first indexes for estimating the O;
impact were using the cumulative concentration of atmospheric O3 near
the plant. Several indexes have been developed over the past few decades,
using different metrics to relate Oz concentrations to the pollutant's
measured factor. Mainly in the USA, the first metrics in the 1980s were
the average Os concentration delivered during the growing season and
daylight (7h = M7 or 12h = MI12). The accumulated daylight O3
concentration (sum over 8 hours) was used, and a threshold for injury was
chosen. This was the case for SUMO06, which is the sum of hourly
concentrations greater than 0.06 ppm and, primarily in Europe, AOT 40,
the accumulated amount of Oz over a threshold value of 40 ppb. The
W126 standard, also used in the USA, is the sum of hourly concentrations
during a growing season weighted by a sigmoidal function, such that
higher concentrations are given more weight.
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Table 1.6. Successive modes of expression of the threshold for O;
toxicity. The SUMOO index is the sum of all mean hourly concentrations
(in ppb.h). AOT40 is the Accumulated amount of O3 over a Threshold
value of 40 ppb. D represents the detoxifying cellular power. CUO:
Cumulative Uptake of Oz. PODy (Phytotoxic O3 Dose) is the accumulated
stomatal O3 flux above a threshold of Y nmol m-? s-! below which it is
assumed that any O3 molecule absorbed by the plant will be detoxified

index measurement parameter unit

atmospheric (0] SUM00 ppb.h

concentration-based AOT40 orppmh

stomatal flux-based O, uptake 20,Flux mmol O;m’
Cuo

integrated flux effective phytotoxic flux? | X(0,Flux-D) mmol Oym?
PODy with y in nmol.m’s”!

At the end of the 1990s, the scientific community estimated that the
concentration of O3 outside the plant was not a useful index since it only
considers the concentration of Oz around the leaf. An improvement was
thus made by taking into account the uptake of O; through the stomata
(CUO or cumulative uptake of O3), and a further step was recently made
(around 2009) by trying to integrate the detoxifying capacity (POD or
phytotoxic O3 dose). PODY, is the accumulated stomatal Os flux above a
threshold flux of Y nmol m2 s, i.e.:

PODY =) max (Fst — Y, 0) dt, where stomatal flux Fst, and threshold,
Y, are in nmol m 2 s™!. This sum is evaluated over time, from the start to
the end of the growing season. The estimated accumulated stomatal flux,
POD (in mmol m?) was determined by summing hourly O; uptakes. The
hourly O; uptake (in mmol.m?2.h!") was estimated by the integration of
rapid uptake (Fst, in nmol m™ s'') over an hour with Fst = 0.663 gs [O3] am.
Fst is O3 flux entering the leaf; gs is the stomatal conductance to water
vapor, and [O3] am is the Os concentration around the leaf. The leaf
boundary layer resistance was considered negligible compared to the
stomatal resistance and was not considered in the calculation of Os fluxes.
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PODy, derived from flux-based methods, integrates instantaneous O3
flux thresholds to determine the cumulative stomatal O; uptake. Such
thresholds improve dose-response relationships and may account, in part,
for the detoxifying capacity of leaf tissues. The problem of integrating the
detoxification power of leaf cells as a parameter in the indexes for O3 risk
assessment is still debated (Dusart et al. 2019a). A major sticking point is
how to obtain good values for stomata responses and the detoxifying
capacity of each cultivar and species within a controlled region.

However, to evaluate the current and predict the long-term effects of
O3 on plants at larger scale than the cell or individual plant, the
concentration-based metrics, either seasonal mean daytime O3
concentration (M7, M12), accumulated daytime hourly Oz concentration
above a threshold (SUM06, AOT40) or continuously weighted growing
season averages (W126) are still in use (Wang and Mauzerall 2004; Van
Dingenen et al. 2009; Avnery et al. 2011; Anav et al. 2016).

A leap in experimental evidence of Os-derived injury patterns was
made with better fumigation facilities, open-topped chambers (see above).
This "final" exposure chamber was used to formulate the above varied
metrics. As argued above, these chambers were a great system, but
because of the mixing of O3 with ambient air and the enclosure, they
should not be an endpoint; however currently, possible improvements,
which will be expensive, seem to be unsupportable.

Initially, the plants used were of obvious agricultural importance: those
plants that exhibited visible injury lowered the economic value and
production index. After many observations, it was equally clear that plants
in an ecological setting were likewise altered, often those of low economic
value, and deemed unimportant to political consideration. These
alterations tend to weaken the plant, generally, trees, such that other
diseases or insect pests could kill the tree, eliminating all economic value.
Now all countries could see that urban air, moving into important
ecological areas for tourists and the harvesting of trees, would be critical
and needed studies. Enough information was gathered to show that urban
regions' air quality had to be improved to prevent damage within the
region and ecologically important areas "down wind" of where it was
produced.

Changes in the political environment, specifically funding, made
scientists trained in plant production move into other related fields — such
as relating to Earth's rising CO; level. In our opinion, that shift virtually
eliminated research in oxidant air components and plants. No funding
meant fewer students were entering the area. Thus, with the aging and
ultimate retirement of the current researchers who are coupled to the
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improvement in techniques, they will be permanently lost. It will take a
significant effect to rebuild these downwind resources.

Perhaps this loss is much like the loss of buggy whip manufacturing —
not important. But we wish to point out that while O3 has been studied well
and its interaction is partly understood, the urban air contains many more
potentially-toxic compounds, and we know virtually nothing about those
interactions with plants or humans.

1.18 Concluding Remarks

The research history on the impact of O3 upon plants is only around
seventy years old. During the first half of this period, two landmark papers
can be distinguished. In 1952, Haagen-Smit demonstrated that Os, a
secondary product of the photochemical smog, was responsible for smog's
visible damage (Haagen-Smit et al. 1952). Thirty-five years later, Reich
debated in a premonitory paper about most of the problems linked to the
mode of action of O3 on crops, trees, and ecosystems, even though the
differences between species were thought to be restricted to differences in
the stomatal conductance (Reich 1987). The next improvement came from
utilizing the "omics" techniques to better identify pathways and genes
implied in response to O3 (Heath 2008, Renaut et al. 2009, Soltani et al.
2020).

It appears now that multiple parameters are implied in the toxicity of
the O3 flux into the plant (Heath et al. 2009). This kind of scientific
dialogue reappears in the research on Os-induced injury. As early as 1958,
Todd clearly described plants' dual response to O; in Los Angeles,
showing either visible symptoms of injury on leaves or reduction of
growth without visible damage. It was recently proposed that visible foliar
symptoms or growth reduction would be plants’ strategies to counteract
the O3 attack (Marzuoli et al. 2019), even though the two processes could
concomitantly or successively occur. Besides, there is a time-dependency
of the response of parameters such as visible injury, impairment of leaf gas
exchange, and tree-ring width when determining the O3 risk of different
tree species exposed at differing phenological stages (Novak et al. 2007).

The impact of the damages caused by O; on cultivated plants was
linked early to economic losses. As soon as 1949, in the Los Angeles
basin, the monetary losses for direct injury on eleven crops were estimated
to exceed US$480,000, reaching US$3,000,000!° four years later
(Middleton 1956). Half a century later, the estimated global crop yield

19 Inflation may increase this number from 15-20x.

printed on 2/13/2023 5:47 AMvia . All use subject to https://ww. ebsco. coniterns-of - use



EBSCChost -

70 Chapter One

losses due to current O3 concentrations range from 3% to 5% for maize,
6% to 16% for soybean, and 7% to 12% for wheat, representing economic
losses of $14 billion to $26 billion (van Dingenen et al. 2009; Ainsworth
et al. 2012). For rice, the estimation varied from 4% loss (van Dingenen et
al. 2009) to 17% loss (Feng and Kobayashi 2009). In the United States,
agronomic crop loss to O3 is estimated to range from 5% to 15%, with an
approximate cost of $3 to $5 billion per year, whereas in Europe, for 23
crops in 47 countries, the economic cost is estimated to be $9.6 billion per
year (Ainsworth et al. 2012). The negative effect of O3 accounts for a 40%
loss in Asia (primarily, China and India), which may be due to the higher
sensitivity of Asian cultivars to the pollutant (Emberson et al. 2009). Due
to Oz concentrations in 1990, estimated losses in China, Japan, and South
Korea were 1-9% of yield for wheat, rice, and corn and 23-27% for
soybean, with an associated economic cost of US$ 3.5, 1.2, and 0.24
billion, respectively, for those three countries (Wang and Mauzerall 2004).
Ozone remains at potentially phytotoxic levels in Asia (Sicard et al. 2017).
By contrast, there is a gap in knowledge about the effects of Oz on crop
production in Africa (Ainsworth et al. 2012) even though recent studies
(Hayes et al. 2019) show a strong sensitivity of wheat and bean to O3
while finger and pearl millet appear relatively tolerant. The two millet
species belong to the C4 type, which could at least partly explain the
result. It was early shown in forests that O3 was causing severe damages to
ponderosa pine in southern California (Parmeter et al. 1962; Miller et al.
1963). The extent of conifer forest damaged by photochemical pollution
increased from 25,000 acres in 1962 to 100,000 acres in 1969, with Jeffrey
pine also injured (Miller and Millecan 1971). Similar symptoms of O;3-
caused foliar injury were observed for white pine in the eastern USA
(Berry and Ripperton 1963). Fifty years later, it was estimated that current
ambient O3 concentration could decrease tree biomass by 7% (Wittig et al.
2009), knowing that the results obtained with young trees could hardly be
extrapolated to mature trees growing in forests (Ainsworth et al. 2012).

A synoptic scheme can easily represent the timing of the main
discoveries in the field of O3 and plants (Table 1.7). Most of the
discoveries made after 1990 have resulted from the improvement of
technological tools since the fundamental ideas were already present in the
discussion part of some landmark papers.

While the main purpose of this chapter is to focus on the story of O3
and plants over decades, we propose some paths for future research:

[1] The parameters for offering reliable O3 risk assessment models
must be improved. Better consideration of phenology must also be taken
into account (Anav et al. 2018). Visible injury as an index must be made
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into a digital/computer-driven photo index to eliminate human-based
estimates. The role of primary production of nutrients and secondary
products needs to be better integrated. Measurements of amounts of flows
of antioxidants need to be made more precise, and any metric index must
use those findings rationally. Also, productivity should be better expressed
on a leaf mass basis rather than a leaf surface area (Feng et al. 2018). In
relation to the above point, it should be attempted to reconcile the
individual plant's changes to be integrated into plant growth and survival
at the ecosystem level. Physiological and meteorological models must be
reconciled (Li et al. 2016, Emberson et al. 2018). These problematic tasks
are challenging but necessary to help to deliver recommendations to
stakeholders.

[2] In the future, the O3 level will continue to increase in Asia,
potentially damaging crops and forests. In the USA and Europe, O3 will
still be dangerous for ecosystems, especially in the southern part of Europe
and the Eastern part of the US, due to normal airflow. In this context, the
current indexes for risk assessment are not operational and must be
improved: the detoxifying barrier remains challenging for improving the
metrics (Dusart et al. 2019b). Moreover, stomatal uptake metrics (POD)
may not necessarily be better than the old concentration-based AOT40
(Anav et al. 2016).

[3] Bring Large Data Techniques and Artificial Intelligence (AI)
technology forward. It may be that the use of large data (e.g., the extensive
monitoring of fields with their plants) may be able to bring out better
relations between the exposure of O3 and the final effects of O3 on various
plants. In most cases in the past, only a few parameters have been
measured simultaneously. Al has been used to sort out relationships in
complex systems'! and clearly, plant scientists need to use these concepts.

11 See Artificial intelligence, Section 7—health care, under Wikipedia, the free
encyclopedia.
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Table 1.7. Synoptic table of the evolution of research on Oz and plants

1950 1960 1970 1980 1990 2000 2010 2020

Smog then 0;. Symptoms of damage to plants (visible injury, ultrastructural changes)
I ——— S——

Identification of ozone as the causal factor (1952)

Effect of ozone on growth and yield
—— >
US NCLAN (1980-1988)(National Crop Loss Assessment Network)
EUROSILVA (1987-1994)(European programme)
Effect of ozone on photosynthesis (realistic concentrations)
— ——
Effect of ozone on Rubisco and Calvin cycle
e ———
Effect of ozone on PEPc
and respiratory enzymes

Description of ozone exposure indices:
Concentration-based concept (SUM, AOT40)
—— J——
Flux-based concept
(CUO: Cumulative uptake of ozone)
[
POD
(Phytotoxic Ozone Dose)

Implication of Hormones:

Ethylene

E— i
Salicylic acid

L e———

Jasmonic acid

[ ——

Auxin

— >

[4] With the improvement of the metrics used to measure the impact of
O3 on leaf tissue, a scheme with the different steps following O3 entering
the leaf through stomata must emerge: avoidance linked to a possible
stomatal closure and resistance linked to a variable ability of the
antioxidant systems should be related to counteracting the deleterious
oxidative damage of membrane constituents and enzyme proteins
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(Dizengremel et al. 2008, Matyssek et al. 2012; Dizengremel et al. 2013).
The role of signaling pathways, characterized by intricated relationships
between ROS and hormones, remains to be clarified to better understand
the switch from successful physiology towards programmed cell death.

[5] It is still necessary to combine relatively short experiments in
controlled conditions and longer site-driven experimentations with
individual or mixed species (Cailleret et al. 2018). An effort is needed to
do upscaling through collaborative research to integrate biochemical
damages at the cell level to multi-annual effects on growth and
productivity in forest stands, crop fields, and ecosystems (Felzer et al.
2007, Jolivet et al. 2016, Emberson et al. 2018). Another examination of
which model system could be successfully used to obtain insightful
hypotheses of plant effects must be undertaken.

[6] Studies on the combination of Oz and drought, increasing COs,
temperature, and nitrogen "fertilization" must be continued to understand
their combined impacts on plant growth and productivity. There also needs
to be an understanding of how Os pollution contributes, via the differential
sensitivity of plant species and cultivars, to shifts in where agricultural and
ecological plants will be forced to move by the global climate changes.
This leads to a remark of Cailleret et al. (2018, 1378), who interestingly
pointed out the need to move from an "air pollution" perspective to a
"forest growth" perspective. Last but not least, the possible implication of
O3 in current land-use changes and assisted migration of plant species
must be planned and carried out (Vitt et al. 2010, Alfaro et al. 2014).

Great strides have been made over the last 70 years to understand how
03, released in the atmosphere through human activities, will alter plant
growth and productivity, but we cannot rest upon what we now know.
That limited knowledge is only a start due to how complex biological
systems function. The release of greenhouse gases, among them Os,
affects climate on a global scale since these gases modify radiative transfer
and thus change the energy balance of Earth, which is entering a new
geologic era, the Anthropocene (Barnosky et al. 2012). In this context, the
atmosphere is polluted not just with O3, but many other oxidants, which
may be uncontrolled and certainly have not been studied. While useful,
our current knowledge will not be enough to prevent a global collapse due
to humankind's interference.
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Abstract

Tropospheric ozone (O3) is the third most important greenhouse gas
that is transported from the stratosphere or formed locally by
photochemical reactions among precursors such as nitrogen oxides (NOXx),
carbon monoxide (CO), methane (CHs), volatile organic compounds
(VOCs), and peroxyacetyl nitrate (PAN). The lifetime of tropospheric O3
is long enough, i.e., a few days in the boundary layer to a few months in
the free troposphere, to allow its (and its precursors) long-range transport
from the regional to hemispheric scale through trans-Atlantic, trans-
Pacific, and trans-Eurasian transport. Therefore, remote areas such as the
Arctic region can be affected. The current annual mean background O3
concentration at the surface layer is 35-50 ppb in the Northern
Hemisphere and 15-25 ppb in the Southern Hemisphere. At regional and
local scales, O3 production depends on the VOCs/NOx ratio. Since the
1990s, anthropogenic O3 precursor emissions have decreased in North
America and Europe, while eastern Asian emissions have increased.
Therefore, both mean and peak Os; concentrations decreased in North
America and Europe, and were raised in East Asia. The reduction in O3
means that concentrations and higher percentiles have been associated
with reductions in NOx and VOC emissions in the European Union and
North America since the 1990s. The increase in lower concentrations and
percentiles can be attributed to a reduction in local NOx emissions, due to,
e.g., vehicle emission controls, resulting in lower Os titration by NO.
Generally, the global background Os increase can be driven by the net
impacts of climate change, i.e., increased stratospheric O3 inputs, higher
CH4 emissions, changing lightning NOx emissions, weakened NO
titration, and impacting reaction rates, through sea surface temperatures
and relative humidity changes.

Keywords: Greenhouse gas; Photochemical reactions; Climate Change;
Temperature; Humidity

2.1 Ozone formation and spatial distribution

Tropospheric ozone (0O3) is a secondary air pollutant formed by
photochemical reactions among precursors emitted by anthropogenic and
natural sources such as nitrogen oxides (NOx), carbon monoxide (CO),
methane (CH4), and volatile organic compounds (VOCs) as well as
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peroxyacetyl nitrate (PAN), principal tropospheric reservoir species for
NOx and hydroxyl OH radicals (Milford et al. 1994; Fischer et al. 2014;
Monks et al. 2015). Ozone is the third most important greenhouse gas
resulting in a direct radiative forcing of 0.35-0.37 W m, contributing to
climate change (Unger et al. 2006; Shindell et al. 2009; Stevenson et al.
2013; Kulkarni et al. 2015). To date, tropospheric Oz pollution is a
significant air quality issue for human health, biodiversity, vegetation, and
climate over large regions of the globe (Proietti et al. 2016; Ochoa-Hueso
et al. 2017; Sicard et al. 2017; Fleming et al. 2018; Lefohn et al. 2018;
Mills et al. 2018; WMO 2018; Agathokleous et al. 2020; Sicard et al.
2020a; Sicard et al. 2021; Sicard 2021).

2.1.1 At the regional scale

According to the literature, the current annual mean background O3
concentrations at mid-latitudes of the Northern Hemisphere range between
35 and 50 ppb at the surface layer (IPCC 2014), with the highest values
occurring over Greenland and the Tibetan plateau and in the latitude band
15—-45°N, particularly in summer (>50 ppb), while the lowest O3 burden
(<20 ppb) is recorded in central Europe and Southeastern Asia,
particularly during the cold period.

Higher O; mean concentrations (>40 ppb) are observed at high-
elevation areas, e.g., in the Rocky and Appalachian Mountains and over
the Tibetan plateau (Fig.2.1). At high elevation, Oz destruction by
deposition and NO levels are lower (Chevalier et al. 2007), and solar
radiation, biogenic VOCs emissions, the exchange between the free
troposphere and boundary layer, and stratospheric O3 inputs are more
abundant compared to the surface (Kulkarni et al. 2011; Lefohn et al.
2012). In summer, air masses remain colder and dryer leading to lower O3
losses by photolysis (Helmig et al. 2007).

The high O3 mean concentrations (>50 ppb in summer) observed over
the Tibetan plateau are attributed to the combined effects of i) the high-
elevation surface (mean elevation of 4,000 m a.s.l.), ii) the strong thermal
and dynamic forcing of the Tibetan plateau on regional climate associated
with the large-scale circulation, and iii) the in-situ photochemical
production due to the significant amount of Oz precursors from road
traffic, biofuel energy source, coalmines and trash burning (Tian et al.
2008; Liu et al. 2010; Chen et al. 2011; Guo et al. 2015; Wang et al. 2015;
Sicard et al. 2017).
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Low dry deposition rates for O3 (<0.05 cm s™') over snow and ice
surfaces and deserts (Wesely and Hicks 2000), higher insolation,
downward transport of stratospheric O3, local photochemical production,
and large-scale transport are known factors to explain higher O3 pollution
over Greenland and deserts (e.g., Near East, Colorado Desert).

Over Greenland, seasonal mean surface-layer Oz concentrations ranged
from 25 to 45 ppb in agreement with observations ranging from 25 to 50
ppb (Rasmussen et al. 1997; Helmig et al. 2007). In-situ, Oz production is
the primary source of Os; in the lower troposphere at high latitudes
(Thomas et al. 2013). It can be attributed to local sources, e.g., NOx
enhancement from snowpack emissions, thermal decomposition of PAN,
summertime boreal forest fires, and ship emissions (Stohl et al. 2007; Law
and Stohl 2007; Legrand et al. 2009; Walker et al. 2012). The PAN
decomposition is an important source of NOx and Os at latitudes over
60°N (Walker et al. 2012), and the PAN to NOx ratio increases with
altitude and latitude (Singh et al. 1992; Thomas et al. 2013). Long-range
transport of Oz and its precursors from Southeastern Asia and North
America and stratospheric Os inputs contribute to background Ojs levels
and peaks over Greenland (Helmig et al. 2007; Law and Stohl 2007;
Derwent et al. 2010; Thomas et al. 2013). The anthropogenic and biomass-
burning pollution from North America contributed to observed surface O;
concentrations in Greenland (18% and 5.2%, respectively) in summer
2008 (Thomas et al. 2013); a 10% contribution from stratospheric air
masses was found between 3 and Skm of altitude (Law and Stohl 2007).

For latitudes over 60°N, Arctic haze contains high levels of O;
precursors such as NOx and VOCs (Solberg et al. 1996; Law and Stohl
2007) due to volcanic emissions, e.g., in Alaska, anthropogenic emissions
from urban areas, oil industries, and shipping, in particular in northern
Russia (Law and Stohl 2007).

In the Northern Hemisphere, the highest surface O3 concentrations are
observed in the latitude band 15-45°N. The O3 transport by the large-scale
Brewer-Dobson overturning circulation, i.e., an upward motion from the
tropics and downward motion at higher latitudes, leads to higher O3
concentrations in the extra tropics (Hudson et al. 2006; Parrish et al.
2012).
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Fig. 2.1. Surface ozone average concentrations (in ppb) at the lower model layer
for the GISS—-E2-R model over the historical period (2000-2004). Extracted from
Sicard et al. 2017

2.1.2 At the local scale

The local O3 production depends on the VOC to NOx ratio (Kang et al.
2004; Toro et al. 2006; Pusede and Cohen 2012; Sicard et al. 2020b).
Higher surface O3 concentrations are measured in rural and remote areas
compared to urban areas (Monks et al. 2015; Sicard et al. 2016, 2020b).
The urban areas are characterized by a low ratio due to high NOx
concentrations, where NOx tends to inhibit O3 formation (Markakis et al.
2014). In urban areas, a reduction in NOx emission increases the O3
formation (Kang et al. 2004). The highest O3 concentrations observed at
rural sites are due to the combined effects of i) O3 and/or precursors’
transport from urban areas, ii) higher biogenic VOC emission (mainly
isoprene), and iii) low Oj titration by NO (Sicard et al. 2016).
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2.2 Temporal ozone variability
2.2.1 Daily

The typical diurnal O3 variation coincides with the intensity of solar
radiation and higher air temperature, i.e., during the morning and early
afternoon. Ozone concentrations grow due to the photo-oxidation of O3
precursors by OH’ radicals and downward Os transport by convective
heating (Pusede et al. 2015; Derwent et al. 2015). At night, ground-level
O3 concentrations remain low because there is no photolysis of NO, and
photo-oxidation of Oz precursors (Mavrakis et al. 2010), and coincide with
the rapid destruction of Oz by NO and no downward O; transport due to a
stable air temperature profile (Mavrakis et al. 2010; Monks et al. 2015). In
urban areas, the nighttime O3 minimum is more pronounced than in rural
areas due to the lack of Oj titration by NO (Mavrakis et al. 2010; Im et al.
2013; Sicard et al. 2016).

A weaker diurnal O3 variation, or nighttime maxima, can be observed
at high-elevation sites, above 1500 m a.s.l., where the nocturnal mixing
layer height is minimum, leading to higher O; concentrations by
containment (Chevalier et al. 2007, Woodman 2010; Lin et al. 2017).
During the nighttime, VOCs' oxidation is dominated by reactions with
nitrate radicals and affects Oz formation (Stutz et al. 2010).

2.2.2 Seasonal

During spring (March-April-May), the mean surface O3 concentration
experiences a peak (>40 ppb) over Greenland, the Tibetan plateau, and
regions over latitude 60°N, e.g., Alaska and Siberia, whereas the regions
in central Europe, eastern US and south-eastern Asia display a minimum
(<30 ppb). Higher O3 mean values (35—40 ppb) were already observed
over Greenland in spring (Rasmussen et al. 1997; Helmig et al. 2007).
Springtime O3 maxima are observed at high-elevation sites (>1500 m
a.s.l.) and remote continental areas, typically representing baseline
conditions with little influence from fresh local pollution (De Leeuw 2000;
Monks 2000; Chevalier et al. 2007; Derwent et al. 2018). Springtime O3
maxima are modulated by the stratosphere-troposphere O3 exchange (Zhao
et al. 2010) and hemisphere-wide photochemical production (Monks
2000). The stratospheric Oz inputs and biogenic, biomass burning, and
lightning NOx emissions are maximum during springtime and coincide
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with the intertropical convergence zone (Tang et al. 2011; Han et al.
2018). For latitudes over 60°N, air pollutants are transported to the Arctic,
primarily from Eurasia, leading to higher Oz concentrations (namely
Arctic haze) in early spring when the dry deposition is low (Law and Stohl
2007). Over the last two decades, an increase in Asian emissions'
contribution to surface O3 levels in Europe has been observed during the
springtime (Wild et al. 2012; Cooper et al. 2014).

In summer (June-July-August), the highest surface O3 concentrations
are observed over the Tibetan plateau (>45 ppb) and Greenland, western
and eastern US and, in latitude band 15-45°N (>40 ppb). In comparison,
lower O3 concentrations (<30 ppb) are found over Canada, south Asia, and
regions over latitude 60°N. At northern mid-latitudes, surface O3z exhibits
a well-known summertime maximum attributed to the peak in local and
regional photochemical O3 production due to maximum sunlight, more
extended daylight, and long-range transport, e.g., East Asian monsoon
(Mavrakis et al. 2010; Parrish et al. 2013; Li et al. 2014) and maximum
forest fire emissions emitting mainly NO (Andreae and Merlet 2001). The
seasonal swings of the Hadley cell and Northern Hemisphere subtropical
westerlies play an important role in determining the seasonality of the
transport pathway (Han et al. 2018).

During autumn (September-October-November), results show higher
mean O3 concentrations (>30 ppb) over Greenland, the Tibetan plateau,
and regions with desert and ice, i.e., Alaska, the Arabian Peninsula, and
the western US. The minimum concentrations (<20 ppb) are found in
central Europe and south-eastern Asia. During the cold period with limited
sunlight, the O3 titration occurs under high NOx levels, in particular in
winter (no photolysis reactions of NO;), and thus the freshly emitted NO
reacts rapidly with Os to produce NO; (Doherty et al. 2005; Bloomer et al.
2010; Monks et al. 2015). Besides, low dry deposition rates for O3 over
snow and ice surfaces and deserts (Wesely and Hicks 2000) and the in-situ
photochemical production explain higher O3 concentrations over these
areas in winter. Over Africa, biomass burnings are active in winter
between 0 and 10°N and 15 and 40°E (Sauvage et al. 2005; Aghedo et al.
2007; Han et al. 2018), and regional CO emissions peak during winter in
North Africa (Han et al. 2018). At northern mid-latitudes, a shift of the
seasonal cycle has been detected over the past decades, i.e., the observed
peak O3 concentrations appear earlier in the year (about 8.5 days per
decade at Mace Head over the time period 1987-2017) in response to
climate change combined with changes in emissions (e.g., increased O3
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production in Asia) and an increasing contribution from the stratosphere
(Parrish et al. 2013; Derwent et al. 2018). Climate change may have
caused changes in; i) large-scale transport pathways of O; and its
precursors in the troposphere, ii) stratosphere-to-troposphere O3 transport,
iii) natural emissions (e.g., lightning, forest fires), and iv) O3
photochemistry by variations in air temperature, water vapor, and natural
emissions (Pozzoli et al. 2011; Stevenson et al. 2012; Wild et al. 2012;
Parrish et al. 2013). Over the past two decades, the spatial distribution of
anthropogenic emissions of Oz precursors has changed significantly.

2.3 Factors affecting ozone distribution

Ground-level O3 concentrations are determined by global-to-local O3
precursors’ emissions, long-range transport of Oz and its precursors,
stratosphere-to-troposphere exchange, meteorology associated with inter-
annual variability, climate change, and loss processes such as reactions
with water vapor and OH’ radicals and dry deposition at the surface (Wild
et al. 2004; Zhang et al. 2011; Li et al. 2014; Monks et al. 2015; Lin et al.
2017; Hogrefe et al. 2018; Lefohn et al. 2018).The dominant source of
tropospheric O3 is by photochemical reactions; VOCs and CO are oxidized
in the presence of NOx (Lelieveld and Dentener 2000). The natural
emissions of Oj precursors are mainly from biogenic (e.g., isoprene),
biomass burning (mainly NO), CO from oceans, and lightning NOx
sources (Guenther et al. 1995; Monks et al. 2015; Albrecht et al. 2016)
while anthropogenic NOx, CO and VOCs emissions are mainly from the
road and non-road transport traffic (automobiles, ships, and aircraft), fossil
fuel combustion and industry (Olivier et al.1998; Bond et al. 2001; Granier
et al. 2003; Miyazaki et al. 2012; Wang et al. 2015). For instance, the
contribution of ocean shipping emissions to European annual mean O
concentrations is 3—5 ppb, i.e., around 10% (Jonson et al. 2018), and wild
fire emissions can result in 2-8 ppb enhancements to mean Oz at
individual sites in summer in the US (Lin et al. 2017).

On a global scale, the anthropogenic NOx emissions are dominated by
fossil fuel combustion (~50%, in particular by road transport and power
plants) and biomass burning (~20%), representing more than 70% of total
emissions (Granier et al. 2003). Natural sources represent about 30%,
mainly lightning and soil processes (Olivier et al. 1999; Bond et al. 2001).
Globally, the most important sources of anthropogenic VOC emissions are
on-road traffic, industry, gasoline evaporation, and solvent use (Borbon et
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al. 2013). In the EU, the most significant anthropogenic VOC emissions
are “solvent and product use” (~40%) followed by “mobile sources”
(~40%) in 2011 (EEA 2015). Nationally, biogenic emissions were
estimated to contribute approximately 74% to total VOCs in 2011 in the
US, for instance (US EPA 2015). Biogenic VOC emissions include
emissions from wildfires and plants, mainly isoprene and monoterpenes,
affecting hydroxyl OH' radical concentrations (Atkinson2000; Kulmala et
al. 2004). Worldwide, the largest source of CO is natural from, e.g.,
oceans, volcanoes, and forest fires, while nationally, biogenic CO
emissions were estimated at 26% of the total CO emissions in 2011 in the
US (US EPA 2015). The main anthropogenic CO emissions are from road
and non-road transport, for instance, 84% of the anthropogenic emissions
in the US and 95% in the EU in 2011 (Hudman et al. 2008; EEA 2015; US
EPA 2015).

The lifetime of tropospheric O3 is long enough to allow long-range
transport of O3 and its precursors from the regional to hemispheric scale
through trans-Atlantic, trans-Pacific, and trans-Eurasian transport
simulated in particular during Hemispheric Transport of Air Pollution
(HTAP) experiments by applying a global 3-D chemistry-transport model
e.g., MOZART-4 and GEOS Chem (Jaffe et al. 2003; Wild et al. 2004;
Wang et al. 2009; Emmons et al. 2010; Wilson et al. 2012; Li et al. 2014;
Derwent et al. 2015; Nopmongcol et al. 2017; Huang et al.2017; Lin et al.
2017; Han et al. 2018). Therefore, remote areas such as the Arctic region
can be affected (Langner et al. 2012; Thomas et al. 2013).

The intercontinental transport from North America and Asia to Europe
is maximal in summer and autumn (Derwent et al. 2004; Lefohn and
Cooper 2015). The contribution to annual mean daily O3 concentrations
recorded at 21 monitoring stations across Europe in 1998 (40.3 + 4.1 ppb,
on average) can be attributed to production over Europe (48.5 £ 10.8%),
North America (20.4 £ 4.4%), and Asia (11.5 £ 2.6%) and due to
stratospheric inputs (18.4 + 3.8%), showing that Os sources outside
Europe are significant at any locations (Derwent et al. 2004; Jonson et al.
2018). The rest of the world's contributions are larger than the effects of
European emissions alone (Jonson et al. 2018).

By trans-Pacific transport, Asian emissions enhance monthly mean O;
concentrations by 2—6 ppb in the Western US and by 1-3 ppb in the
Eastern US (Brown-Steiner and Hess 2011; Verstraeten et al. 2015; Huang
et al. 2017; Lin et al. 2017) and can contribute up to 15 ppb during
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pollution episodes at rural sites (Lin et al. 2012). The North American
emissions contribute to 1-3 ppb of surface Oz over China (Ni et al. 2018).

By trans-European transport, European air pollution adversely impacts
air quality in Asia and can even reach Eastern Siberia (Pochanart et al.
2003). The contribution of European emissions reaches 2-3 ppb for
surface monthly O3 over North China and 1-2 ppb over central China and
0.5—1 ppb over South China during the springtime (Li et al. 2014; Ni et al.
2018) while in summer, influences from Europe are approximately one
ppb lower over China (Li et al. 2014). Trans-Eurasian transport of Oz and
its precursors enhances monthly mean O3 concentrations by 0.5-3.5 ppb
over Siberia and 0.2-2.5 ppb over Japan (Wild et al. 2004). Emissions
from the Middle East and India increase surface O3 concentrations by 1-4
ppb and 1-5 ppb, respectively, over Western China, depending on the
location and season, and by <1 ppb in Eastern China (Li et al. 2014).
Siberia has a small impact on surface Oz (<1 ppb) in China (Li et al.
2014). Emissions from all Eurasian regions contribute to surface O3 by
10-15 ppb over Western China, superimposed upon a 35-40 ppb natural
background (Li et al. 2014).

Compared to other continents, Africa has the most frequent lightning
(Albrecht et al. 2016) and the largest burned areas (Giglio et al. 2013).
About 70% of tropospheric O; produced over Africa is exported
worldwide, contributing to the global tropospheric O3 budget (Aghedo et
al. 2007; Zare et al. 2014; Han et al. 2018). The Hadley cell connects the
subtropical westerlies to form a transport route from Africa to South Asia
(Han et al. 2018). The transport of O3 from Africa to the South Asian
lower troposphere is most extensive in winter (4 ppb, 8% on average) and
lowest in autumn (2 ppb, 5% on average) in the latitude band 5—40°N
(Han et al. 2018). The influence of African Oz in South Asia is more
considerable than that of European and North American Oz (Han et al.
2018).

The downward Os transport from the stratosphere is an important
source of tropospheric O3 (Tang et al. 2011; Akritidis et al. 2016). For
instance, stratospheric inputs can episodically increase the daily 8—h mean
O3 by 20—40 ppb at high-elevation Western US stations (Lin et al. 2017).
Several studies report an increased exchange with the free troposphere or
stratosphere in response to a warming climate (e.g., Hegglin and Shepherd
2009; Zeng et al. 2010), in particular at the high-elevation Himalayan
Plateau (Lefohn et al. 2012; Schnell et al. 2016).
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2.4 Surface ozone trends over time

Since the 1990s, anthropogenic O3 precursor emissions have decreased
in North America (NOX, -3.7% year!; VOCs, -3.3% year!) and Europe
(NOx, -2.5% year!; VOCs, -34% year™), while eastern Asian (NOx, +4.3%
year’'; VOCs, +2.3% year™) emissions have increased (Jonson et al. 2006;
Xing et al. 2013; Hidy and Blanchard 2015; Xing et al. 2015; Sicard et al.
2016; Zhang et al. 2016; Lin et al. 2017). Therefore, both mean and peak O3
concentrations decreased in North America and Europe (Sicard et al. 2021)
and increased in East Asia (Chang et al. 2017). Since early 1990s, the
emissions control policies of Oz precursors around the world are effective in
rural areas (on average: - 0.23 ppb year! since 1990s), in particular from
2005 onwards with a reduction of 0.24 ppb year”! in the North America and
of 0.41 ppb year! in Europe between 2005 and 2014 (Sicard 2021). From
the mid-1990s to 2000s, increases of 1-2 ppb year™ are observed in spring to
sum mer ground-level Oz in China (Ding et al. 2008; Ma et al. 2016; Sun et
al. 2016). In East Asia, an increase of 0.21 ppb year! was reported at 39
rural stations over the time period 2000-2010, however slight decreases were
recently reported at 2 rural stations nearby Beijing in China (Sicard 2021).
The O3 concentrations increased in most cities (on average: + 0.31 ppb year
! since 1990s), in particular since 2005 with + 0.33 ppb year' in North
America, + 0.68 ppb year! in East Asia and + 0.27 ppb year! in Europe
between 2005 and 2014 (Sicard 2021). The background O3 concentrations
increased by, on average, +0.16 + 0.22 ppb year! at 89% of 319 urban
stations and decreased by -0.05 £+ 0.21 ppb year! at 65% of 306 rural
stations globally over the period 1995-2014 (Sicard et al. 2018). The
background Os increase in cities was confirmed by other studies covering
global trends from 2000 onwards in Europe and the US (Wilson et al.
2012; Sicard et al. 2013; Simon et al. 2015; Sicard et al. 2016; Lefohn et
al. 2018). These increasing O3 background levels in the cities can be
mainly attributed to a lower O3 degradation by NO due to the reduction in
local NOy emissions (Sicard et al. 2016; Lefohn et al. 2018).

Generally, a reduction in surface O3 mean concentrations and high
percentiles was observed during the warm period (Parrish et al. 2013; Jhun
et al. 2015; Sicard et al. 2016) in line with decreasing Os; precursor
emissions within Europe and North America since the 1990s (Cooper et al.
2014). During the cold period, the increase in O3 mean concentrations at
European and North American stations can be attributed to the lower loss
of O3 via NO titration, as a consequence of the reduced NOx emissions
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within Europe and North America, and to the intercontinental transport
from the Asia maximal in autumn (Jonson et al. 2006; Wilson et al. 2012;
Parrish et al. 2013; Cooper et al. 2014; Sicard et al. 2016).The net impacts
of climate change can drive the global background Os increase, i.e., an
increase in stratospheric O3z inputs, higher CH4 emissions, changing
lightning NOx emissions, weakened NO titration by reducing NOx
emissions and impacting reaction rates, through sea surface temperatures
and relative humidity changes (Lau et al. 2006; Voulgarakis et al. 2013;
Stevenson et al. 2013; Young et al. 2013).

2.5 Conclusions

At any geographic location, the O3 distribution is determined by
processes and changes occurring at hemispheric, regional, and local scales
(Monks et al. 2015). Despite the reduction of O3 precursor emissions in
Europe and North America since the 1990s, non-attainment of the target
value for O3 can persist (Sicard 2021). The current background O; levels
may thus still exceed target values to protect human health and annual and
perennial vegetation (Sicard et al. 2017). Climate change, long-range
transport, and increased emissions in Asia might reduce the benefits
gained from regional O3 control strategies by increasing background O3
levels in the future (e.g., Lefohn and Cooper 2015). To meet O3 air quality
objectives, a combined global strategy, at least in both the Southern and
Northern Hemispheres, is needed (Jonson et al. 2018).
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Abstract

A few issues about tropospheric ozone (Os3), such as a better
understanding of spatio-temporal changes, are still challenging. Recent
studies display a mean global increase in background Os concentration
from the current level of 35-50 ppb to 55-65 ppb and even up to 85 ppb at
the Northern hemisphere mid-latitudes by 2100. Regional chemical
transport models are often used to reproduce the surface Oz levels
worldwide. Projected changes in surface Os; vary considerably among
models and emission scenarios. In general, the models well reproduce the
seasonal variability and spatial pattern in surface O3 at a regional-to-global
scale. The last emission scenarios, i.e., the Representative Concentration
Pathways (RCPs), were developed as part of the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change. These scenarios
include different assumptions on climate, energy access policies, and land
cover and land-use changes. In the Atmospheric Chemistry and Climate
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Model Intercomparison Project framework, different simulations were
performed from numerous global or regional chemistry models (e.g.,
MOCAGE, MOZART-4, and EMEP) under the new RCP scenarios.
Compared to the early 2000s, changes in surface O3 by 2100 worldwide
range from about 4-5 ppb in the RCP8.5 scenario to reductions of about
2-10 ppb on average in the most optimistic scenario, RCP2.6. For RCP2.6
and RCP4.5, decreases are observed due to fewer precursor emissions.
Simultaneously, for RCP8.5, all models show climate-driven increases in
ground-level O3, mainly attributed to a substantial increase in CHy
emissions coupled with global warming and a weakened NO titration.

Keywords: Tropospheric ozone; Transport model; Global warming; NO
titration

3.1 Introduction

Tropospheric ozone (O3) pollution is still a significant air quality issue
over large regions of the globe (Sicard et al. 2017). Long-range transport
of Oz and precursors of O3 such as nitrogen oxides (NOx) and Volatile
Organic Compounds (VOCs), can elevate the local and regional O3
background concentrations (Wilson et al. 2012; Derwent et al. 2015). A
better understanding of spatial changes of surface Os is still challenging.
Projected changes in ground-level Oz vary among emission scenarios and
models (Stevenson et al. 2006; Lamarque et al. 2013, Sicard et al. 2017).

In the Atmospheric Chemistry and Climate Model Intercomparison
Project (ACCMIP) framework, sixteen global chemistry models were
deeply investigated (Lamarque et al. 2013; Young et al. 2013). ACCMIP
models were used to evaluate projected changes in atmospheric chemistry
and air quality under different emission and climate assumptions (e.g.,
Lamarque et al. 2010; Fiore et al. 2012; Voulgarakis et al. 2013).
However, here we focus on six global models (Table 3.1). All models
simulate gaseous tropospheric chemistry: from 16 species in CESM-CAM
to 110 species in MOCAGE depending on the degree of representation of
non-methane hydrocarbon chemistry in their chemical scheme. The
aerosol indirect effects, including interactions between aerosols and gas-
phase chemistry, are represented in GFDL-AM3, GISS-E2-R, and
MIROC-CHEM (Table 3.1).

All models simulate the temporal and spatial evolution of
anthropogenic and natural emissions at a global scale such as black carbon
(BC), organic carbon (OC), secondary organic aerosols (SOA), non-
methane VOCs, ammonia (NH3), NOx from soils, and lightning, and
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carbon monoxide (CO) from oceans and vegetation (Stevenson et al.
2012). Surface methane (CH4) concentrations, with spatial variation, are
prescribed in all models using data from the database of the Coupled
Model Intercomparison Project Phase 5 (CMIP5), except for GISS-E2-R,
in which interactive wetlands emissions for the future are used (Shindell et
al. 2012). Natural biogenic emissions are provided by the MEGAN v2.1
inventory (Model of Emissions of Gases and Aerosols from Nature).
Biogenic VOCs depend on meteorological conditions and are responsible
for ground-level Os; changes (Sicard et al. 2009). Only GISS-E2-R
incorporates climate-driven isoprene emissions, the most abundant and
reactive biogenic VOC. The other models prescribe fixed biogenic
emissions, e.g., based on constant present-day isoprene emissions for all
simulations. GISS-E2-R has interactive isoprene but fixed soil NOx
(Young et al. 2013). Possible changes in lightning activity with climate
change are recognized to impact the lightning NOx emissions; therefore,
most models use Price and Rind’s (1992) parameterization based on the
simulated convective activity (e.g., Lamarque et al. 2013). For
stratospheric Os, the models are grouped into two categories: 1) models
with interactive or semi-offline chemistry, and 2) models with prescribed
0O3. Some models (GFDL-AM3, GISS-E2-R, MIROC-CHEM, and
MOCAGE) include full stratospheric chemistry schemes, while CESM-
CAM is based on linearized O; chemistry, and UM-CAM uses the
CMIP5dataset to prescribe offline O3 in the stratosphere.

The last emission scenarios, i.e., the Representative Concentration
Pathways (RCPs), were developed as part of the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change (Myhre et al. 2013)
and include different assumptions on climate, energy access policies, land
cover and land-use changes (Kirtman et al. 2013). The three RCP
scenarios are named for their nominal radiative forcing level by 2100. The
rise in global mean surface temperature, by the end of the 21 century, is
in the ranges 2.6-4.8°C (RCP8.5), 1.1-2.6°C (RCP4.5), and 0.3-1.7°C
(RCP2.6) relative to the mean temperature over the pre-industrial period
(Lamarque et al. 2013). The length of historical and RCP simulations
varies between models, but for all models the historical runs cover a
period centered around 2000, while the time-slice of RCPs is centered
around 2100 (Table 3.1).
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3.2 The ability of models in reproducing
local/regional ozone patterns

We show the simulated global Os spatial pattern of mean annual O;
concentration at the lower model layer in Fig.3.1. The averaged values
(simulated percentage) of global, Northern Hemisphere (NH), and
Southern Hemisphere (SH) mean surface O; are derived from averaging
values over the global/NH/SH land areas only (Table 3.2).

The six models well reproduce the year-to-year variability and spatial
pattern of mean O3 concentrations at a regional-to-global scale (Sicard et
al. 2017). The highest surface Oz concentrations (Fig. 3.1) are found in the
NH, highlighting a hemispheric asymmetry. The multi-model O3 mean
concentration averaged over the domain's land points, is 37.9 + 4.3 ppb in
the Northern Hemisphere and 22.9 + 3.8 ppb in the Southern Hemisphere
(Table 3.2). The historical ground-level O3 mean concentrations were
ranging between 35 and 50 ppb in the NH, with the highest values
occurring over Greenland and in the latitude band 15-45°N, particularly
around the Mediterranean basin, over deserts (e.g., Near East, Sierra
Nevada) and at high-elevation areas, e.g., in the Rocky and Appalachian
Mountains and over the Tibetan plateau (>50 ppb) while the lowest O3
burden (15-30 ppb) was recorded in the SH, particularly over the Amazon,
African and Indonesian rainforests (Fig. 3.1). Higher O; mean
concentrations (>60 ppb) are observed in Southwestern and Northeastern
US, and East Asia (e.g., Beijing). The higher O3 levels in areas downwind
of O3 precursor sources are well simulated in the GISS-E2-R and
MOCAGE models. All models, except MIROC-CHEM, well reproduce
the high surface O; mean concentrations over Greenland and over deserts.
The high-elevation areas, characterized by higher Oz burdens, are well
simulated in the GISS-E2-R and MOCAGE models. Over Greenland,
mean O; concentrations during the historical runs ranged from 40 to 55
ppb except in MIROC-CHEM (20-25 ppb). Model-to-model differences in
surface O3 can be observed due to different natural emissions of O
precursors (e.g., lightning NOx, biogenic VOCs) as well as the complexity
of chemical schemes used (Young et al.2013; Sicard et al. 2017) and the
representation of land cover and the O; deposition sink to vegetation
(Geddes et al. 2016; Travis et al. 2016).

Regarding validation from ground measurements (e.g., CASTNet and
GAW sites), substantial discrepancies between observed and simulated O3
concentrations can be observed (Parrish et al. 2014; Lin et al. 2015; Huang
et al. 2017; Jonson et al. 2018; Sicard et al. 2021). The models well
reproduce the day-to-day variability in surface Oz in the US with
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correlation coefficients ranging from 0.40 to 0.80 for CASTNet sites (Lin
et al. 2012). Compared to ground observations, the global models
overestimate O3 concentrations by 14% across Europe on average (Jonson
et al. 2018). In Europe, based on Airbase stations, the reproduction of the
daily temporal variability is very good both at 361 background rural (r =
0.78) and at 586 background urban sites (r = 0.77) with a Root Mean
Square Error lower than 5ppb and a fractional bias of 15.8% in summer
(Terrenoire et al. 2015).

The seasonal pattern of ground-level O3 is well reproduced at inland
and mountain sites (<10 ppb on average) while a large overestimation of
O3 concentrations (>10 ppb on average) is observed near the coastal areas
(e.g., Parrish et al. 2014; Strode et al. 2015; Lin et al. 2017; Huang et al.
2017). The models generally underestimate mean O3 concentrations (<10
ppb) during high O; seasons and overestimate mean Os concentrations
(>10 ppb) during low O3 seasons (Fiore et al. 2009; Huang et al. 2017).
The bias is mainly attributed to bottom-up emissions, stratosphere-to-
troposphere O3 exchange, the low vertical and horizontal resolution of the
model and the underestimated transboundary pollution and O3 loss
processes by NO titration (Ding and Wang 2006; Li et al. 2014; Parrish et
al. 2014; Huang et al. 2017). Averaging the results from a larger number
of models allows the canceling out of the positive or negative biases from
individual models (Huang et al. 2017).

Recently, the high spatial resolution model Weather Research and
Forecasting model with Chemistry (WRF-Chem) was used to simulate the
spatial and seasonal variability of main physical and chemical variables
over Asia for the year 2015 at 8-km horizontal resolution (De Marco et al.
2020; Sicard et al. 2021). The simulated atmospheric composition was
evaluated against ground-based observations in China for the year 2015.
Overall, WRF-Chem reproduced well the mean annual cycle of surface
Osconcentrations in all seasons across China, with an over estimation of
surface O3 concentrations in winter (13%) and autumn (11%), in particular
in South Asia and Eastern China, and a slight mean bias for spring 2015
(3%).
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Fig. 3.1: Surface ozone average concentrations (in ppb) at the lower model layer
for each ACCMIP model over the historical period and for RCP2.6, RCP4.5, and
RCP8.5 simulations by 2100 (from Sicard et al. 2017). The data are missing for 2
models under RCP4.5 ("No contour data")
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3.3 Projected changes in 0zone concentration

The future projections of the mean surface Oz concentrations vary
considerably with the different scenarios and models (Fig. 3.1). Under the
RCP2.6 scenario, all models predict that surface O; will decrease
enormously worldwide, except in Equatorial Africa, where higher O;
levels are observed in GFDL-AM3, GISS-E2-R, and MOCAGE. Under
the RCP4.5 scenario, the surface O3 mean concentrations are lower than
the historical runs worldwide for all models except in MOCAGE, where
deterioration is observed over Canada, Greenland, and East Asia (Fig.3.1).
For all models, the surface Os levels are higher for RCP8.5 than the
historical runs. The highest increase is found in Northwestern America,
Greenland, the Mediterranean basin, the Near East, and East Asia. The
averaged relative changes in surface O; concentrations for the different
RCPs are (Table 3.2): -21% for RCP2.6, -10% for RCP4.5, and +14% for
RCP8.5 with a strong disparity between both hemispheres, e.g., 8% in the
SH and -25% in the NH for RCP2.6 (Sicard et al. 2017). RCP8.5 is the
only scenario to show an increase in global background O3 levels by 2100
(+23% in the SH and +11% in the NH). For all models and RCPs, the O3
hotspots (>50 ppb) are over Greenland and South Asia (Fig.3.1). The
highest increases are observed in Northwestern America, Greenland, the
Near East, and South Asia (>65 ppb).

The surface-air-temperature increase in the RCP2.6 scenario is 2-3
times weaker than that of the RCP4.5 scenario and 4-5 times weaker than
that of the RCP8.5 scenario, and the greatest changes (>5°C) are observed
over the Arctic, above latitude 60°N, and in the latitude band 15-45°N
(Seidel et al. 2008; Nazarenko et al. 2015) similar to the global pattern of
surface O3 levels. The models can reproduce the global pattern of the
distribution of air temperature changes in agreement with surface O;
concentration changes.

For RCP2.6 and RCP4.5, absolute decreases are observed in the NH
due to fewer Os precursor emissions, e.g., in Europe (a reduction of 5-7
ppb). RCP8.5 has had relatively low NOx, CO, and VOCs emissions but
very high CH4 emissions throughout the 21st century (Voulgarakis et al.
2013; Sicard et al. 2017). Stronger increases are found over the high-
elevation Himalayan Plateau reflecting an increased stratospheric Oj;
influx in response to a warming climate (Zeng et al. 2010; Lefohn et al.
2012; Schnell et al. 2016). Under the RCPS8.5 scenario, the increase in
surface O3 concentrations, by 14% on average and up to 10 ppb in South
Asia, can be attributed to the higher CH4 emissions coupled with strong
global warming, exceeding 2°C, and a weakened NO titration by reducing
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NOx emissions and a more significant stratospheric Oz influx (Wild et al.
2012; Stevenson et al. 2013; Young et al. 2013; Sicard et al. 2017). The
net impacts of climate change can also drive the O3 increase, i.e., increased
stratospheric Os intrusion, greater lightning NOx emissions, and impacting
reaction rates through sea surface temperatures and relative humidity
changes (Voulgarakis et al. 2013; Young et al. 2013). A reduction in
surface O3 concentrations is simulated over the equatorial region under
RCPS8.5, where the increased relative humidity, in a warmer climate,
increases the Os loss rate (Zeng and Pyle 2003).

3.4 Conclusions

The global atmospheric chemistry transport models well reproduce the
spatial pattern of historical O3 concentration at a global scale; in particular,
GISS-E2-R and MOCAGE can simulate the higher O3 levels downwind of
precursor sources and in the high-elevation areas. The model outputs
emphasize the strong asymmetry in the tropospheric Os distribution
between the NH and the SH. The natural emissions of O3 precursors (e.g.,
lightning NOx, CO from oceans, isoprene) and the complexity of chemical
schemes are significant sources of the model-to-model differences.
Compared to the early 2000s, the results suggest changes in surface O3 of -
9.5+ 2.0 ppb (NH) and -1.8 + 2.1 ppb (SH) in the cleaner RCP2.6 scenario
and of +4.4 + 2.8 ppb (NH) and +5.1 £ 2.1 ppb (SH) in the most
pessimistic RCP8.5 scenario. For RCP2.6 and RCP4.5, absolute decreases
are observed in the NH due to fewer precursor emissions. For RCP8.5, all
models show climate-driven increases in surface Os in particular over the
Western US, Greenland, South Asia, and Northeast China, and the changes
ranged from +1 to +5 ppb over North America and Europe. This O3
increase can be mainly attributed to a substantial increase in CHy
emissions coupled with global warming.
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BIOLOGICAL MONITORING OF OZONE
POLLUTION WITH VASCULAR PLANTS
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To the Philosopher, the Physician,

the Meteorologist, and the Chemist, there is perhaps
no subject more attractive than that of ozone.

C.B. Fox. Ozone and Antozone,

Their History and Nature

J. & A. Churchill, London, 1873

Abstract

Biological monitoring (BM) uses organisms to determine the presence,
amounts, temporal/spatial changes, and effects of both abiotic and biotic
factors in the environment. The huge difference between BM and
traditional physico-chemical measures of air quality is that the latter
measures take into account emissions and immissions but only indirectly
measure the “health” of the atmosphere because they do not look directly
at biological responses. Specific plants, and namely tobacco cv. Bel-W3
are considered to be reliable bioindicators of ambient ozone (O3). Leaf
injury on these plants is usually the first indication that a region has
developed an O3 problem. Bel-W3 tobacco is a “perfect” bioindicator of
Os in the air, as it is highly sensitive. It develops easily recognizable and
quantifiable peculiar foliar symptoms, and its vegetative period is
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coincident with the photo-smog season. Biomonitoring protocols are
applied in community, local, regional, and nation-wide campaigns. The
entire methodology, from plant cultivation to exposure, injury assessment,
data treatment, statistical analysis, and presentation of results, is now
standardized. Some sticking points are that: (i) BM does not replace
modeling or conventional methods of direct measurement of air pollutants,
it complements them by demonstrating the biological effect; (i)
bioindicator stations can make it possible to supplement at moderate costs
the pre-existing network; and (i) bioindicators raise public awareness by
recourse to living organisms (i.e., Osz-sensitive plants make invisible air
pollution visible).

Keywords: Biological monitoring; Ozone; Bioindicator; Vascular Plants

4.1 Biological Monitoring, Basic Concepts and Definitions

According to the consensus, “biological” is defined as “the science of
physical life, dealing with plants, animals and microbes, their morphology,
physiology, origin and distributions”; and a “monitor” is “something that
reminds or gives a warning.” So, “biological monitoring” (hereafter
“BM”) may be defined as “the use of living organisms to determine the
presence, amounts, temporal or spatial changes and effects of both abiotic
and biotic factors in the environment” (Fath 2019).The huge difference
between BM and traditional physical and chemical measures of air quality
is that the latter measures take into account emissions (at the sources) and
immissions (at the receptors), but only indirectly measure the “health” of
the atmosphere, and do not look directly at biological responses to
pollution.

Plants can be categorized according to the way they respond to
pollutants. For example, metals such as cadmium and nickel can be
absorbed into plant material and retained in the cytoplasm, vacuoles, and
cell walls. The concentration of the pollutant can then be analyzed as
posteriori via chemical protocols. The plant has accumulated the pollutant.
Alternatively, aero dispersed (persistent, non-convertible) chemical
species may be merely adsorbed onto the leaf surface, so plants act as
“biodeposimeters” (Bargagli 1998). In addition (second response),
pollution can affect the (relative) distribution of a species in a biological
consortium. Environmental change in the medium- to long-term is
signaled in a community either by expansion or by a recession of resistant
and sensitive genotypes, respectively. For example, a plant may be
inhibited by concentrations of a chemical above a certain threshold. The
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biological response can therefore control the presence/absence/abundance
of a species at a location to allow the taxon to be used as a presence
indicator of ambient pollution. Lichen communities are a paradigmatic
study case of this issue (Ferry et al.1973; Nimis et al. 2002). The idea of
(bio)monitoring the abundance of lichens as a measure for air pollution
effects goes back to the 19th century when Nylander (1866) mapped some
parks in Paris.

The third response to pollution is recognized, whereby visible evidence
of injury (or reduction in biomass production) is exhibited (Falla et al.
2000). Proving that specific injury symptoms are useful indicators of air
pollution dates back to early in the last century (Ruston 1921). Plants
undergo physical changes when exposed to ambient concentrations of a
pollutant above a specified “threshold x duration” combination (i.e.,
“dose”). The prominent (leaf) damage is a reaction to pollution and allows
plants that exhibit this response to be categorized as reactor (or “cffect”)
species. Symptoms should be considered to be diagnostic, provided that
they are verified in exposure/response studies under experimental
conditions. So, a “reaction bioindicator” can be defined as an organism (in
this case, a plant) exhibiting a typical, quantitative and verifiable response
when exposed to a specific stressor, such as excessive ozone (O3) air
pollution. These sensitive plants can be used to detect the presence of an
air pollutant at a specific location or region and can provide unique
information regarding changes in air quality. This is usually accomplished
by observing the amount and severity of pollutant-induced foliar injury to
a single specific plant genotype. In most cases, the assessment of
bioindicators involves the subjective determination of the extent of evident
injury symptoms. As a general rule, a “good” bioindicator plant should
satisfy some essential requirements, such as, (i) to be very sensitive to a
specific pollutant and then to have a low threshold for visible injury, the
reaction must occur quickly when exposed to realistic pollutant
concentrations, without being killed by the pollutant levels with which it
comes into contact; (ii) the visible response should be precise,
characteristic, possibly specific and definitively reproducible in every site
and under any condition; (7ii) the intensity of the visible response must be
easily quantified and an appropriated calibration procedure against the
actual pollutant doses must be possible; this allows the extrapolation of
pollution levels from biological data; and (iv) the indicator should have an
adequate period of vegetation (coincident with the significant presence of
the target pollutant) and be easily cultivable, well adapted to the
environment and tolerant to the other major stress factors, both of a biotic
(pests, parasites) and abiotic (thermal extremes, water deficit, other
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chemical pollutants) nature (Nali et al. 2006). Bioindicators are primarily
important for demonstration and educational projects. Visible effects of air
pollutants on plants are very convincing and easy to understand by non-
scientists and particularly by policy makers and representatives of the
media. In some cases, instead, the relevant parameter is the ratio between
biomass produced by a sensitive vs. a resistant genotype after exposure to
ambient air in the presence of a pollutant agent with phytotoxic activity.

Bioindicators of air quality can be used in two ways; they can be either
deliberately introduced, i.e., translocated from one place to another
(“active BM”, with “sentinel” individuals), or be native/cultivated (already
present) species (“passive BM”, with “detector plants”).Active and passive
methods focus on two distinctive features, active monitoring performs
regular checks, whereas passive monitoring concentrates on real open-air
phenomena by “watching” what is happening (Falla et al. 2000). In the
latter case, the interpretation of results must consider an essential number
of criteria related to the heterogeneity of the living conditions, such as
genetic variability, soil quality, climatic parameters, and the health status
of selected plants.

Finally, automatic devices cannot evaluate unforeseen compounds
(they are specific and only detect the compound(s) for which they are
conceived, an-analyzer-for-a-pollutant), and the cumulative/synergistic
biological effects of pollutants in the mixture. Of course, they only
characterize conditions at the time of sampling, not allowing the
integration of past environmental conditions. On the contrary, the use of
BM can answer these issues. On the other hand, plants present the
disadvantage of being unable to provide a response in a time lapse
comparable with that of on-line analyzers, not to mention the myriad of
chemical, physical and biological factors that influence the response of
biota to stress factors.

The reciprocal relationships between conventional monitoring and BM
of O3 are depicted in Fig. 4.1. In a few words, BM does not replace
modeling or the physico-chemical methods of direct measurement of air
pollutants; it complements them by demonstrating the biological effect.
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Fig. 4.1. The integrated “system” which connects ground-level O;
formation/diffusion and its monitoring/biomonitoring. Ozone is a secondary
pollutant, not released directly into the lower atmosphere, but instead is formed in
situ by a complex series of chemical reactions involving sunlight, oxides of
nitrogen and volatile organic compounds, including those emitted from both
natural and manmade sources. Conventional monitoring is in charge of measuring
these precursors at the source(s). The next step is represented by the transport and
chemical transformations of these pollutants, to give rise to O3 molecules in the
photo-smog. Again, automatic analyzers are irreplaceable in giving detailed
knowledge on the actual on time concentration of O3. But the rule of conventional
monitoring ends up here: no information is given. Concerning the biological
impact of a certain pollution scenario. It is this the mission of biological
monitoring. It is easily agreeable that conventional and biological monitoring of air
quality are complementary/additionally partners.
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4.2 Monitoring of Ground-Level Ozone, A Brief History

Hidy et al. (2017) reconstructed in detail the history of ambient-air O3
measurements. Generally, the discovery of Os is ascribed to Christian
Friedrich Schénbein in the year 1840. He developed a protocol for O3
quantitative detection using an iodate-based oxidation method. Paper strips
are coated with potassium iodide and starch; when placed in the presence
of O3, the potassium iodide oxidizes and is converted to potassium iodate
(KIO3). In the chemical process, the paper changes color to various hues of
blue. The response of the strips also depends on a variety of factors,
especially relative humidity, and thus only serves as a rough indicator of
O3 concentration. The first sustained, quantitative urban measurements
appear to have been made in Paris in the 1870s. Systematic ground-level
O3 monitoring began in the Los Angeles area in the 1950s using the
cracking rate of rubber bands exposed to polluted air. The next step was a
potassium iodide wet chemical method. Measurements evolved from wet
chemical to instrumental methods in the 1970s.

The method most commonly applied since then uses ultraviolet (UV)
absorption at 254 nm (Beer’s Law); a second method involves
chemiluminescence from the reaction of Oz with NO or with a reactive
hydrocarbon. Nowadays, most continuous indoor and outdoor automatic
air analyzers work on the principle of UV absorption measuring Oz with
detection limits as low as 0.2 ppb, or even less. They may be installed in
stationary monitoring units or mounted on ad-hoc adapted vehicles. The
principle consists of measuring absorption by O3 molecules of UV light
(provided in the past by mercury lamps, now replaced by LED
technology). Ozone concentration is determined by the difference between
UV absorption of the gas sample and the sample without Os after filtration
performed by a high-quality catalytic converter. Both signals are detected
by a photodiode, offering accurate and stable signal detection. These user-
friendly electronic devices are provided with an internal O3 generator for
span check control and with settable alarm levels for concentration. A
wide variety of internal diagnostics is usually available and instruments
can gather information quickly and produce reliable data. Costs for the
purchase and maintenance of analyzers are significant and may represent
limiting factors for the set-up of diffused monitoring networks. Besides,
these instruments require electrical power, and this could be a handicap in
field campaigns in back-country sites, even if, recently, portable solar-
powered continuous O3 monitors have been used for real-time monitoring
in remote locations (Burley et al. 2015).

printed on 2/13/2023 5:47 AMvia . All use subject to https://ww. ebsco. coniterns-of - use



EBSCChost -

148 Chapter Four

Passive samplers complete the inventory of non-biological procedures
of O3 detection. They offer a simple, cost-effective means of measuring air
pollutants in the many situations where integrated measurements (e.g.,
dose, exposure, time-averaged values) are more useful than short-time
resolution (Sanz et al. 2007). Their key limitation is that the time-averaged
data obtained do not describe diurnal patterns of pollutant exposure, which
can be important when considering the stomatal uptake and biological
effects of pollutants. However, statistical procedures have been
successfully used to estimate biologically relevant O; exposure indices
from passive samplers (Ferretti et al. 2012).

4.3 Ozone and Plant Life and Health

Ground-level ozone pollution is a significant health hazard and causes
more damage to plants than all other common air pollutants combined in
many regions of the world (Ainsworth 2017). Air pollution due to
tropospheric O3 has been known since the late 1950s to cause significant
injury and economic losses to many agricultural crops, native plants, and
forest tree species throughout many regions of North America and Europe
(Middleton et al. 1950); more recently, Asian countries are experiencing
similar problems (Royal Society 2008). Given projected trends in
populations, economic outputs, and the associated increased demands for
required energy supplies, not to mention climatic variations, O3 air
pollution impacts are very likely to increase (Ainsworth et al. 2020). The
effects of O; on biological systems are attributed to its ability to
spontaneously dismutate or react with cellular constituents to generate
excess active oxygen species (Rao and Davis 2001). Ozone enters leaves
through open stomata during normal gas exchange and does not
accumulate in plant organs; it quickly reacts in the apoplast to produce
reactive oxygen species (ROS), such as superoxide anion (O”), hydrogen
peroxide (H,0,), hydroxyl radical (-OH) and singlet oxygen ('O,) (Jankl
et al. 2019). The most common effect induced by long-term sublethal O3
exposures on sensitive plants is the induction of premature leaf
senescence, as a consequence of damage to cell membrane biochemistry
and architecture (Miller 1999). These symptoms are specific and hard to
detect under natural conditions. However, under more stressful conditions,
foliar necrotic lesions in the form of interveinal stipple on the adaxial leaf
surface have been documented on Os sensitive plant species in many
countries under natural conditions (Flagler 1998). They appear as
uniformly sized red to brown minute spots, but a wide symptomatic
divergence has been reported. Of course, not all plant injury is Oz-induced,
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and mimicking symptoms may be due to a plethora of biotic and natural or
man-made abiotic stress factors. Probably the most appropriate definition
for such symptoms should be “ozone-like visible injury.” A distinctive
pattern of Os injury is the localization of the upper leaf surface. Still, field
diagnosis of plant diseases only based on symptom observation is “more
an art than a science” (Grogan 1981).

4.5 Active Biological Monitoring of Ozone
with Vascular Plants

4.5.1 Tobacco

It was 1951 when growers of cigar-wrapper tobacco (Nicotiana
tabacum) in Connecticut were first concerned about a devastating leaf spot
disease of unknown origin (tentatively named “weather fleck™) (Heggestad
and Middleton 1959). As suggested by the name, the appearance of
symptoms in the field was related to weather, especially hot sunny periods.
Damaged cured leaves of tobacco had little or no value. Palisade cells
were the first to show injury. It is noteworthy that the cigar wrapping
tobacco types are considered entirely different genetically from tobaccos
of other types, such as flue-cured (Heggestad 1991). An Os-supersensitive
germplasm (named “Bel-W3”, “Bel” is for “Beltsville”, MD, the location
where the research was carried out) was identified during breeding
activities, and it was 1962 when Bel-W3 was officially proposed as a
biological indicator of O3 exposure (Heggestad and Menser 1962). Since
then, Bel-W3 plants have been used in all continents (Heggestad 1991).

The general pattern of injury on Bel-W3 varies somewhat, depending
on the age of the plant, leaf position, O3 level, and environmental factors
such as nutrition, moisture, and light (Heggestad 1966). When
atmospheric concentrations of Oz exceed approximately 40-50 ppb for 4
h, or 30 ppb for 8 h (this is the lowest threshold for all species tested by
the scientific community), symptoms arise on leaves of Bel-W3. They
include initial, adaxial-surface water-soaking in the form of small (a few
millimeters), greyish, roundish, well-defined flecks. In a couple of days,
sharply defined permanent dot-like lesions appear on both adaxial and
abaxial surfaces as a result of complete mesophyll collapse (Pasqualini et
al. 2003 — Fig. 4.2).
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Fig. 4.2. Transversal section- ofla foliar lesion induced by ambient O3 on tobacco
Bel-W3; please note the complete collapse of the mesophyll

This is a very peculiar response, due to the extreme sensitivity of this
germplasm, because, as a general rule, O3 injury on “normally” sensitive
species/cultivars (including other tobacco cultivars) is limited to the death
of groups of palisade cells, resulting in necrosis which is only visible on
the adaxial leaf side. The reaction is related to leaf age; older leaves are
more susceptible (and symptoms concentrate in the proximal districts),
and younger leaves exhibit lesions only in the distal regions. Leaves
having a length of less than 6-8 cm are almost insensitive to Os. The final
color of mature lesions is light ivory. So, it is possible to separate the new
Os injury from the old injury by its darker color. Lesions can coalesce to
form larger necrotic areas causing the lamina to dry out, but because of the
absence of an abscission layer, the dead leaves remain attached to the stem
(Fig. 4.3).
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Fig. 4.3. Top left: Effects of a 7-day exposition to ambient O3 of a tobacco Bel-W3
plant showing the peculiar distribution of Os-induced fleck. Sensitivity is inversely
related to leaf maturity: very young leaves are unaffected, young ones are only
sensitive in their distal portions; and mature leaves are affected on the whole
surface. Top right: Close-up of a mature leaf of tobacco Bel-W3 showing necrotic
injuries due to O3 after exposure of a week to ambient air. Bottom: Increasing
levels of Os-induced fleck on leaves of tobacco Bel-W3 due to a 7-day exposure to
ambient air
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Biomonitoring protocols are applied in community, local, regional, and
nation-wide campaigns. The entire methodology, from plant cultivation to
exposure, injury assessment, data treatment, statistical analysis and
presentation of results, is now standardized and guidelines have been
published first by the Association of German Engineers (VDI 2003) and
more recently by the European Committee for Standardization (CEN
2016). Ozone-resistant tobacco plants (namely, the cv. Bel-B, whose
sensitivity threshold in terms of visible injury, for 2-h exposures is 220
ppb, vs 100 ppb of Bel-W3, Heggestad 1991) are routinely inserted in the
plots, so the appearance of injury on Bel-W3 but not on Bel-B provides
further confirmation that such injury is due to Os. In any case, foliar injury
in Bel-B is only represented by upper-surface flecking (Krupa et al. 1993).

The plants start in an Os-free greenhouse/controlled environment
chamber (air is filtered through active charcoal) following standard
agronomic protocols in terms of fertilization and watering. When they
have developed 5-6 expanded leaves, they are transplanted into cultivation
containers provided with water dispensing devices and moved to the test
sites. The exposure sites should be open and reasonably distant from any
local source of pollutions. As Bel-W3 is shadow tobacco, a shading net
(50%) is provided; this also guarantees (partial) protection from bad
weather conditions and animal vandalism. All fully expanded leaves are
individually labelled (and the same number is maintained all through the
exposure time), and every week, a leaf injury index (LII) is calculated. The
impracticability of counting and measuring individual lesions for assessing
leaf spots in large plant populations motivated scientists to rely upon other
more rapid visual methods. Visual assessment still represents the best way
to rapidly quantify the extent of necrotic injury induced by O3z on tobacco
when dealing with many field plots, which is a critical step. Usually, the
proportion of necrotic areas is estimated in relation to the whole leaf area.
To keep the subjective estimation error as small as possible, reference
photographs of sample leaves measured with digital image processing
(Della Mea et al. 1997) (or, more simply, with the transparent grid
method, Ashmore et al. 1980) can be consulted. LII is calculated for each
week as the difference in the mean percentage of the leaf area injured.
Only leaves that received a score lower than 10% of the necrotic area at
the week n-1 are considered when processing the database for the week 7.
This is because the auto-collapsing of tissue can occur at certain levels of
leaf damage, causing an increase of leaf injury regardless of the exposure
to O3. Assessment should be performed under ideal lighting conditions and
leaves. As a general rule, leaves should always be approached from the
same side (e.g., the tip towards the evaluator). Attention should be paid to
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avoid misinterpretation of Osz injury on Bel-W3 with lesions caused by
other confounding stress factors, as tobacco leaves can be affected by
invertebrate pests and other pathogens, such as viruses (especially PVY,
the Potato Virus Y), bacteria (Pseudomonas syringae pv. tabaci, the causal
agent of “wild fire”), and especially fungi causing minute round necrotic
spots. This is the case, for instance, of Cercospora nicotianae (etiological
agent of “frog-eye”) and brown spot (Alternaria alternata) (Shew and
Lucas 1991). No differential response of Bel-W3 and Bel-B to such biotic
agents has been reported, and canonical laboratory investigations easily
pinpoint the actual culprit of symptoms in biotic agents.

Traditionally mature tobacco Bel-W3 plants have been used in all
continents for local, regional and nation-wide campaigns (Heggestad
1991). The first nation-wide experience was developed in the Netherlands
(Posthumus 1976). In Italy, the first campaigns date back to the 1980s
(Lorenzini and Panattoni 1986). However, the use of adult tobacco plants
implies remarkable logistical difficulties in establishing a lot of plots over
extended areas, especially due to the fragility and brittleness of their large
leaves, so that massive long-distance transport is difficult, not to mention
that a wide space (and a long time) in filtered-air growing facilities is
required. Visual assessment of leaf injury has to be performed by remote
operators; all of them must be adequately formed. In addition, adult plants
stay in the place for several weeks (usually a month) before substitution,
and exposure to below injury threshold O3 concentrations may reduce the
concentration of Oz necessary to produce new injury (Heagle and Heck
1974; Steinberger and Naveh 1982). All of this may represent a limiting
factor to the full application of the methodology over a large geographical
scale.

To overcome such restrictions, a miniaturized kit for very young plants
was developed by Giacomo Lorenzini at the University of Pisa, Italy
(Lorenzini 1994 — Figs. 4.4, 4.5).
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Fig. 4.4. The miniaturized kit based on seedlings of tobacco Bel-W3 for
biomonitoring Os. Please note the presence of fleck on cotyledons and first true
leaves

Fig.4.5. The final “harvest” of a typical field campaign based on the miniaturized
kit based on seedlings of tobacco Bel-W3
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The device is easily transportable (it may be shipped by mail) and,
therefore, ideal for assessing spatial patterns over wide areas. The kit is
based on a commercial polystyrene 24-well culture plate (12.5 x 8 cm)
modified with a water reservoir. Each well (16 x 20 mm depth) is
perforated, allowing the water in the base to hydrate the root system.
Seedlings of the two tobacco cultivars (Os-resistant and -sensitive,
respectively) are germinated in trays in a peat/organic compost in a
controlled environment growth chamber ventilated with charcoal-filtered
air. Nineteen Bel-W3 plantlets and four Bel-B plantlets are transplanted
into each tray, and the final well is left free for watering. When the first
true leaf measures ca. 1 cm, the seedlings are individually transferred to
the wells in the plate. After a couple of days, they are transported to the
site and placed under a cloche with a 50% shading factor. The typical
exposure time is one week; then, the kit is substituted with a new one.
Symptoms evaluation is performed the following day (to allow the
ripening of the last produced lesions) on cotyledons and the first true leaf
using a hand lens. This allows the kits to be shipped to the home station,
so that lectures of symptoms may be performed by a single, experienced
team. The percentage of necrotic tissue is related to a pathometric scale.
Correlation studies among the cotyledonar and foliar injury index and
actual O3 levels monitored through automatic analyzers emphasized that
the sensitivity and accuracy of this methodology are comparable with
those employing adult plants (Toncelli and Lorenzini 1999). The protocol
is officialized by the Italian Environmental Agency (ANPA) (Lorenzini
1999). Several successful field applications have been reported (e.g., Nali
et al. 2006 and references herein reported for Italy; Davies et al. 1998 for
the UK; Gombert et al. 2006 for France; Cheng and Sun 2013 for China).

Handling, processing, and restitution of information gathered in BM
campaigns follow the conventional steps of environmental data
management. Usually, final results are communicated in graphical form (is
pollution charts) using dedicated contouring or 3D surface mapping
software packages (Fig. 4.6).
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Fig. 4.6. Spatial distribution of the Cotyledonar Injury Index (CII, on a 0—4 scale)
on tobacco Bel-W3 seedlings (“minikit”) in 14 municipalities of Valdera District
(Province of Pisa, Central Italy) at the end of a typical 7-day Os exposure. Dots and
asterisks indicate locations of biomonitoring points and of automatic Os analyzers,
respectively. Geographical coordinates are expressed in the UTM/WGS84 System

Uncertainty is much more inherent in most biological data and, in
particular, environmental biology, than in the physical and chemical
systems. Quality assurance (QA) procedures are a fundamental part of BM
activities. This means that all steps of the program should be correctly
addressed, from the design of the locations of experimental plots to data
collection, processing, and reporting. Large-scale campaigns involve
several field observers and are exposed to risks of estimation errors in
evaluating the intensity of Oz induced lesions. Visual assessment of the
intensity of foliar necrotic symptoms is the core activity of BM with Bel-
W3. Shape, orientation, shading, surrounding figures, and personal traits
enter into perception. Because disease scoring follows the Weber-Fechner
law, which states that the response of an organism to a stimulus is
typically encoded in a non-linear manner but instead is a linear function of
the logarithm of the stimulus magnitude (Zimbardo et al. 2006), there is a
trend to overestimate lower classes of injury and to assign too few values
to higher classes (Lorenzini et al. 2000). As a rule, when lesions occupy
less than 50% of the total leaf area the eye focuses on the diseased tissue,
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and vice versa (Horsfall and Cowling 1978). In addition, many leaves
show an asymmetric distribution of lesions, mainly in terms of
proximal/distal areas (this is a function of ontogenic factors), but also in
terms of “right-and-left”. The role of operator training is discussed in
detail by Francini et al. (2009).

The final step is the statistical correlation between and the extent of
foliar injury on Bel-W3 tobaccos and mathematical descriptors of the
actual ambient Oz exposure. Ozone holds an undeniable peculiarity in
atmospheric science, not being directly emitted by point sources (i.e., it is
a “secondary” pollutant). So, the daily and annual variations in O3
concentration at any given spatial scale depend on several factors, such as
the proximity to large sources of Os precursors, the relative ratio(s)
between precursors, geographical location, and the prevailing
meteorological conditions. Sunlight is the driving force, but other factors
such as wind prevalence, temperature, and relative humidity/vapor
pressure deficit play crucial roles (Kley et al. 1999). As a consequence,
daily and seasonal profiles of O; levels show huge differences, for
instance, between day and night, summer and winter, and so on. In
addition, effects of O3 on vegetation are dependent on Oz entry into the
leaf, and this only happens during daylight hours; therefore, specific O3
metric descriptors, different from those useful in human medicine, have
been developed for vegetation on time, such as M12, W126 and AOT40
(see Mills et al. 2018 for details). After more than half a century of field
and lab activities, the prevailing position in the scientific community is
that the overall results suggest that the visible foliar response of tobacco
Bel-W3 can be used as a qualitative, but not necessarily a quantitative
indicator of relative ambient O3 pollution on a generalized temporal or
spatial scale (Krupa et al. 1993).

4.5.2 Other herbaceous species

Several reports describe the experimental selection of other plant
genotypes as candidates for active ozone biomonitoring under different
climatic conditions. This is the case, for instance, of the Sugar Baby
cultivar of watermelon (Citrullus lanatus) (Gimeno et al. 1995), the local
Egyptian cultivars of jute (Corchorus olitorius) (Madkour and Laurence
2002), the wild currant tomato species Lycopersicon pimpinellifolium (Iriti
et al. 2006), and morning glory, Ipomoea nil (Lamano Ferreira et al.
2012). However, none of these candidates may successfully compete with
tobacco Bel-W3 in terms of sensitivity, readiness of response, and
appearance of pathognomonic foliar symptoms.
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4.5.3 Citizen science applied to the biomonitoring
of ozone, The “ozone garden projects”

During the last decade(s) in the USA, tens of “ozone garden projects”
have been launched (Fishman et al. 2014). These are featured activities
within visitor centers for environmental sciences, botanical gardens,
science museum venues, community gardens, high schools, and similar
locations. An O3 garden is simply a collection of plants that are known to
be sensitive to O3. When exposed to O3 over time, these individuals are
expected to develop more or less characteristic signs of foliar injury.
Usually, these plots are based on four plant species known to be easily
established and maintained, the snap bean (Phaseolus vulgaris, see
beneath), common (A4sclepias syriaca) and tall milkweed (4. exaltata), and
the cut leaf coneflower (Rudbeckia laciniata). Soybean (Glycine max) and
potato (Solanum tuberosum) are also often present. Local genotypes may
be involved as well. An O3 garden serves as an outdoor laboratory for
citizens, educators, and students to collect and analyze information on air
pollution’s effects on O3 sensitive plants. The garden demonstrates first-
hand the observable and detrimental impacts of O3 on living organisms
and acts as a visual tool representative of O3, which cannot otherwise be
seen by the naked eye. Visitors interact with the garden to learn how to
identify O; injury, which fosters a curiosity to look for O; effects on
sensitive plants in their local area. Many of the existing O3 gardens follow
a common layout and detailed field guide and accompanying training
mechanisms and handouts provided by NASA (Ladd et al. 2011). This
approach focuses on how science, technology and climate change
influence the efficiency of food production.

4.5.4 The use of EDU for biomonitoring purposes

The chemical N-[2-(2-oxo-l-imidazolidinyl) ethyl]-N’-phenylurea
(abbreviated as EDU, for ethylenediurea) is a molecule with a significant
ability to protect plants from injury by atmospheric O3 (see Zhaozhong et
al. 2020, for a review). The nature and modes of action (biophysical and
biochemical) of EDU have been detailed by Singh et al. (2015). This
compound is useful as a survey tool to determine the location and
magnitude of crop losses due to Os. In addition, it can be used to verify the
response of an Os bioindicator in the field. Usually, half of the indicator
plants are treated with a soil drench or foliar spray, before out planting. In
the presence of significant O3 pollution, the treated plants will not develop
symptoms of foliar injury while the non-treated individuals will show
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varying degrees of typical Os injury symptoms, verifying that O; is the
cause. For instance, weekly EDU applications have been recommended as
a tool for confirming the deciduous shrub Hibiscus syriacus in diagnosing
O3 presence (Paoletti et al. 2009).

4.5.5 White Clover

As visual estimates of the intensity of foliar injury involve subjectivity,
there may be some limitations to the tobacco protocols above described.
But, even more important, visible injury induced by O; does not always
translate into yield loss (Heagle and Letchworth 1982), a parameter which
instead may be relevant for policymakers. So, bioindicator systems have
been developed that relate biomass loss to ambient Oz concentrations,
based on non-subjective measures—, they use the shoot biomass response
from sequential harvests as a quantitative descriptor of Os effects. This is
the case of Heagle et al. (1994) who have developed a protocol by using a
sensitive (NC-S) and a resistant (NC-R) clone of white clover (Trifolium
repens). Plants are container-grown in a standardized pot culture and the
total epigeous forage biomass (leaves, stems, flowers) is removed at 28-
day intervals. Dry weights are obtained and the O3 impact is determined
by calculating the ratios of NC-S to NC-R. A ratio of less than one
indicates that ambient O3 has had an adverse effect of shoot biomass on
NC-S (Figs. 4.7, 4. 8). The virus-free clones are maintained by vegetative
propagation and are currently used in a number of research programs in
the United States and Europe (Nali et al. 2006). Intimate bases of this
differential behavior in the presence of O3 have been elucidated (Francini
et al. 2007).

il i SR -
Fig. 4.7. Biomass production of white clover (Trifolium repens) cv. Regal NC-R

clone (left) compared to that of the NC-R clone (right) in a typical summer
monitoring campaign
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Fig. 4.8. Response of the NC-S/NC-R biomass ratio of white clover clones to
AOT40 accumulated over the previous 4-week periods between 1997 and 2007
(only summer months) in Pisa (Italy); broken lines represent the confidence
interval (P=0.05). Data from Nali et al. (2009). AOT40 represents the sum of the
differences between the hourly O3 concentrations (in ppb) and a threshold value of
40 ppb, for each hour in the interval 08:00-20:00 h (solar time)

4.5.6 Snap Bean

Similar to the above-described clover system, a protocol based on Os-
sensitive and -resistant snap bean (Phaseolus vulgaris) genotypes (S156,
sensitive and R123 resistant) that produce similar biomass under low O;
conditions, but are differentially affected at elevated O3 levels typical of
present-day pollution levels has been developed by Kent et al. (2005) (Fig.
4.9). An S156 to R123 pod yield ratio of approximately one is observed
under charcoal-filtered air conditions, to decline towards lower values
under the O3 challenge, and the lower the ratio, the more damage is caused
by Os. A limiting factor is that multiple planting dates are required to
obtain a series of snap bean harvests during a growing season available
from a single clover planting.
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Fig. 4.9. Ozone-resistant (R123, left) and Os-sensitive (S156) snap bean plants
after three months of ambient air exposure in the Castelporziano Presidential
Estate (Rome). Photo credit: Elisabetta Salvatori, Sapienza Universita di Roma,
Italy

4.6 Passive Biological Monitoring of Ozone
with Vascular Plants

Many native sensitive plants have been evaluated for their potential use
as detector species capable of detecting the presence of Os air pollution
through the development of specific and distinctive symptoms. The typical
symptom of Os foliar injury on dicots is an adaxial surface interveinal
discoloration of small groups of cells (“stipple”), appearing as uniformly
sized red to purple to brown spots, but — as previously reported — several
confounding biotic and abiotic stress agents may induce similar effects.
Key diagnostic evidence is that Oz injury symptoms do not appear on the
veins of a leaf and usually only occur on the upper leaf surface, leaving the
lower leaf surface symptom-free. Guides to the identification of an Os-
induced foliar injury area are available (Flagler 1998; Innes et al. 2001;
Ladd et al. 2011). Forest surveys and open-top chamber studies indicate
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that black cherry (Prunus serotina) may be a reliable bioindicator of foliar
injury due to ambient O3 (Chappelka et al. 1999). Similar approaches do
not identify specific levels of O3 present in ambient air but rather identify
whether conditions are favorable for Oz injury to occur, integrating
existing environmental conditions (relative humidity, soil moisture,
temperature, etc.) that determine actual O3 flux (Coulston et al. 2003).

Recently, a new way of recording visible ozone injury on
vegetation has been created by the ICP Vegetation team (http,
/licpvegetation.ceh.ac.uk). A smart-phone App allows users to upload
photographs of ozone injury and location co-ordinates as soon as damage
is observed. An expert team can confirm (or not) the reports to adjourn
distribution maps.

4.7 Conclusive Remarks

Natural means of assessing spatial and temporal patterns of airborne
pollutants at very low cost offer a suitable method of monitoring which
many believe could provide a valuable adjunct to the scientific based
techniques currently in place. Some sticking points are that (7)) BM does
not replace modeling or physico-chemical methods of direct measurement
of air pollutants; it complements them by demonstrating the biological
effect; (ii) bioindicators are a means of monitoring in case of a lack, or
insufficiency, of the conventional means of analyzers to follow the aerial
dispersion of ozone (as well as of other pollutants) and to map the polluted
areas; (iii) bioindicator stations are practical for at least two reasons, they
are adaptable to space and time limits. Moreover they are mobile and are
easily constructed, as well as being more readily operational than the
traditional network stations; (iv) bioindicator stations can make it possible
to supplement at moderate costs the pre-existing network; (v) bioindication
can orientate the location of physico-chemical stations by providing
preliminary information about pollution levels; and (vi) bioindicators raise
public awareness by recourse to living organisms (i.e., Oz-sensitive plants
make invisible air pollution visible). Visual assessments are quickly made
and do not require expensive equipment, chemical analysis, or highly
trained personnel, but, as their subjective nature creates concern, rigorous
quality control criteria and procedures should be adopted to qualify BM
activity. Caution must be applied in presenting the results from BM
activities, as the response of supersensitive material, such as tobacco Bel-
W3 cannot in any way be directly translated into impact on native plants
and crops.
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Specific plants, and namely tobacco cv. Bel-W3, are considered to be
reliable bioindicators of ambient Os. Injury on these plants is usually the
first indication that a region has developed an Oz problem. Bel-W3
tobacco as a “perfect” bioindicator, is highly sensitive and develops easily
recognizable and quantifiable peculiar foliar symptoms and its vegetative
period is coincident with the photo-smog season. A critical point is the
establishment of robust exposure-response relationships, as the reaction of
plants to O3 depends amongst others on external growth factors that
include edaphic and climatic conditions.

With BM, the impact of the effective O3 dose on a living organism is
directly measured. Information provided by indicator plants such as
tobacco has incomparable value from the didactic and educational points
of view and to raise environmental awareness (Fig. 4.10), the vision of the
severe macroscopic injury which ambient air causes to sensitive organisms
may stimulate in the citizen an unmatchable involvement in environmental
issues. Standardization of methods is crucial to develop air quality
standards based on effective monitoring, and the whole protocol based on
Bel-W3 tobacco is defined in detail. Limiting factors and bottlenecks still
endure, for instance; a world-wide seed bank is necessary to ensure genetic
homogeneity of germplasm; used for field campaigns. Environmental
protection agencies, usually ruled by non-biology-trained managers, often
manifest a scarce enthusiasm towards BM, also supported by the poor
commercial inclination of the BM advocates. The legislative context of the
BM of Os is still to come.

A final recommendation, do not forget that to prevent air pollution
effects on plants means to prevent negative implications on humans.
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Fig. 4.10. Biological monitoring of ground-level Os is a formidable exercise of
environmental education and problem-solving for pupils, students, teachers (and
families). The picture is the result of an educational activity with children of a
primary school
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Abstract

Numerous plant species that develop a visible injury in response to
phytotoxic levels of ozone (Os) may theoretically be applied in O;
biomonitoring programs. Among them, the Os-sensitive Nicotiana
tabacum cv. Bel-W3 has been the most used worldwide. However,
meteorological conditions may limit the relationship between leaf injury
variations in such cultivar and ambient O3 concentrations, restricting its
bioindicator potential. Many studies have shown that the bioindicator
efficiency of tobacco plants reduces from the Atlantic coast to the interior
of Sdo Paulo State in SE Brazil because of the weather conditions. We
elaborated this chapter intending to adjust the protocol for tobacco Bel-W3
to improve the efficiency of O3 biomonitoring in subtropical regions with
dry winters and hot summers. The Metropolitan Region of Campinas
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(MRC) in Sdo Paulo State was chosen as the model region for such
purposes because it is typically characterized by a seasonal climate and
phytotoxic Os levels. The biomonitoring using tobacco Bel-W3 was
performed in fourteen sites within the MRC, categorized according to their
major neighboring land uses. The plants were exposed to each site for
consecutive periods of 14 days for three years. After each exposure, the
percentage of foliar injury was estimated, aiming at estimating the Leaf
Injury Index (LII) in each plant. The leaf area (LA), leaf biomass (LM),
and leaf mass/area ratio (LMA) were measured in the Sth, 6th, and 7th
oldest leaves of each plant. O3 concentrations, air temperature (T), relative
humidity (RH), rainfall (P), and solar radiation (SR) were also recorded
during the experimental period. A series of multiple linear regression
analyses was performed among different Os descriptors and
meteorological variables (vapor pressure deficit, T, RH, P, SR) and leaf
traits (LII, LA, LM, LMA), aiming at proposing the most appropriate
biomonitoring model for estimating the O3 levels using tobacco Bel-W3.
The most explicative multilinear model (R? = 0.78; p <0.001) was: O3(24h
average) = 6.386 — (0.0727*LA) + (0.32*SR), which was used for
estimating average daily concentrations of O3 during 14-day periods in the
biomonitoring sites. The estimated O3 concentrations varied between 40
and 100 mg/m? during dry exposure periods and between 60 and 160
mg/m?> during wet periods. This adjusted model also indicated that crops
and forest remnants are at higher risk imposed by Oz than human
populations in urban areas.

Keywords: O; biomonitoring; Nicotiana tabacum cv. Bel-W3; Protocol
adjustment; Subtropical seasonal climate; Leaf area, Solar radiation; Risk
prognosis

5.1 An overview of ozone effects on
forest ecosystems and crops

Ozone (03) is the most abundant tropospheric oxidant and an important
component of photochemical pollution (Ryerson et al. 2001). This air
pollutant is formed in the troposphere under bright sunlight through the
oxidation of the primary pollutants, such as nitrogen oxides (NOx) and
volatile organic compounds (VOCs) (Percy and Ferretti 2004). These
precursors originate from natural sources, including wildfires, downward
intrusions of naturally produced Os; from the stratosphere, biogenic
hydrocarbon emissions, lightning NOx, and biogenic NOx emitted from
soils, and also from anthropogenic fossil fuel and biofuel combustion or
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crop burning (Cooper et al. 2014). During the 20th century, the O3 levels
more than doubled due to industrialization and traffic developments
(Vingarzan 2004). Data have indicated that O3 concentrations in the 21% century
will be higher than during the 1970s and 1980s. Nowadays, O3 concentrations can
reach 60 nmol.mol! during the summer in locations like the western USA,
southern Europe, China, South Korea, and Japan (Gaudel et al. 2018).

Fowler et al. (1999) estimated the global forested area that is at risk of
being affected by O3 concentrations > 60 ppb (concentration likely to be
phytotoxic to sensitive forest species), using a 3D chemistry-transport
model (CTM). It simulated the atmospheric transport and chemistry of the
pollutant emissions using scenarios for 1860, 1950, 1970, 1990, and 2100.
The model showed no forest areas exposed to such Os levels in 1860 and
6% of global forests in 1950; 75% of these forests were located in
temperate latitudes and 25% in the tropics. By 1990, 24% of global forests
were exposed to Os concentrations >60 ppb, and this percentage will
increase to almost 50% of global forests by 2100 (Fowler et al. 1999).

The accurate projections of current regional trends or future O;
concentrations are complicated by its temporal and spatial heterogeneity,
depending on the distance from sources of pollutant precursors, time of
day, and time of year (Wittig et al. 2009). In rural areas of industrialized
countries, for example, with moderate NOx levels, Os; formation
dominates (Ainsworth et al. 2012). In these remote areas, non-urban surface
O3 in the recent past (2010-2014) was mostly found in North America,
Europe, and East Asia (Korea and Japan), indicating that the Southern
Hemisphere has much lower levels of Os than the Northern Hemisphere
(Gaudel et al. 2018). However, most of the maps’ trends from satellites in the
tropics have shown Oj; increases since 2003 above the Amazon (Gaudel et al.
2018). Another point of attention is that O3 concentrations showed little yearly
variation and no clear Oz seasonality in Brazil's sub-tropical humid
climate, contrasting with the findings at higher latitudes in the Northern
Hemisphere (Moura et al. 2014).

Despite any Oz uptake having the potential to affect plants, non-linear
responses and lag times are expected, affecting how Os triggers them from
the toxicological perspective (Musselman et al. 2006). Indeed, studies
have extensively shown a hormetic-biphasic dose-response induced by a
variety of chemical agents and environmental factors, including Os, in a
wide spectrum of endpoints and biological models (see Agathokleous et al.
2019a, for an overview). The hormetic responses to Oz have been
observed not only at the individual but also at community levels, including
key ecological endpoints such as biodiversity, soil respiration, emission of
leaf volatile organic compounds (VOCs), gas fluxes from soils, the
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demography of pests of agricultural crops, and reproduction of terrestrial
and aquatic organisms (Agathokleous et al. 2019b). Taking into account
this concept, the USA’s EPA has recently considered the use of non-linear
biphasic dose-response models, which could enhance the quality of both
risk estimates and subsequent risk management decisions that guide the
derivation of environmental standards and cost-benefit assessments
(Agathokleous et al. 2019b). Non-linear responses should thus be taken
into account when assessing the O3 effects on forest ecosystems.

Besides stomatal uptake, many interacting factors, such as time
between episodes, temporal variation, phenology, canopy structure,
physiological and biochemical processes, environmental conditions,
genetics, and soil and nutrient conditions, are involved in plant responses
to Oz (Musselman et al. 2006). Following transient exposure to high levels
of O3z (often exceeding 150 ppb and termed as acute in the literature),
perception of stress involves ROS, hormones, Ca*", and mitogen-activated
protein kinase (MAPK) signaling cascades (Ainsworth et al. 2012). The
magnitude of the plant response is determined by the actual amount of the
pollutant reaching the target site and the ability of the plant to restore
homeostatic equilibrium (Musselman et al. 2006). Suppose O3 is
considered as a relatively new "stressor" (due to the anthropogenic
increases over the last decades); in that case, adaptive responses induced
by Os in the context of hormesis suggest that plants use biochemical
pathways that evolved to cope with and adapt to other oxidative stresses
that also protect against O3 (Agathokleous et al. 2019a).

Injuries caused by Os toxicity include changes in stomatal
conductance, a decrease in CO, assimilation, light-saturated
photosynthesis (Asa), and nonstructural carbohydrates, and an increase in
the rates of mitochondrial respiration and senescence. These metabolic
changes can alter source-sink relationships, reduce root biomass, and
contribute to the overall decrease in growth and biomass (see Ainsworth et
al. 2012, for an overview). In consequence, forests and crops can be
significantly affected by Os.

A meta-analysis was performed by Wittig et al. (2009) to estimate the
magnitude of the impacts of the current [O3;] and future [Os3] on the
biomass, growth, physiology, and biochemistry of trees representative of
northern hemisphere forests. The authors showed that current ambient O3
(40 ppb on average) significantly reduced the total biomass of trees by
7%; moderately elevated Oz (64 ppb) reduced the total biomass by 11%,
and elevated O3 (97 ppb) reduced the total biomass of trees by 17%
compared with controls. Besides, the root-to-shoot ratio was significantly
reduced by elevated O3 as well as the leaf area, Rubisco activity, and
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chlorophyll content. Trees also had lower transpiration rates and were
shorter in height, and had a reduced diameter when grown at elevated Os.
In Brazil, some forest tree species showed visible symptoms and
microscopical markers typically induced by O3 (Moura et al. 2014; Pina
and Moraes 2007).

Regarding crops, O3 can reduce agricultural yields by (1) inducing
acute visible injury, which can cause an obvious and immediate loss of
economic value in crop species whose market value depends on their
visible appearance; or (2) reducing photosynthetic rates and accelerating
leaf senescence (Ashmore et al. 2005). Avnery et al. (2011) projected the
global relative yield loss due to O3 exposure by 2030. The loss might
range between 4.0 and 26% for wheat, 9.5 and 19% for soybean, and 2.5
and 8.7% for maize, depending on the scenario considered. The authors
also estimated that Brazil is expected to lose $500 million each year
because of reduced productivity in crops exposed to O3 (Avnery et al.
2011).

5.2 Ozone biomonitoring using tobacco Bel-W3

Bioindicator plants have been a standard tool for monitoring
environmental quality, diagnosis of air pollution effects on vegetation, and
risk prognosis in Europe (Klumpp et al. 1996; Nali et al. 2006; Ferreti et
al. 2008; Fernandez et al. 2015; Agathokleous et al. 2020). In developing
countries, the use of indicator species is especially important for obtaining
information on air quality because physical-chemical monitoring networks
are limited by the high cost of monitors (Assis et al. 2018). This is Brazil's
case, where only 12 among the 26 States have some private or public air pollution
monitoring stations (Instituto de Energia ¢ Meio Ambiente 2014). According to
this report, the few existing air quality stations that were recently created do not
monitor all the important pollutants and generally disrupt data.

Biomonitoring using plants is a powerful tool for assessing
environmental health, particularly in locations impacted by pollution. It is
based on the concept that living organisms always react to external
stimuli. A living organism can be used as a bioindicator if it responds to
changes in air quality in a specific, observable, and measurable way.
Conclusions can be drawn about the pollutant, its source, and intensity
through detailed and particular observations and measurements in
bioindicator plants (VDI 2004; Klumpp et al. 2001). The standardization
of biomonitoring techniques, from the plant’s cultivation and exposure
until the measurement and evaluation of results, is a fundamental
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requirement to validate and apply the results obtained in the field (Klumpp
et al. 2001).

Basically, biomonitoring using plants has been conducted by two
techniques: 1) active biomonitoring, which is performed by introducing
sensitive or accumulating indicator plants into the environment to be
monitored under standardized conditions, and 2) passive biomonitoring,
which consists of using plant species that occur naturally in the ecosystem
to evaluate the current state of the vegetation and the effects of air
pollution on the vitality of the plants, and to detect resistance mechanisms
(Nakazato et al. 2018).

Since the 1990s, both mentioned biomonitoring techniques have been
employed in Brazil aiming to indicate the phytotoxicity levels of air pollutants
around the air pollution sources of Cubatio (Domingos et al. 1998; Esposito et al.
2016; Esposito and Domingos 2014; Klumpp et al. 1994; Klumpp et al. 1996a, b;
Moraes et al. 2000; Nakazato et al. 2016; Pedroso et al. 2016; Silva and Moraes
2013; Silva et al. 2013), the Metropolitan Region of Sdo Paulo (Dafré-Martinelli et
al. 2011; Ferreira and Domingos 2012; Sant’Anna et al. 2008; Savdia et al. 2009)
and the Metropolitan Region of Campinas (Aguiar-Silva et al. 2016; Bulbovas et
al. 2015; Dias et al. 2016; Domingos et al. 2015; Giampaoli et al. 2015; Sandrin et
al. 2018).

Regarding Os, several plant species that develop visible injury have
been used as bioindicators. Among them, Os-sensitive tobacco cv. Bel-W3
has been the most used worldwide, and its response to Oz is the best
described (Calatayud et al. 2007). However, meteorological conditions
(temperature, relative humidity, vapor pressure deficit, and wind speed)
may limit the relationship between leaf injury variations and ambient O3
concentrations. In fact, these meteorological variables substantially affect
the effective O3 dose taken by tobacco plants and, consequently, on leaf
injury (Ribas et al. 1998; Calatayud et al. 2007). In such a case, this
bioindicator plant gives only qualitative information about Oz pollution.

5.3 Efficiency of tobacco Bel-W3 for ozone biomonitoring
in Sao Paulo State, Southeast Brazil

The efficiency of tobacco Bel-W3 as an Oj; bioindicator in SE Brazil
varies depending on the local climate (Fig. 5.1). In sites near the Atlantic
coast (Cubatio city), where the climate is tropical without a dry season (Af
according to Kdoeppen's classification), the cultivar Bel-W3 of tobacco
offered sufficient background information about O3 contaminations and
potential phytotoxicity to plant species of the Atlantic Rainforest (Klumpp
et al. 1994; Assis et al. 2018). The cultivar was even able to indicate a

printed on 2/13/2023 5:47 AMvia . All use subject to https://ww. ebsco. coniterns-of - use



Adjusting the Biomonitoring Model with Tobacco Bel-W3 for 177
Estimating Ozone Levels under the Subtropical Climate

change in the Os phytotoxic profile due to the start of a new natural-gas-
powered thermoelectric plant that provides power to an oil refinery at the
industrial complex of Cubatio (Assis et al. 2018).

50°00"W 45°00"W
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sC I Aw [ Cwb
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Fig. 5.1. Map of Sdo Paulo State showing the climate types according to
Koeppen’s classification (source: Wikipedia 2020). Af= Tropical without a dry
season; Am = Tropical monsoon; Aw = Tropical with a dry winter; Cfa = Humid
subtropical oceanic without a dry season and with a hot summer; Cfb = Humid
subtropical oceanic without a dry season and with a temperate summer; Cwa=
Humid subtropical with a dry winter and a hot summer; Cwb= Humid subtropical
with a dry winter and a temperate summer (Alvares et al. 2014).(@ )Studies
developed in Cubatio city by Klumpp et al. (1994) and Assis et al. (2018);( O) in
the Metropolitan Region of Sdo Pauloby Dias et al. (2011), Esposito et al. (2009);
and Sant’Anna et al. (2008) and ( @ ) in the Metropolitan Region of Campinas
(current study).
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Studies developed in the Metropolitan Region of Sdo Paulo, the sixth-
largest metropolitan area of the world (Alvim et al. 2017), where the
climate is humid subtropical without a dry season and with a temperate
summer (Cf according to Koeppen's classification), have shown that the
bioindicator efficiency of tobacco did not diminish under chronic doses of
O3 (Dias et al. 2011); however, it was diminished under higher Oz doses
(Sant’Anna et al. 2008). In the last case, a weak relationship between leaf
necroses and Oz would be one probable practical result, restricting the use
of this bioindicator plant for estimating Oj; levels in polluted areas.
Esposito et al. (2009) also indicated that leaf antioxidant responses could
restrict the use of N. tabacum Bel-W3 as an Oj; bioindicator to both the
atmospheric contamination and weather conditions of Sdo Paulo.

The results obtained in the above-mentioned studies led us to assume
that the bioindicator efficiency of tobacco plants reduces from the coast to
Sao Paulo State's interior because of the weather conditions. They also
stimulated us to raise the hypothesis that the protocol of tobacco Bel-W3
is adjustable in order to improve the efficiency of O3 biomonitoring in
subtropical regions with a dry winter and a hot summer. According to
Kiffer et al. (2019), the feasible adjustments may involve new leaf traits
that are affected by weather conditions and are easily measurable in
tobacco plants (such as leaf biomass and leaf area) and relevant
meteorological factors (such as solar radiation, temperature, relative
humidity). The improved biomonitoring protocol would enhance the
explicability of the dose-response relationships between O; levels and
bioindicator responses of tobacco Bel-W3, as shown by Kiffer et al.
(2019) for some cities of Rio Grande do Sul State (South Brazil).

The adjusted biomonitoring model would permit the estimation of the
spatial and seasonal variations in the O3 concentrations, expanding the use
of such bioindicator plants, especially in regions where there is no O3
monitoring by instruments. This expansion will be treated in detail in the
next section. We chose the Metropolitan Region of Campinas (Fig. 5.1) as
the model region in Sdo Paulo State for evaluating the veracity of this
further hypothesis because it is typically characterized by the Cwa climate
according to Koeppen'’s classification (humid subtropical with a dry winter
and a hot summer) and theoretically by phytotoxic O3 levels.
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5.4 Adjusting the ozone biomonitoring protocol for
subtropical regions with dry winters and hot summers

5.4.1 Air pollution and climate in the
Metropolitan Region of Campinas

Recently, studies conducted in the Metropolitan Region of Campinas
(MRC), located in the central-east region of Sdo Paulo State, have shown
that both crops (Sandrin et al. 2018) and forests can be affected by the
current levels of O3 (Moura et al. 2014). Moura et al. (2018) found that
more than 30% of 4. graveolens and P. gonoacantha trees assessed in the
forest fragments of MRC developed characteristic Os-induced injury in the
foliage. Besides, biomarkers of oxidative stress were observed in those
species (Aguiar-Silva et al. 2016). Together with other morphological and
chemical leaf traits, these biomarkers helped to indicate the potential of
these native trees from the Atlantic semi-deciduous forest for air pollution
biomonitoring (Domingos et al. 2015).

The MRC is characterized by a diversity of pollution emission sources,
including wurban settlements, highways, industries, and extensive
agriculture dedicated to the cultivation of sugarcane, oranges, and
ornamental plants (Bulbovas et al. 2015; Nakazato et al. 2018). It has also
been affected by air pollution emissions from the Metropolitan Region of
Sdo Paulo due to the predominantly south and southwest winds in the
region (Aguiar-Silva et al. 2016; Boian and Andrade 2012). The
predominant climate in the MRC is Cwa (humid subtropical with a dry
winter and a hot summer), according to Kdeppen’s classification, and it is
characterized by one hot and rainy season between October and March and
one dry season between April and September (Alvares et al. 2013).

Although the average prevailing wind direction is southeast in the
MRC, the wind direction typically changes during a single day, and the
predominant wind directions are SSE and SE in the early morning and
evening; SSE, SE, and NE in the morning; and NNE, SSE, N, SSW, and S
in the afternoon (Boian and Andrade 2012; Bulbovas et al. 2015).

The concentration of atmospheric pollutants in the MRC is influenced
by the predominant weather conditions and pollution emission diversity.
The average hourly concentrations of primary pollutants tend to be higher
during the dry seasons than during the wet seasons; in contrast, O3 tends to
increase during rainy seasons compared to the average hourly levels
during the dry months (Domingos et al. 2015).
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5.4.2 The biomonitoring program

Biomonitoring using tobacco Bel-W3 was performed between June
2010 and September 2013 in fourteen sites within the MRC. These sites
were categorized according to their major neighboring land uses: 11, 12,
and I3 were located near an industrial pole; I/A was placed near the
industrial pole and agricultural crops; crops, mainly sugarcane plantation
predominantly surrounded Al, A2, A3, A4, AS, A6, and A7; A/U was
located near crops and an urban area; and, Ul and U2 were close to urban
areas (Fig. 5.2). All procedures adopted for cultivation followed the
methodology proposed by the VDI (2003). The plants were exposed in
each site for consecutive periods of 14 days, following the
recommendations available in the VDI (2003).
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Fig. 5.2. Map of the Metropolitan Region of Campinas with the location of the
exposure sites. 11, 12, and 13 — industrial areas; I/A — an industrial/agricultural area;
Al, A2, A3, A4, A5, A6, and A7 — agricultural areas; A/U — agricultural/urban
area; and Ul and U2 — urban

After each exposure, the plants were evaluated for the presence of Os-
induced foliar injury, aiming at estimating the Leaf Injury Index (LII). LII
was estimated for the whole plant based on the percentage of leaf area
covered by typical necrosis calculated in intervals of 5% and the number
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of leaves with and without necroses. The leaves with symptoms were
grouped according to the affected leaf area's percentage into five classes:
1-6%, 7-25%, 26-50%, 51-75%, and 76-100%. LII was then estimated
according to the following formula (Furlan et al. 2007):

(N; X 1)(N, x 2)(N3x3)(N,x4)(Nsx5)x100

LII (%) =
(A)) (N0+ N1+ N2+ N3+N4+N5)X5

where N, N2, N3, N4, and Ns are the number of leaves in classes 1, 2, 3, 4,
and 5, respectively, and Ny is the number of leaves without necroses.

We also measured the leaf arca and biomass and estimated the leaf
mass/area ratio of the 5th, 6th, and 7th oldest leaves of each plant because
they were generally the most affected by necroses and contributed the
most to the resulting LII in each tobacco plant.

5.4.3 Monitoring of relevant environmental variables

O3 in the MRC was analyzed based on data from the monitoring station
of Paulinia managed by the Environmental Company of Sao Paulo State
(CETESB) that publishes hourly averages online by means of open-access
datasets (http://www.cetesb.sp.gov.br/ar/qualidade-do-ar/32-qualar). This
station is next toU2, the biomonitoring site (Fig. 5.2). The hourly O;
concentrations were used to calculate 24h averages, maximum hourly
values, averages during sunlight (O311h), and the accumulated dose over a
threshold of 40 ppb (AOT40) or 78.4 ug m> (1 ppb is 1.96 ug m at
standard temperature and pressure). All these Oz descriptors were
calculated for each 14-day exposure period of tobacco plants (Fig. 5.3). In
the study period, the O; average values during 24h and 11h, maximum
hourly values, and AOT40 were higher during wet periods (mainly spring
seasons; from September to December) than dry periods (Fig. 5.3).
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Fig. 5.3. Mean values of hourly O3 concentrations calculated for periods of 24h (O3
24h) and during sunlight (O311h), maximum hourly Os concentration values (O3
max), and the accumulated dose over a threshold of 78.4 pg.m® (AOT) for 14-day
exposure periods of tobacco Bel-W3 at the U2 site. Source: CETESB website
(http://www.cetesb.sp.gov.br/ar/qualidade-do-ar/32-qualar)

Several meteorological parameters, including air temperature and
humidity, rainfall, and solar radiation, were also recorded. We used data
from five meteorological stations located in Paulinia, Americana,
Campinas, Jaguaritina, and Nova Odessa (Fig. 5.4). Higher values of these
parameters were registered during spring and summer seasons (from
September to February) coinciding with wet periods, compared to those
reported during autumn and winter seasons (from March to August,
coinciding with dry periods), evidencing the climatic seasonality in the
region of study (Fig. 5.4). The vapor pressure deficit (VPD) was also
calculated based on temperature and relative humidity estimates and by
means of the automatic calculator of Autogrow System Ltd.
(http://www.autogrow.com/downloads/download-software-and-drivers).
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Fig. 5.4. Mean values of temperature and relative humidity and solar radiation and
accumulated rainfall for 14-day exposure periods of tobacco Bel-W3 at the U2 site.

Sources: CETESB website (http://www.cetesb.sp.gov.br/ar/qualidade-do-ar/32-
qualar) and Campinas Agronomy Institute

EBSCChost - printed on 2/13/2023 5:47 AMvia . All use subject to https://ww.ebsco.conlternms-of -use



Adjusting the Biomonitoring Model with Tobacco Bel-W3 for 185

Estimating Ozone Levels under the Subtropical Climate
5.4.4 Adjusting the biomonitoring model

Initially, the leaf injury index (LII) calculated for tobacco plants
exposed in all sites was plotted on two maps, one for the average LII
during the dry periods and the other for the average LII during the wet
periods (Fig. 5.5). The maps were processed and generated using ArcGIS
v. 9.2, Geographic Projection, and datum WGS 1984, and presented in the
scale 1:150,000. The distribution of results on maps showed little variation
between study sites and dry (between 2 and 5%) and rainy periods
(between 1.5 and 4.5%) (Fig. 5.5). The absence of seasonal variation in the
LII values between dry and rainy periods was unexpected, once O3
concentration seasonality was evident during the study period at the U2
site, where the monitoring station is located, as shown in Figure 5.3.
Therefore, the question that arises is whether or not the small spatial
variation indicated by LII corresponds to reality.
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Fig. 5.5. Distribution of Leaf Injury Index (LII; %) values of tobacco Bel-W3 at
the biomonitoring sites during dry and wet periods

Besides, the LII in tobacco plants exposed at the U2 site tended to
correlate negatively with Oz concentrations. This linear regression curve
indicates that the higher the average O3 concentrations, the lower was the

LII (Fig. 5.6).
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Fig. 5.6. Linear regression between the leaf injury index in tobacco Bel-W3 and O3
concentrations at the U2 site. Source of O3 data: CETESB website
(http://www.cetesb.sp.gov.br/ar/qualidade-do-ar/32-qualar)

The average LII in tobacco plants obtained during the whole
biomonitoring period was then plotted together with average O3
concentrations and the vapor pressure deficit (VPD) was registered in the
same 14-day periods (Fig. 5.7). Several 14-day exposure periods of high
O3 concentrations coincided with high VPD values and low LII values.
The possibly unfavorable climatic conditions in these periods, pointed out
by high VPD values, caused stomatal closure in the tobacco plants,
restricting O3 uptake (Alves et al. 2011; Calatayud et al. 2007; Laffray et
al. 2007; Pina and Moraes 2010) and preventing the manifestation of
injury. These results indicate that the climate of the MRC negatively
influences the bioindicator response of tobacco as observed by other
authors around the world (Alves et al. 2011; Biondi et al. 1999; Calatayud
et al. 2007; Esposito et al. 2009; Laffray et al. 2007). The combination of
high temperature and radiation, with low relative humidity, leads to high
VPD, increasing the hydric stress to plants (Biondi et al. 1999; Laffray et
al. 2007).
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Fig. 5.7. Average values of the Leaf Injury Index (LII; bars) in tobacco Bel-W3
plants and 24h average values during 14-day periods of O3 concentrations (mg.m?,
orange line) and VPD (kPa, green line) exposed at the U2 site during 14-
dayperiods along with the entire study. Source of O3 and meteorological data:
CETESB website (http://www.cetesb.sp.gov.br/ar/qualidade-do-ar/32-qualar)

Therefore, a series of multiple linear regression analyses among the
different O3 descriptors and meteorological variables [VPD, temperature
(T), relative humidity (RH), solar radiation (SR), accumulated rainfall (P)]
and leaf traits [leaf mass (LM), leaf area (LA), leaf mass/area ratio (LMA)
and LII] was performed aiming at proposing the most appropriate
biomonitoring model for estimating the O3 levels using tobacco Bel-W3
under the humid subtropical climate characterized by dry winters and hot
summers. These regression analyses were applied to data from 44
exposure periods performed at the U2 site. Ozone descriptors were always
taken as dependent variables and meteorological factors and leaf traits as
independent variables. The multiple linear analyses were performed using
the stepwise backward method. The adjustment procedure started from the
saturated models (with all the independent variables included), removing
the variable with the smallest effect to explain the Oz variations. New
adjustments were successively performed. At the end, only variables that
significantly (P<0.05) contributed to the explanation of these variations
remained in the resulting linear equations.

The most explicative multilinear model (R? = 0.78; p <0.001) was the
following:

03 =6.386 — (0.0727*LA) + (0.32*SR)
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where, O3 = O3z expressed as 24h average values during 14-day periods;
LA is the average leaf area of the 5th, 6th and, 7th oldest leaves of each
plant; and SR is the solar radiation expressed as 24h average values during
14-day periods.

As shown by this equation, the 24h average values during 14-day
periods of O3 can be predicted by reductions in leaf area of the 5th, 6th,
and 7th oldest leaves of each tobacco plant and increases in average values
for 14-day periods of solar radiation. The negative correlation between
leaf area and O3 was also observed by Kaffer et al. (2019) and Saitanis and
Karandinos (2002), who related the reduction in LA with an increase in
necrotic areas caused by Os;. However, the positive correlation between O3
and SR was not found by Kaffer et al. (2019). The percentage of leaf
necroses, usually used in biomonitoring programs (Assis et al. 2018), was
shownto be inadequate for Oz biomonitoring in the subtropical region
studied since LII was removed from the multilinear model proposed. In
fact, solar radiation seemed to be a key meteorological factor in the region
studied, more than VPD, because it regulates both the Oz formation and
leaf expansion of tobacco plants. The reduction in LA of plants exposed to
the high intensity of solar radiation may restrict the O3 uptake and then the
LII.

In addition, the model was considered to be valid for the studied region
based on the significant positive correlation between estimated O3
concentrations for 14-day periods applying the equation as mentioned
earlier and 24h average values during 14-day periods of O; effectively
measured in the monitoring station settled at the U2 site (Fig. 5.8).
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Fig. 5.8. Linear regression between O3 concentrations measured in the monitoring
station settled at the U2 site and Os concentrations estimated through the most
explicative multilinear model [O3 = 6.386 — (0.0727*LA) + (0.32*SR)]. Both
measured and estimated O3 concentrations were expressed as 24h average values
during 14-day tobacco Bel-W3 exposure. Source of measured O3 concentrations:
CETESB website (http://www.cetesb.sp.gov.br/ar/qualidade-do-ar/32-qualar)

Therefore, this equation was used for estimating average daily
concentrations of Oz during 14-day periods in the biomonitoring sites
during dry and wet periods, which were used for constructing two new
maps using ArcGIS v. 9.2 (Fig. 5.9).
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Fig. 5.9. Estimated O3 concentrations (ug m™) at the biomonitoring sites during
dry and wet periods, expressed as 24h average values during 14-day periods of

tobacco Bel-W3 exposure

The adjusted biomonitoring model proved to be more adequate for
estimating seasonal and spatial variations in the tropospheric O3 in the
studied region than the standardized biomonitoring protocol defined by
VDI (2003). The estimated Oz concentrations varied between 40 and 100
ug/m*during dry exposure periods and between 60 and 160 pg/m>during
wet periods (Fig. 5.9), revealing the same seasonal tendency detached by
data from the monitoring station located at the U2 site (Fig. 5.3). During
the dry periods, the average O3 concentrations estimated were lower at the
U2 (40-50 ug/m®), AU (50-60 ng/m?), and A2 (70-80 pg/m?) sites than at
the other sites (80-100 pg/m?®). During the wet period, the average Os
values estimated were also lower at the U2 site (60-80 ug/m?), higher at
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the A6 site (140-160ug/m?), and intermediate at the other sites (100-140
ug/m?®). Based on these estimates, we may assume that agricultural crops
(A sites) and forest remnants are at higher risk imposed by O3 than human
populations in urban areas (U sites).

The results presented show that the biomonitoring approach using the
tobacco Bel-W3 in regions where there is pronounced climatic seasonality,
such as the MRC, can be improved by measuring leaf area and solar
radiation. The new biomonitoring model allowed an estimation of O3
levels, which was not possible using LII.
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Abstract

Ozone (03) dissociation into reactive oxygen species (ROS) occurs in
the aqueous medium, precisely in the leaf apoplast. Secretory glands
located at the leaf surface produce and can reabsorb aqueous-based
exudates (guttation droplets and nectar), which are also solutions placed
for O; dissociation and ROS uptake. The relevance of morphological traits
in conferring tolerance to O; effects has been widely demonstrated.
However, the role of O3 over the functioning of secretory glands and the
consequences to the bearing plants are still unknown. In the discussion
herein, we present evidence that glands producing aqueous-based exudates
(hydathodes and extra floral nectaries) are direct routes of the entry of Os-
dissociated ROS into leaf tissues, and that this uptake is related to the
rising of microscopic symptoms. To achieve this insight, plants were
submitted to acute Oz fumigation inside closed chambers, and routes of
nectar and guttation droplet reabsorption were tracked, applying a
fluorescent tracer over the exuded droplets. This methodology was also
performed in a FACE system to verify whether the results obtained in
chambers are reproducible in a real environment. In both closed chambers
and FACE situations, the reabsorption of guttation droplets or nectar
occurred through glands prior to the rising of microscopic O3 symptoms.
In addition, ROS were identified in situ following the same route of the
exudate’s uptake. The patterns of uptake described therein did not occur in
plants from a filtered air chamber or control environment. Thus, there
seems to exist alterations in the chemical composition of the exudates
released that facilitate the uptake by glands, possibly due to the high
concentration of dissociated ROS after Oz exposure. This direct uptake of
0Os-dissociated ROS causes their accumulation in the apoplast and adjacent
cell structures and further increases microscopic alterations in these same
sites. It characterizes an alternative route for O3 uptake that may impact
plant productivity due to the wide distribution of secretory glands in
angiosperms.

Keywords: Astronium graveolens (Anacardiaceae); Extra floral nectaries;
FACE; Fumigation chambers; Hydathodes; Guttation droplets; Nectar;
Passiflora edulis (Passifloraceae); Piptadenia gonoacantha (Fabaceae);
Sugarcane (Poaceae)
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6.1 An overview of ozone leaf uptake

In pure water, ozone (O3) decomposes faster than it does when in its
gaseous phase. As pointed out by Roshchina and Roshchina (2003), “the
reactions of Oz in water and water solutions are of special interest, as the
reactions with O; in living cells occur in a water environment”. In aqueous
solutions, O3 can take two routes (summarized in Fig. 6.1), resulting in its
dissociation in reactive oxygen species (ROS) that directly oxidize the
compounds dissolved in the medium.

s +R —— ROx (1)

0,

+R
TS Low — ow R 4R (2)

Fig. 6.1. Chemical routes of ozone (O3) to act over stable radicals (R) in an
aqueous solution: (1) direct reaction, and (2) radical-type reaction (ROS
formation). The radical formation is represented here by the hydroxyl radical
(OH>). The figure is adopted from Eriksson (2005)

Regarding the Os-plant interface, it is well known that Oz mostly enters
the leaf through stomata and diffuses within the apoplast, rapidly decaying
into ROS (Grantz et al. 2013). These initial reactions cause the first
oxidative burst at the spongy parenchyma apoplast, precisely in the water
film covering the mesophyll cells (Pellinen et al. 1999; Roshchina and
Roshchina 2003; Eltayeb et al. 2007). Plants might mobilize antioxidants
as protection against excessive or inappropriate ROS production, thus
maintaining the oxidative/antioxidative equilibrium (Brand3o et al. 2017).
After exceeding these constitutive plant defenses, the resulting oxidants
interact with target biomolecules causing injuries (Pell et al. 1997; Grantz
et al. 2013). ROS are also responsible for the induction of secondary
oxidative bursts that occur remotely from the stomatal entrance (Pellinen
etal. 1999).

Variations in meteorological parameters, such as vapor pressure deficit
and photosynthetically active radiation, directly affect the stomatal
opening and the effective O3 flux into plants via stomata and the severity
of induced effects. This recognized environmental influence on stomatal
closure has long motivated a series of studies in the northern hemisphere,
aiming at proposing an ideal model for estimating the Oz uptake by plants.
The Deposition of O3 for Stomatal Exchange (DO3;SE) model is a good
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example of such initiatives (Emberson et al. 2000). The interference of
environmental conditions on the O3 flux via stomata may also be expected
in the tropical region. However, the effective O3 flux into tropical plants
has rarely been modeled. Assis et al. (2015) and Cassimiro et al. (2016)
are among the few studies that evaluated the applicability of the DO3;SE
model in tropical trees (Psidium guajava L. “Paluma” and Astronium
graveolens Jacq., respectively).

Considerations about the formation of Os-derived ROS in aqueous
solutions on leaf surfaces, as well as their uptake by leaves, are
underestimated. To date, we know that O3 increases leaf permeability and
wettability, although reports about these events are poorly documented
(Dunning and Heck 1973; Grammatik Poulos and Manetas 1994;
Schereuder et al. 2001). Ozone increases leaf permeability by changing the
permeation properties of compounds within membranes (Kerstiens and
Lendzian 1989) and wettability through cuticular changes (Dunning and
Heck 1973; Schreuder et al. 2001). Theoretically, the altered membranes
and cuticles are alternative non-stomatal routes of O3 uptake and may
contribute to the rise and spread of deleterious effects on plants.

The effects of Oz over some other physiological phenomena related to
aqueous solutions produced by plants and usually (or under certain
conditions) reabsorbed remain entirely neglected in studies of Os uptake.
Several plant species constitutively bear external secretory glands that
produce/reabsorb aqueous solutions, including hydathodes, nectaries, and
hydrophilic (mucilage-secretory) glands. Anatomically, these glands can
be simple pores (openings in the epidermis), secretory trichomes (only of
protodermal origin), or emergences (originated from protoderm, ground
meristem and even procambium).

Knowledge about the involvement of secretory glands in restricting O;
damage is not exactly new, but it has not been completely addressed. The
descriptions are usually limited to their exudate, the chemical compounds
that effectively interact with O3 or its dissociated byproducts. The possible
reactions of Oz with non-dissociated organic compounds are summarized
in Fig. 6.2. Gland exudates are involved in all three possible reactions. For
example, terpenoids released by glandular trichomes (Jud et al. 2016; Li et
al. 2018) or other inner glands (e.g., idioblasts and laticifers — see
Cardoso-Gustavson et al. 2014) act as O3 scavengers in the boundary layer
(reaction #1). Flavonoids occurring inside secretory trichomes (Valkama
et al. 2003) might oxidize due to their antioxidant properties (Agati et al.
2012) (reaction #2), and high weight polysaccharides produced by
collectors (Cardoso-Gustavson et al. 2014) might directly stabilize O
molecules (Eriksson 2005) (reaction #3).
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Scavenger (1)

7
03— +¢ —— +COx (2)
+ OH'\" OH* —— +C > R (3)

Lo

organiccompounds ——> P

Fig. 6.2. Three possible reactions of O3 with non-dissociated organic compounds in
water, according to Roshchina and Roshchina (2003): (1) scavenging of O3 by a
scavenger; (2) a direct reaction with a dissolved organic non-dissociated compound
(C) to form an oxidized compound (COx); and (3) a radical type of reaction, so
that O3 reacts with OH" ions to form the OH radical. This radical reacts with
molecules of organic compounds (C) to produce reactive radicals (R). This chain
can be broken into new stable products (P)

However, the involvement of secretory glands in the uptake of O; by
products is unknown. This pathway may be a significant alternative route
in tropical plant species, as these leaf structures are commonly found in
many taxa. We performed a series of case studies aiming to deepen this
discussion, as will be described in the next section.

6.2 Secretory glands and ozone

To start this discussion, it seems reasonable to hypothesize that glands
releasing and reabsorbing aqueous-based exudates (e.g., guttation droplets,
nectar) would be suitable places for O; dissociation and direct ROS
uptake. If so, the localization of these glands may be directly involved
with the appearance and spread of Oz symptoms and would also be an
alternative to explain cases when the stomatal conductance is low, and the
antioxidant system is efficient but leaves still show morphological
symptoms (i.e., visible injury). Here, we focused on hydathodes and extra
floral nectaries (EFN) that release their exudate outside the plant surface.
Both structures are widely distributed in angiosperms.

Hydathodes mediate the guttation process enabled by the combined
action of root pressure and transpiration. Guttation droplets are aqueous
solutions from the xylem sap containing ions, metabolites, and proteins
(Fahn 1979). The guttation phenomenon is observed in a wide range of
angiosperms and other vascular plants. Guttation can be affected by
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several abiotic factors that decrease the transpiration rate (darkness, high
CO,, drought). In such conditions, the xylem sap transport mostly relies on
root pressure and results in guttation from the leaf margin through the
hydathodes (Eller et al. 2013; Cerutti et al. 2017).

Unlike floral nectaries, which are primarily involved in pollination,
EFN are commonly implicated in indirect plant defense, as they can
reduce herbivory by attracting invertebrate predators (Bentley 1977;
Rocha et al. 2019). Nectar is an aqueous solution containing sugars, amino
acids, proteins, and secondary metabolites as other minor constituents
(Nicolson and Thornburg 2007). Nectar can be released from plants to the
environment through stomata, secretory trichomes, or other non-
specialized epidermal cells (Fahn 2002; Nepi 2007). Nectar reabsorption
occurs in the opposite direction of its release (Nepi and Stpiczynska 2008;
Cardoso-Gustavson and Davis 2015).

Several techniques have been applied to track water routes from the
environment to the apoplast (see discussions in Eller et al. 2013; Cardoso-
Gustavson et al. 2013a). Lucifer Yellow CH (LYCH)is a fluorescent
apoplasticatoxictracer to plant tissues (Oparka and Prior 1988) that has
been successfully applied in the visualization of mist uptake (Eller et al.
2013; Pina et al. 2016), cell permeability caused by herbicides (Cardoso-
Gustavson et al. 2018), and nectar dynamics (release/uptake) due to its
chemical property to link to glucose and penetrate the cell protoplast
(Cardoso-Gustavson et al. 2013a; Cardoso-Gustavson and Davis 2015).

In the following sections, we describe three case studies that evidenced
the direct uptake of ROS through secretory glands. Two of them were
conducted in closed chambers with plant species bearing hydathodes
(sugarcane) or EFN (4. graveolens and Piptadenia gonoacantha). LYCH
was directly applied to the secretory glands to isolate the O3 effects and
build the concept. Then, we tested the model in the third case study
developed in a FACE system using Passiflora edulis as a plant model and
also LYCH as a tracer to identify the uptake routes of aqueous-based
exudates in a natural Os-polluted location. The rise of microscopic Os-
specific symptoms was evaluated following the detection of ROS by this
specific reagent. Note that this alternative route does not replace the
current model of O3 uptake by plants; instead, they are complementary and
should be considered in studies regarding plant species bearing these
secretory glands.
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6.2.1 Case study #1. Water uptake traced by LYCH
in hydathodes of sugarcane

6.2.1.1 Plant material

Sugarcane (Saccharum spp.) is an important C4 crop used to produce
sugar in many tropical and subtropical countries in diverse climates and
growing conditions worldwide (Marques et al. 2016). Brazil is notable
fore placing fossil fuels with renewable ethanol from sugarcane and being,
together with the USA, a leader in the global production of bioethanol
(Pereira et al. 2015). Elevated concentrations of O3 have been registered in
Brazilian regions where sugarcane is cultivated. Peak O3 concentrations up
to 147 ppb have been registered, constantly exceeding the one-hour Sao
Paulo state critical limits (80 ppb) and the Accumulated O3 Exposure Over
a Threshold of 40 ppb (AOT40), exceeding the critical levels
recommended for agricultural crop protection (CLRTAP 2015) since 2010
(Moura et al. 2014; Moura et al. 2018b). The sensitivity of this species to
O3 was first demonstrated (Moura et al. 2018b) in an experiment carried
out in a free-air controlled exposure (FACE) facility. Two sugarcane
genotypes (IACSP95-5000 and IACSP94-2094) were exposed for 90 days
to three levels of O3 concentrations: ambient (24-h mean of 39.4 + 7.9 ppb
and AOT40 of 12.6); ambient x1.2 (24-h mean of 48.1 + 10.1 ppb and
AOT40 of 20.0); and ambient x1.4(24-h mean of 54.0 + 10.1 ppb and
AOT40 of 25.7). Therefore, its productivity may be compromised,
considering that Oz reduces photosynthesis, growth and other plant
functions (Felzer et al. 2007).

6.2.1.2 Fumigation experiment

Culm fragments of sugarcane (variecty RB867515 provided by
Embrapa-Araras, Sao Paulo, Brazil) were planted in 10-L pots filled with
commercial substrate (Plantimax-Eucatex™) and constantly watered by
capillarity. The plants were cultivated over four months inside a
greenhouse with filtered air until the beginning of the experiments. The
plants were then transferred from the greenhouse to the fumigation
chambers three days before the fumigation exposure (acclimation period).
The chambers used for fumigating sugarcane were composed of a
stainless-steel structure covered by a film of Teflon, in the dimensions 85
x 94 x 85 cm (W x D x H) (Souza and Pagliuso 2009). Two O3 treatments
were used [filtered air (FA) and FA+Os]. The FA treatment was obtained
by removing gross and fine particulate matter and gaseous pollutants. The
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FA+O; treatment was obtained by enriching the filtered air with 100 ppb
of O;. Ozone was generated under electrical discharge by dissociating
oxygen in filtered air, using an O3 generator (Ozontechenic). The O; levels
were monitored using an Ecotech 9810B photometric monitor, previously
calibrated. Plants were fumigated for 4 h for 4 days (sugarcane).

The LYCH application and visualization of secretory glands followed
the procedures developed and detailed in Cardoso-Gustavson et al.
(2013b) and Cardoso-Gustavson and Davis (2014). Droplets of LYCH
solution were applied over standing guttation from the hydathodes. The
control of this experiment was performed by applying distilled water to the
same structure. LYCH applications were performed prior to the
fumigation exposure in closed chambers.

After the treatment, the portions of plants submitted to LYCH were
excised and intensely washed with distilled water, immediately fixed in
Karnovsky’s glutaraldehyde solution, and stored at 4°C. Samples were
hand-cut, and slides mounted in glycerin: PBS buffer, pH 7.2 (1:1), and
immediately observed under either blue and green filter sets or the DIC
filter in a Leica DM 5500B widefield microscope. Images were captured
and processed with Leica LAS-AF software.

Fixed fragments of fumigated sugarcane leaves containing hydathodes
were also dehydrated and embedded in histories in Technovit 7100
(Heracus Kulzer) and sectioned at 1.5 pum. Slides were stained with
toluidine blue O, pH 6.9 (Feder and O’Brien 1968). Observations were
performed in a Nikon Eclipse Ti-E microscope, and images were captured
with Nikon NIS Elements software.

6.2.1.3 Main results

Summarizing the pivotal results, an enrolling and reddish coloration of
the leaf margin started exactly in the regions containing hydathode pores
where guttation phenomena occurred (Fig. 6.3 A—D; microscopic details of
hydathode pores in Fig. 6.4A—B). The fluorescence emission from LYCH
applied over the guttation droplets prior to the fumigation period showed
no entrance of the dye to inner tissues in filtered air samples (Fig. 6.4C).
On the other hand, LYCH uptake was visualized from hydathode pores
towards the inner tissues of plants 12h after O3 exposure (Fig. 6.4D-E),
reaching vascular tissues (Fig. 6.4F—G). ROS were detected with 3,30-
diaminobenzidine (DAB) reagent following the LYCH route in the
apoplast and protoplast of sclerenchyma cells close to the hydathode pores
and bulliform cells, and in the cell wall of bundle sheath cells (Fig. 6.4H—
J) 24 h after the end of the fumigation period. Oxidative bursts led to the
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programmed cell death process observed after 48h of exposure (Fig.
6.4K).

Fig. 6.3. Morphological alterations of the sugarcane leaf blade after O3 fumigation.

(A) Guttation droplets over the adaxial surface in the morning before the beginning

of fumigation exposure. (B—C) Enrolling of the leaf margin from the apical (B) and
median (C) regions of the leaf blade starting in the morning of the second day of
exposure. (D) The manual unrolling of the leaf blade allows the visualization of a
reddish Os-specific injury, more intense at the margin of the leaf blade close to the
hydathodes (dashed square). The colored symptom is observed in the morning of
the third day of exposure. Note that the enrollment occurs from the margin towards
the adaxial surface of the leaf blade. Scale bars: 1 cm
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Fig. 6.4 Application of LYCH 1% aqueous solution prior to fumigation exposure
and uptake into the inner leaf tissues of sugarcane 12 h later. (A-B) Hydathode
pores: transversal (A) and frontal (B) views under the DIC filter. (C-D) LYCH
application over guttation droplets in leaves from plants kept inside filtered air (C)
and O3 fumigation (D) chambers. Note the intense uptake highlighted by the red
dashed square in (D). (E-G) LYCH uptake through the apoplast of leaf cells,
starting from the hydathode pores (E) at the margin towards the central region of
the leaf (G) Note the LYCH fluorescence from the apoplast of bundle sheath cells
(F-G). (H-J) The region where LYCH was observed was the same as where H202
was further detected using DAB reagent 24 h after the exposure. Note the positive
result below the hydathode pores (red arrows in H, asterisk in I), and the apoplast
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of the mesophyll and bundle sheath cells (white arrows in H and J). (K) Leaf
section stained with toluidine blue: the programmed cell death process in
mesophyll cells 48 h after the exposure from regions following the same pattern of
guttation droplet uptake and H20O2 accumulation. Scale bars: 75 pm (C-D), 50 um
(E-K), and 30 um (A-B)

Young sugarcane plants were submitted to acute O3 fumigation at a
fragile phase of their development, i.e., their establishment and growth
after vegetative propagation. Both early developed and older leaves (the
first ones to appear after vegetative propagation) exhibited similar
morphological and anatomical responses to acute fumigation regardless of
their age. The direction of the cellular differentiation and maturation of
sugarcane leaves was basipetal (i.e., from the tip to the base of the leaf).
The process of apical and marginal meristem growth was simultaneous
during the early plastochrons (data not shown), as also observed in Oryza
and Musa (Fahn 1979). The direction of cellular differentiation is deeply
related to the risein O3 symptoms at specific cells. Since one of the most
harmful consequences of O; exposure is accelerated leaf senescence,
mainly in chronic exposures (Vollenweider et al. 2003; Vollenweider and
Giinthardt-Goerg 2006; Gielen et al. 2007), it would be expected that
“older cells” (i.e., the ones that firstly differentiated) would be the first to
be a target for death. Indeed, this pattern was verified in sugarcane leaves:
O3 affects mostly and firstly the apical and marginal regions, and then the
central region of the leaf blade.

The usual O; reddish visible foliar injury can be associated with
microscopic  alterations of oxidation and necrosis mainly of
photosynthesizing cells. Necrosis was caused by the collapse of the
mesophyll, bulliform, and colorless cells. This fast cell death pattern
characterizes the hypersensitive-like response (also referred to as the HR-
like response), defined as a specific and common response to acute O3
doses (Vollenweider et al. 2003; Vollenweider and Giinthardt-Goerg
2006). The occurrence of HR-like symptoms was not randomly spread as
usually reported (Vollenweider et al. 2003; Vollenweider and Giinthardt-
Goerg 2006), but followed a specific pattern starting from the margin of
the leaf towards the vascular bundles of the center of the leaf, exactly
following the water entrance and LYCH pathway through leaf tissues. The
HR-like reaction occurs when a large amount of ROS reaches the cell
causing a quick death. This is completely in line with the occurrence of
this event, starting on cells close to the hydathodes and other tissues where
water (thus ROS) was constantly inflowing. These results showed that
water uptake coincides with the sites where ROS accumulate, and Os-
specific symptoms appear.
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6.2.2 Case study #2. Nectar uptake traced by LYCH
in the EFN of Astronium graveolens (Anacardiaceae)
and Piptadenia gonoacantha (Fabaceae)

6.2.2.1 Plant material

A. graveolens and P. gonoacantha are Brazilian native species that
have been successfully applied as models to understand the effects of O3
and other air pollutants in tropical forests (for a review, see Domingos et
al. 2015; Nakazato et al. 2018).

Their high susceptibility to O3 doses was verified in previous
experiments (Moura et al. 2014), which revealed that both species
developed visible symptoms in both scenarios (as illustrated in Figs. 6.5
and 6.6). In chronic O3 doses, seedlings of both species were exposed to an
O3 regime consisting of a 70 ppb Oz square wave for 6 h for around 50
days under the controlled conditions of indoor exposure chambers (Moura
et al. 2018a; Souza and Pagliuso 2009). As a result of this controlled
exposure, the plants developed O3 visible injuries with specific structural
marks.

In A. graveolens, the visible injury was defined as small brownish
intercostal stipples homogeneously distributed within composed leaves
and more pronounced on the adaxial side of leaflets (Fig.5B vs A). The
striking structural change was the large wart-like cell wall thickenings
protruding into the apoplast, mostly occurring in the spongy parenchyma
but sometimes also occupying the intercellular space tissues of the
palisade parenchyma (Fig. 6.5D vs C). They were composed of pectins
(Fig. 6.5I) and increasingly oxidized abaxially (Fig. 6.5J). The
chloroplasts in the palisade parenchyma showed the degenerative
condensation of organelle content, thylakoid membrane injury, and a
higher plastoglobule density (Fig. 6.5E, Hvs F, G).

In P. gonoacantha, the visible injury was defined as adaxial stipples,
infrequently developed in chlorotic areas (Fig. 6.6B—C vs A). Ozonealso
leads to the fall of P. gonoacantha leaflets (Fig. 6.6B). It is possible to
identify discrete groups of disrupted cells showing cytorrhysis features,
with cell walls folding, severe membrane injury, and only partially
degraded remnants of the cell (Fig. 6.6E-G vs D-F).

EBSCChost - printed on 2/13/2023 5:47 AMvia . All use subject to https://ww.ebsco.conlternms-of -use



212 Chapter Six

(4 —

Fig. 6.5 Morphological and microscopic alterations caused by Os stress to the
leaves of Astronium graveolensin response to experimental controlled conditions.
(A, C, F-G) Asymptomatic samples from filtered air. (B vs A) Visible injury in
Os-exposed seedlings showing brownish stipples on the adaxial leaf surface. (D vs
C) Massive wart-like protrusions on the cell wall protruding into the intercellular
space (dotted arrows). (E, Hvs F, G) Chloroplasts in the palisade parenchyma
showing the condensation of the organelle content and a higher plastoglobule
density (arrowheads). (H-I) Pectinaceous wart-like protrusions into the apoplast
(dotted arrows). (J) Oxidation of the latter structures increased abaxially.Structures
—ch: choroplasts;pg: plastoglobule; st: starch; v: vacuole. Stains — (C—D) Toluidine
blue; (I) Coriphosphine, pectins; (J) PAS test, total polysaccharides. Scale bars:
(C-D) 25 pm, (E-F) 5 pm, (G-H) 1 pm, and (I-J) 10 pm
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Fig. 6.6 Morphological and microscopic alterations caused by Os stress to the
leaves of Piptadenia gonoacantha in response to experimental controlled
conditions. (A, D and F) Asymptomatic samples from filtered air. (B-C vs A)
Visible injury in Os-exposed seedlings showing adaxial stippling in chlorotic areas
(dashed square, B) and accelerated leaflet shedding (red dashed square, C). (F vs
D) Discrete groups of disrupted cells (dashed ellipse). (Gvs F) Palisade
parenchyma cells with disrupted chloroplasts and folded cell walls (arrow).
Structures—n: nucleus. Stain — (D-E) Toluidine blue. Scale bars: (D-E) 25 um, and
(F-G)5 pm
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The high susceptibility to the acute and chronic O3 doses described by
Moura et al. (2014, 2018a) contrasted with the results of Aguiar-Silva et al.
(2016), which concluded that P. gonoacantha is a tolerant species to oxidative
stress, by comparing the activity of antioxidant enzymes (ascorbate
peroxidase, glutathione reductase, catalase and superoxide dismutase).

These conflicting results between Aguiar-Silva et al. (2016) and Moura
et al. (2018a) were elucidated by the understanding of the role of secretory
glands in an O3 scenario, as described below.

6.2.2.2 Fumigation experiment

We exposed saplings of both species to filtered air (FA) and FA+O;
treatments within the closed chambers, as described in detail in section
2.1. The saplings were fumigated with 100 ppb during 4 h of a single day.

The LYCH application and visualization of secretory glands also
followed the procedures developed and detailed in Cardoso-Gustavson et al.
(2013b) and Cardoso-Gustavson and Davis (2014). Both species have EFN
(nectary trichomes) over the leaflets. In addition, P. gonoacantha has EFN
(nectary emergences) at the base of the leaf rachis. Droplets of LYCH
solution were applied over nectar droplets from extra floral nectaries and over
leaf regions containing glandular trichomes. The control of this experiment
was performed by applying distilled water over the same structures. LYCH
applications were performed prior to the fumigation exposure.

After the treatment, the portions of plants submitted to LYCH were
excised and intensely washed with distilled water, immediately fixed in
Karnovsky’s glutaraldehyde solution and stored at 4°C. Samples were
hand-cut, and slides mounted in glycerin: PBS buffer, pH 7.2 (1:1), and
immediately observed under either blue and green filter sets, or the DIC
filter in a Leica DM 5500B widefield microscope. Images were captured
and processed.

We followed the simplified terminology of Nepi (2007) to describe the
general anatomy of nectaries.

6.2.2.3 Main results

A. graveolens showed morphological symptoms 24 h after the
fumigation period (Fig. 6.7A-B), with strong chlorosis and the beginning
of brownish spots in the intercostal region of leaflets (Fig. 6.7B). The
LYCH was applied to the EFN (nectary trichomes) located at the adaxial
surface and leaf margin (Fig. 6.7A) prior to fumigation exposure. Plants
kept inside the filtered air chambers did not show nectar uptake, at least
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during the analyzed period. On the other hand, fumigated plants showed a
strong LYCH uptake from nectary trichomes towards the midrib (Fig.
6.7C-F).

Fig. 6.7. The uptake of Lucifer Yellow CH (LYCH) 1% aqueous solution from
extrafloral nectaries (EFN) into the inner leaf tissues of Astroniumgraveolens. (A-—B)
LYCH was applied prior to fumigation exposure at the adaxial surface of leaflets
(dashed square in A), and leaves were collected 24 h after exposure (B). (C-D)
LYCH uptake by EFN (nectary trichomes) located at the adaxial surface (C) and the
leaf margin (D). (E-F) LYCH uptake through nectary trichomes (E) towards vascular
tissues (F) of the midrib. Scale bars: 100 um (C) and 50 um (D-F)
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P. gonoacantha has two morphologies of EFN: a trichome type located
at the base of leaflets (Fig. 6.8A, D) and an emergence type at the base of
the rachis (Fig. 6.8B—C). Both types had little or no nectar reabsorption,
evidenced by the LYCH in plants kept in the filtered air chambers (Fig.
6.8F). In contrast, an intense fluorescence emission from this fluorophore
was observed in the EFN of fumigated plants (Fig. 6.8E, G). In addition,
the leaflets from fumigated plants showed complete chlorosis, and some of
them fell 24 h after fumigation exposure (Fig. 6.8C). These symptoms
occurred mainly in leaflets located in ramifications close to the EFN at the
rachis.

Although nectar reabsorption is a phase of the nectary dynamics, the
report of reabsorption by EFN is still incipient — see a discussion of
possible reasons for that in Cardoso-Gustavson and Davis (2015). Here we
showed that this event is accelerated in an O3 scenario. Indeed, the passive
uptake of LYCH via the nectary trichomes of A. graveolens and P.
gonoacantha was observed only when these plants were under fumigation.
In a filtered air situation, the reabsorption process in nectary trichomes
was not observed (at least during the analyzed period). An incipient
reabsorption was observed in the nectary emergences at the base of the P.
gonoacantha rachis even in filtered air conditions. The reabsorption
process was indicative that it occurs within a day in the absence of a
collector. This event contrasts with the reabsorption processes already
described in EFN, only occurring after several days without visitors
(Cardoso-Gustavson et al. 2013b; Cardoso-Gustavson and Davis 2015).
This phenomenon has ecological implications that are beyond the scope of
this study. However, the uptake was even more intense in plants submitted
to fumigation. Interestingly, the leaflet fall was observed only in
ramifications bearing functional (i.e., at the secretory phase) nectary
trichomes and close to the nectary emergence. This fall was possibly
caused by the excess uptake of Os-dissociated ROS in these regions, which
causes cell death when in excess (Langebartels et al. 2002; Van
Breusegem and Dat 2006).
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Fig. 6.8 The uptake of LYCH 1% aqueous solution from extra floralnectaries
(EFN) into the inner leaf tissues of Piptadenia gonoacantha. (A—C) LYCH was
applied over EFN (nectary trichomes) at the base of the adaxial surface of leaflets
(dashed square in A) and over nectar droplets (inset in B) prior to fumigation
exposure. EFN from leaflets and the one at the base of the rachis (nectary
emergence; dashed square in C) were collected 24 h after acute fumigation. (D-E)
LYCH uptake by EFN from leaflets (details of these glands under the DIC filter in
(D) towards mesophyll cells (E). (F-G) An incipient and intense LYCH-nectar
reabsorption by EFN at the rachis of plants kept inside filtered air (F) and O
fumigation (G) chambers, respectively. Scale bars: 100 um (F), 75 pm (G), and 50
um (D-E)
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Indeed, the nectary trichomes were plasmolyzed in a fumigation
scenario, and the entrance of LYCH occurred passively and similar to the
uptake observed in floral nectary trichomes at the post-secretory phase
(Cardoso-Gustavson and Davis 2015). Interestingly, the region of water
uptake was the same as where the typical O; visible symptoms were
observed in 4. graveolens (Fernandes et al. 2016). Conversely, the leaflet
fall observed in P. gonoacantha was also preceded by the nectar uptake,
again following the nectar reabsorption route.

In summary, our results evidenced that the direct uptake of Os-
dissociated ROS may contribute to explaining the patterns of injury
previously described in 4. graveolens and P. gonoacantha (Moura et al.
2014; Moura et al. 2018a). In addition, the intense ROS absorption may
explain the failure of the antioxidant system to combat the ROS excess in
a localized site. However, the antioxidant system is comparatively highly
efficient in maintaining the redox balance in the whole plant when
compared to other native species (Aguiar-Silva et al. 2016).

6.2.3 Case study #3. Nectar uptake traced by LYCH
in Passiflora edulis (Passifloraceae)

6.2.3.1 Plant material

Passiflora edulis is a Brazilian native liana with high economic and
pharmacological importance (Souza et al. 2018). The apparent high
susceptibility of P. edulis to chronic O3 doses was verified by Fernandes et
al. (2018) in the experiment conducted in a FACE system for 98 days.
During this period, the plants were exposed to 22, 41 and 58 ppb h
AOT40. P. edulis developed chlorosis in single and trilobate leaves (Fig.
6.9C-D vs A-B). The striking structural changes were chloroplast
degeneration, reduced chloroplast size or irregular shape (Fig. 6.9F vs E),
linked to accelerated cell senescence (Giinthardt-Goerg and Vollenweider
2007). However, this species was revealed to be Os-tolerant in the same
experiment based on the ability of maintaining a high redox balance in the
whole plant, although exhibiting specific O3 symptoms (Fernandes et al.
2018).
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Fig. 6.9 Morphological and microscopic alterations caused by Os stress to the
leaves of Passiflora edulis in response to experimental controlled conditions. (A-B
and E) Asymptomatic samples from filtered air. (C, D vs A, B) Visible injury in
Os-exposed seedlings showing chlorosis on a three-lobed leaf (C vs A) and a
simple leaf blade (D vs B). (F vs E) Reduction in the amount, size and density of
chloroplasts along the leaf blade. Structure— ch: chloroplasts. Stain — (E-F)
Toluidine blue. Scale bar: 50 pm (E-F)
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It is possible that non-stomatal O3 uptake through extra floral nectaries
(EFN) helped to clarify this apparent contradiction (high redox balance vs.
morphological injuries) in conducting a FACE experiment, comparing
with the results performed with plants in a greenhouse with filtered air, as
described below.

This species bears petiolar EFN (emergence type) that produce an
intense amount of nectar rich in simple sugars and other secondary
metabolites as minor constituents (Cardoso-Gustavson et al. 2013b). These
authors described and discussed the anatomy, histochemistry, and
evolutionary role of these glands extensively. Structurally, the EFN of P.
edulis are complex, having several layers of specialized nectary cells (Fig.
6.10A).

6.2.3.2 FACE experiment

The FACE (Free Air Controlled Exposure) experiment was carried out
in Italy (43°48°59” N, 11°12°01” E, 55 m a.s.l). Details of the
experimental facility are given in Paoletti et al. (2017, 1407-1414). The
results shown here are part of the experiment described in Fernandes et al.
(2018). The plants were submitted to three distinct O3 levels: ambient air
(AA; 22 ppb h AOT40); an intermediate O3 level (AA + O3 x 1.5; 41 ppb
h AOT40), and an elevated O3 level (AA + O3 x 2; 58 ppb h AOT40) for
98 days of the summer season. The system consisted of three plots (5x 5x
2 m, Lx Wx H, respectively) for each Os; treatment. The O3 concentration
and meteorological conditions were continuously monitored. The data
arepresented in Fernandes et al. (2018).

Saplings of P. edulis (approximately 20 cm high) for the FACE
experiment were obtained from an Italian nursery (43.935351 N,
10.928174 E) (Fernandes et al. 2018). The saplings, kept inside a green
house with filtered air in Brazil, were obtained from living plants
maintained at Centro Pluridisciplinar de Pesquisas Quimicas, Biologicas e
Agricolas (CPQBA, Paulinia, Brazil).

The LYCH application and visualization on secretory glands also
followed the procedures developed and detailed in Cardoso-Gustavson et
al. (2013b) and Cardoso-Gustavson and Davis (2014). Droplets of LYCH
solution were applied over the EFN of P. edulis. The control of this
experiment was also performed by applying distilled water over the same
structures. LYCH was applied daily during 1month to P. edulis plants kept
inside a greenhouse with filtered air and during the last 20 days of the 98-
day exposure period in the FACE system.
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After the treatment, the portions of plants submitted to LYCH were
excised and intensely washed with distilled water, immediately fixed in
Karnovsky’s glutaraldehyde solution and stored at 4°C. Samples were
hand-cut, and slides mounted in glycerin: PBS buffer, pH 7.2 (1:1), and
immediately observed under either blue and green filter sets, or the DIC
filter in a Leica DM 5500B widefield microscope. Images were captured
and processed with Leica LAS-AF software.

Some details of leaf anatomy were obtained in the fixed fragments of
petiolar extrafloral nectaries of P. edulis after dehydrating, and embedding
in Paraplast Plus (Leica Biosystems) sectioning at a 5 um thickness. Slides
were stained with safranin and Astra blue (Gerlach 1969). Observations
were performed using a Nikon Eclipse Ti-E microscope and images were
captured with Nikon NIS Elements software.

We followed the simplified terminology of Nepi (2007) to describe the
general anatomy of nectaries.

6.2.3.3 Main results

In plants maintained inside the greenhouse, the tracer persisted mainly
in the EFN cuticle (Fig. 6.10B), eventually achieving the nectary
epidermis (Fig. 6.10C), but it did not reach the vascular tissues. However,
P. edulis plants exposed to different O3 levels in the FACE system showed
a very interesting pattern of LYCH uptake. Nectar-LYCH uptake was
observed from the nectary epidermis towards the inner nectary tissues at
ambient O3 (Fig. 6.10D), and towards the vascular tissues at the
intermediate and elevated O3 levels [Ambient O3 x 1.5 (Fig. 6.10E), and
Ambient O3 x 2 (Fig. 6.10F), respectively]. It is also important to notice
the cuticle detachment and rupture in glands at higher Os levels, which
was not observed in ambient Oz or greenhouse situations.

The reabsorption process was observed in the EFN of P. edulis only
after a long period of the FACE experiment. Remarkably, Cardoso-
Gustavson et al. (2013a) did not notice the signals indicative of nectar
reabsorption (applying the same methodology described here). Indeed,
although the cuticle was detached when nectar was released from the
nectary epidermis, these authors observed that cuticle disruption only
occurs naturally with the intervention of ants (or nectar robbers). Once the
nectar collector is absent, the reabsorption process does not occur due to
the presence of a relatively thick cuticle and cuticular flanges (see
considerations of this process in Cardoso-Gustavson et al. (2013a)). Under
O3 conditions, however, these glands seem to reach the post-secretory
phase faster than expected, i.e., the EFN undergo senescence processes.

EBSCChost - printed on 2/13/2023 5:47 AMvia . All use subject to https://ww.ebsco.conlternms-of -use



EBSCOhost -

222 Chapter Six

Thus, the EFN lose their ability to restrict the nectar entrance, and
reabsorption occurs — see considerations of the passive uptake of nectar in
Hibiscus flowers at the post-secretory phase in Cardoso-Gustavson and
Davis (2015).

In summary, the nectar uptake traced by LYCH in P. edulis showed the
O3 effects over glands in a real environment simulated in the FACE
system, corroborating our previous evidence obtained in closed chamber
experiments.

Pros s

Figure 6.10 Nectar uptake by the extrafloral nectaries (EFN) of Passiflora edulis
tracked by LYCH 1% aqueous solution. (A—C) The EFN of plants kept inside a
greenhouse. (A) The structure of the EFN at the secretory phase (section stained
with safranin and Astra blue): ne: nectary epidermis; np: nectary parenchyma;
sp:subnectary parenchyma; ph: phloem terminations. Note the phloem terminations
in the nectary parenchyma (*). (B—C) The LYCH-nectar uptake after one month.
The LYCH remains mostly in the cuticle (B), reaching only the nectary epidermis
(C). Note the xylem terminations in the subnectary parenchyma (**). (D-F) A
daily application of LYCH in the last 20 days of a 94-day exposure in a FACE
system. (D) Ambient Os. (E) Ambient O3 x 1.5; note the detached cuticle (arrow).
(F) Ambient O3 x 2. LYCH uptake reaching phloem cells occurs in all EFN
regardless of the treatment. Xylem terminations are highlighted (**). Scale bars:
75 pm (B-F) and 30 pm (A)
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6.3 The consequences of O3 uptake by external
glands to crop productivity and species ecology

Ozone stress can cause changes in the structure and function of
ecosystems (Scebba et al. 2003). Regarding plant productivity, an
extensive review of Oz effects on net primary productivity was presented
by Ainsworth et al. (2012), considering only the stomatal entrance of this
gas. Experimental studies performed in the Mediterranean region indicated
that Oz induces losses on large (wheat, corn) and row crops (grapevine,
watermelon, tomato) of high economic value (Fumagalli et al. 2001).
Despite the high economic relevance of Passiflora and sugarcane in
tropical environments (highlighting Brazil as the world’s largest producer
of both cultures), the impacts of O3 over their productivity have only
recently been assessed (Moura et al. 2018b; Fernandes et al. 2018). Since
the impacts of O; on the productivity of gland-bearing species are
potentially high, and the distribution of these species is wide in tropical
environments, we believe that these glands should be considered in further
models of O3 flux.

In a high O3 scenario, the ecology of species bearing EFN would be
altered, mainly regarding the rupture of trophic interactions with nectar
collectors, due to (i) alterations in nectar composition caused by the ROS-
derived O3 dissolution that affects the antioxidants and other chemicals
occurring in nectar (Stabler 2016; Holopainen 2020), (ii) changes in the
volatile emitted by the EFN that are disrupted by O3 (Maffei 2010; Pinto et
al. 2010), and (iii) alterations in the nectary physiology with ROS
accumulation leading EFN to the post-secretory phase (i.e., an acceleration
of gland senescence), and the consequent interruption of nectar
production.

Considering that most of the tropical angiosperms bear EFN and/or
hydathodes (Weber and Keeler 2013), this route should be considered in
further studies to evaluate the impact of high levels of O3 over crop
production and forest ecology.

6.4 Conclusion and Perspectives

Overall, our case studies presented evidence of the direct uptake of O;-
dissociated ROS by glands, explaining the patterns of injury observed in
sugarcane, 4. graveolens, P. gonoacantha and P. edulis. Leaf glands are
the pivotal sites of aqueous-solution uptake, and the high concentration of
ROS in these structures may explain why leaflets fall so fast when 4.
graveolens and P. gonoacantha are submitted to Os. The experiments with
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P. edulis in the FACE system confirmed and supported the results from
closed chamber experiments.

In summary, we showed that this O3 uptake route through secretory
glands may be complementary to the well-accepted stomatal pathway and
cannot be neglected, as other non-stomatal routes (e.g., via the plant
cuticle) can be (Kerstiens and Lendzian 1989). The model proposed here
preconizes that water uptake by external glands helps to explain the
pattern of injuries caused by Os; it reacts with aqueous exudates (guttation
droplets, nectar), producing ROS outside the leaf. This ROS-enriched
water can be taken up through secretory glands (hydathodes, EFN). The
intense inflow of ROS-enriched water overpasses the plant defense
capacity, thus causing macro/microscopic injuries predictably. This model
may explain the effects caused by O3z when stomata are closed, the spatial
patterns of morphological symptoms away from stomata pores, or the
occurrence of severe localized morphological/microscopic symptoms in
species with a high redox balance.

As future perspectives, the uptake model described here should be
further explored, with the aim of elucidating all the processes triggered by
O3 once dissociated in the glands’ exudates.
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Abstract

Tropospheric ozone (Os3) is the foremost gaseous pollutant in the
environment, generating active oxygen species (AOS) upon entry into
plants via the stomata. Considering the direct and indirect phytotoxicity of
O3 and its recent increments in the environment, considerable attention is
paid to vegetation responses to increasing levels of Os. The present chapter
reviews the current literature related to the responses of plants'
physiological attributes under ambient and elevated O3 concentrations.
Responses are recorded based on photosystem II functionality, the
stomatal apparatus regulating stomatal conductance, the hormonal
balance/signaling, and the water balance in woody species and crop plants
under various exposure levels of Os. Most of the results suggested that O;
influences physiological processes through multiple concurrent targeting
through AOS. Among the cellular components, the chloroplast is the prime
target of Oz, which directly harms photosynthesis through Rubisco, the
key regulator of energy transfer and carbon fixation. The majority of the
studies have found significant adverse impacts of O3 exposure on most
physiological attributes that directly correlate with O3 exposure (acute or
chronic). The responses varied among the plant types as well as between
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cultivars and clones. This review clarifies the consequences of O3 stress on
physiological attributes. It also illustrates how different physiological
processes are linked through interconnected regulatory pathways, which
modify plants' responses.

Keywords: Physiology; Ozone; Photosynthesis; Stomatal conductance;
AOS

Abbreviations: Ozone, Os; Charcoal filtered air, FC; Non filtered air, NF;
Photosynthetic rate, Pn; Stomatal conductance, g, Maximum activity of
Rubisco, Vemax; Maximum electron transport rate, Jmax; Maximum quantum
efficiency of photosystem II, Fv/Fm; Actual quantum yield of the
photosystem, Fv'/Fm'; Coefficient for photochemical quenching, qp; Non-
photochemical quenching, NPQ; Quantum yield of electron transfer,
@OPSII; Transpiration, Tr; Water use efficiency, WUE; Photosynthetic
nitrogen use efficiency, PNUE

7.1 Introduction

Physiological processes such as photosynthesis, respiration, stomatal
movement, transpiration, nutritional and hormonal balance are the most
vital and diverse functions of plants. From the ecological perspective,
these functions are well-coordinated and control the overall
biogeochemistry of the Earth’s system. Any dysfunction of physiological
processes has a drastic impact on a species' overall health or a community
or ecosystem.

Plants are regularly influenced by their local environments and are
mostly under different environmental pressures such as soil, light, water
availability, pest attack, drought, herbivory, etc. Under abiotic and biotic
stresses, plants' responses throughout evolution have evolved on a diverse
scale. Apart from changes in plant growth, morphology, and biochemical
diversification, physiological changes are the most interesting and plastic
responses known to date.

Among the diverse abiotic stress factors, tropospheric or surface ozone
(O3) has emerged as one of the leading stress factors for land plants (Feng
et al. 2019a; Tai et al. 2014). The adverse effects of O3 on plants are
realized based on the growth reductions, changes in community pattern,
and yield losses of important crop plants, and the decline in forest
productivity (Feng et al. 2019a; Pina et al. 2017; Singh et al. 2018;
Schauberger et al. 2019). The negative influence of Oz on vegetation is
certainly realized on all continents of the world, and its current trend is
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unprecedented (Calatayud et al. 2011; Dumont et al. 2014; Ismail et al.
2014; Moura et al. 2018a; Feng et al. 2019a; Schauberger et al. 2019). As
far as the current and future estimations are concerned, it is expected to
rise in most bio-diversified countries in the world, such as India and China
(Pommier et al. 2018; Tai et al. 2014).

The mechanism of Os-induced stress responses in plants is well known
(Dai et al. 2017; McAdam et al. 2017; Papazian et al. 2016; Singh et al.
2018.). As O; enters the apoplast through leaves' stomatal opening, it soon
generates diverse, active oxygen species (AOS) in the sub stomatal
surface. Afterward, it reacts with different cells' various components and
initiates a local cascade of reactions, leading to stress response initiation
through signaling by AOS themselves and a sophisticated signaling
pathway (McAdam et al. 2017; Vainonen and Kangasjarvi 2015). One of
the first targets of Oz is the cell membrane of guard cells, along with
epidermal and palisade cells. As O3 and AOS directly enter the cytoplasm,
the initiation of diverse antioxidative stress responses occurs in plants
(Betzelberger et al. 2010; Dai et al. 2017; Grulke and Heath 2020;
Papazian et al. 2016). One of the significant outcomes of such responses is
the loss of control of stomata. This alters the carbon intake for
photosynthesis, as the entry of CO» along with O3 is reduced. The partial
stomatal closure reduces O3 entry until the stomata become fully closed
under acute Oj stress (Dumont et al. 2014).

Evidence suggests that O3 directly or indirectly influences the stomatal
response, photosynthesis by influencing both light and dark reactions,
transpiration, hormonal balance, and nutrient uptake (Chen et al. 2009;
Drapikowska et al. 2016; Dumont et al. 2014; Gao et al. 2017; McAdam et
al. 2017; Moura et al. 2018a; Shang et al. 2019; Xu et al. 2019). Most of
the reviews and meta-analyses performed on physiological responses
under O3 stress have been limited to either crop plants or forest trees or
restricted to a particular geographical region or continent (Feng et al.
2019b; Morgan et al. 2003; Pleijel et al. 2019; Wittig et al. 2009). A wide
range of physiological responses has not been comprehensively reviewed
for different crop plants and woody species. Moreover, attempts of
previous reviews have focused on responses under direct Oz stress;
however, in an environment, O3 is not a single stress factor, and different
stresses co-exist together, which may induce the synergistic or antagonistic
effects (Bernacchi et al. 2006; Calzone et al. 2019; Gao et al. 2017,
Papazian et al. 2016).

Considering these limitations, we made an attempt to review the Os-
induced responses on different physiological parameters such as
photosynthetic rate (Pn), stomatal conductance (gs), mesophyll
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conductance, chlorophyll fluorescence, water balance, and phytohormone
status for important crop plants, woody species, and natural vegetation
from different regions of the world. We also considered other stress factors
such as drought, light, and nutrient availability in influencing
physiological responses under O; stress. The primary objectives of the
review are to identify (i) Os-induced variations in the photosynthetic rate,
(i) stomatal response, (iii) light and dark reactions based on
photosynthetic kinetics and chlorophyll fluorescence parameters, and (iv)
variations in water balance and phytohormone under O; stress among
different vegetation types.

7.2 Method

To understand the variations in the physiological responses of
vegetation, the World Wide Web was searched for keywords such as
photosynthetic rate, photosynthetic assimilation, net CO, assimilation,
intercellular CO; concentrations, stomatal conductance, mesophyll
conductance, the quantum efficiency of PSII, the quantum yield of
electron transfer at PSII, maximum RuBP regeneration capacity, non-
photochemical quenching, rate of triose phosphate utilization, respiration,
transpiration rate; maximum rate of Rubisco carboxylation, ethylene,
abscisic acid, jasmonic acid and ethylene in relation to ambient and
elevated Os in different search engines such as Google Scholar, SciVerse,
PubMed, Scopus and Web of Knowledge. Papers were selected based on
studies that directly assess plants' response to either acute or chronic O3
exposure or in combination with other stresses such as drought and light,
having details of clear experimental design with replications and proper
statistical assessment. Manuscripts where O3 measurement data were
mentioned without monitoring, and standard protocols were not followed
in physiological measurements were not included in the review.

7.3 Photosynthesis

Twenty-one studies involving 15 crop species and 15 studies involving
24 woody species from different regions of the world were considered to
estimate the effect of Oz on the photosynthetic rate (Pr) (Tables7.1 and
7.2).
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7.3.1 Crop plants

More than 80% of the studies on crop plants indicated a significant
decline in Pn under O3 exposure either in the growth chamber or under an
ambient environment or exposure at an elevated O; concentration. The
decrease in Pn is found to be directly correlated with the O3 dose and the
sensitivity of an individual cultivar (Table 7.1). The analyses showed
significant reductions ranging between 2 - 83%, with an average decrease
of 34% in Pn for different crop cultivars among the crops. The reductions
in Pn for different wheat cultivars ranged from 8-71%, with an average
reduction of 32% (Table 7.1). Compared to wheat, rice showed an average
percentage decline of 33.5%, and for soybean a reduction of 30.4%,
suggesting the significant effects of O3 in influencing Pz in different crop
species. Feng et al. (2018) recorded 20—71% reductions in Pn among five
winter wheat cultivars. In contrast, Singh et al. (2018) recorded 8-32%
reductions among 14 Indian wheat cultivars under ambient +30 ppb
elevated O3 exposure. Betzelberger et al. (2010) found only an average
10% reduction in ten soybean cultivars at 100 ppb O3 fumigation for 23
days under FACE (Table 7.1).

The impact of O3 on leaf photosynthesis is mostly realized during the
later stages of growth as most of the studies identified a higher decline in
the rate of photosynthesis during the post-vegetative stage or during the
grain filling stage (Betzelberger et al. 2010; Chen et al. 2011; De Bock et
al. 2012; Morgan et al. 2004). The decline in pigment concentration and
the reduction in antioxidative enzymes' activities have been correlated
with delayed photosynthesis. It may be argued that at the initial growth
stages, O3 stress induces plants to activate a faster metabolism, which
results in a higher activity, which may benefit plants to cope with the
initial stress. De Bock et al. (2012) showed a significant decline in the Pn
at the later growth stage in oilseed rape and broccoli leaves (Table 7.1).
Bernacchi et al. (2006) found no significant effect on Pn in the early
leaves of Glycine max (L.) Merr. (soybean) under O3 exposure; however,
the combined exposure of Oz and CO> positively influenced the Pn. In G.
max, the loss of photosynthesis was evident during the flowering stage
under elevated O3 exposure, while no significant decline was recorded at
the vegetative stage (Morgan et al. 2004). In another study on soybean,
Chen et al. (2009) recorded 44 and 47% reductions in photosynthetic CO»
uptake, respectively, under acute and chronic O3 exposure, suggesting the
sensitivity of soybean to Oj; stress (Table 7.1).
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Cao et al. (2009) found that the sensitivity of wheat cultivars to O3 is
directly related to their photosynthetic ability as under O3 exposure a
sensitive cultivar (Yannong 19) had a higher reduction in Pn compared to
an Os-tolerant one (Yangmai 16). The -cultivar-specific response to
elevated O3 was further highlighted by Singh et al. (2018), where 14
different cultivars showed a diverse range of reductions in Pn. The cultivar
HD28 showed the highest decline and was found to be the most sensitive
cultivar in terms of yield reduction under elevated O3 (Table 7.1). Yadav
et al. (2020) also found variations in Pn between differentially sensitive
modern and old wheat cultivars. Sarkar et al. (2010) found lower
percentage reductions in Sonalika (15-36% decline) compared to HUW
510 (31-51%) under elevated O3 exposure (NF + 10 and NF +20 ppb).
Moura et al. (2018b) found a differential sensitivity in the Prn of two
sugarcane genotypes (IACSP94-2094 and TACSP95-5000) under free O3
exposure (1.4 x ambient). An ozone-sensitive clone showed a greater
negative influence of O3 on Prn than the resistant clone of white clover
(Trifolium repens L.cv. Regal) (Crous et al. 2006).

Flowers et al. (2007) studied differentially sensitive genotypes (S156,
R123, and R331) of the snap bean (Phaseolus vulgaris L.) to O3 and found
that photosynthesis is largely governed by protecting Rubisco with the
antioxidative defense system. The differential sensitivity is thus a result of
the active protection or maintenance of the key enzymes of
photosynthesis.

An ozone-induced reduction in Pn is largely governed by either
stomatal or non-stomatal factors. In the first case, the entry of O3 through
stomatal opening causes AOS generation in the apoplast. To
counterbalance, stomata either entirely or partly close to reduce the access
of Oj;; as a result, stomatal conductance is reduced. The lowering of
stomatal conductance causes a reduction in the internal concentration of
CO,, and as a result, photosynthesis is inhibited or down-regulated (Akhtar
e al. 2010). It is very evident that most of the plants employ this type of
mechanism to reduce Os stress, and as a result, photosynthesis is down-
regulated.

In contrast, many studies have also identified neither reductions in
stomatal conductance nor internal CO, under Os exposure to down-
regulate Pn (Cao et al. 2009; Papazian et al. 2016; Tetteh et al. 2015;
Drapikowska et al. 2016). This decline is mostly attributed to non-stomatal
factors such as direct inhibition of dark reaction enzymes or direct damage
of photosynthetic machinery by Os (Flowers et al. 2007). In an African
variety of cowpea (Vigna unguiculata L.), Black eye reduction in the Pn
was attributed to thylakoid membrane dysfunction as a result of long-term
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exposure of O3 (NF + 50 ppb) (Tetteh et al. 2015). Papazian et al. (2016)
found a reduction in chlorophyll content (47.8%) in Brassica nigra (wild
black mustard) under long-term O3z exposure compared to the control as
the main reason for the decline in Pn. Tetteh et al. (2015) found both
stomatal and non-stomatal factors to beresponsible for reducing Pn in V.
unguiculata.

It is generally observed that the negative effect of O3 on photosynthesis
is neutralized under elevated CO, exposure (Bernacchi et al. 2006).
Drapikowska et al. (2016) found a negative association between net Pn
with a percentage of necrotic area in Osz-sensitive (S156) and Os-resistant
(R123) genotypes of P. vulgaris L. (bean). Calatayud et al. (2011) found a
decline in Pn in perennial forb Lamotte adianae under O3 exposure. They
attributed it to a significant reduction in chlorophyll content (10%), and an
increase of 33% in daytime respiration.

7.3.2 Woody species

More than 75% of the studies on woody species showed a significant
decline in Pn under O3 exposure. The significant reductions in Pn ranged
from 5-80%, with an average decrease of 29% for different tree species
(Table 7.2). Based on the overall results, trees seem to maintain their
photosynthetic activity better than crop plants under Os stress to some
extent. Further, the seedlings have a higher sensitivity to O3 compared to
the mature trees (Paoletti et al. 2009).

Zhang et al. (2014) reported that non-stomatal factors such as CO;
fixation and reduction in photosynthetic pigments are the significant
causes of a decline in Pn in one-year-old Metasequoia glyptostroboides
seedlings under NF + 60 ppb elevated O3 exposure for two years using
OTCs. Hoshika et al. (2013) found no significant effect of Oz on
photosynthesis in the early leaves of white birch, while the late leaves
were negatively affected. The lower sensitivity of the first leaves was
attributed to the avoidance mechanism by lowering stomatal conductance.
Watanabe et al. (2018a) reported that reducing the biochemical
assimilation capacity at the chloroplasts was the primary factor for the
decrease in Pn under O3 exposure in Siebold's beech (Fagus crenata)
saplings. The study also identified the variable response of Pn between
upper and lower canopy leaves to O3 due to the differential uptake of Os at
different canopy levels.

Pinus canariensis exposed under elevated O3 (50 ppb for 88 days) in
OTCs showed no significant difference in Pn and antioxidant levels,
suggesting that the tolerance of P. canariensis to Oz must be further
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evaluated to understand the mechanism (Then et al. 2009). Watanabe et al.
(2013) recorded a higher reduction in Pnin Siebold’s beech (46%)
compared to oak (Quercus mongolica var. crispula) (15%) under an
elevated O3 exposure of 60 ppb (Table 7.2). Such a higher percentage
decline in both species was due to a significant increment in dark
respiration as antioxidative activity might have elevated due to the
elevated Os. A reduction in Pn in an Os-sensitive hybrid poplar clone
(“546”) was attributed to the impairment of different photosynthesis
processes such as Rubisco carboxylation and assimilation under O3
exposure (Gao et al. 2017). Moura et al. (2018a) also found an increase in
respiration with a reduction in assimilation under 70 ppb O3 exposure for
Astronium graveolens, while in Croton floribundus, an increase in
respiration did not affect the Pn.

Eichelmann et al. (2004) recorded variations in average Pn between
silver birch (Betula pendula Roth) clones under elevated O3 exposure with
a reduction in Rubisco content, which might be the main factor for the
decline in photosynthesis. Oksanen (2003), however, recorded a
significant decrease in net photosynthesis in both (Fagus crenata)
sensitive and tolerant clones of Betula pendula (European white birch).
Elevated O3 did not decrease net photosynthesis undera 1-d exposure of
acute O3 (75,112.5 and 150 ppb) to two-hybrid aspen (Populus tremula L.
x P. tremuloides Michx.) clones; however, a significant reduction was
recorded under chronic Oz exposure (70 ppb for 16 d) (Vahala et al. 2003).
Calzone et al. (2019) observed a significant reduction in the CO;
assimilation rate of Punica granatum L. under Oz exposure due to a
decrease in stomatal conductance. Xu et al. (2019) observed mesophyll
conductance as a significant factor for reducing Poplar's photosynthesis
under O3 exposure.

Schaub et al. (2003) recorded a variable response in the Pn of Prunus
serotina, Fraxinus americana, and Acer rubrum under non-filtered
chambers having 98% ambient O, under filtered chambers with 50%
ambient O3, and in open plots with 100% ambient Os. The results
demonstrated the over- or under estimation of physiological responses due
to the effects of artificial chambers and microclimatic conditions. Paoletti
et al. (2009) also found a higher sensitivity to O3 in the chamber than in
the field trees of Manna ash (Fraxinus ornus) exposed to ambient Os.
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The overall response of Pn to Oz exposure in woody species showed a
significant decline in most cases; however, the magnitude of the negative
effect depended upon the duration and concentration of Oz exposure, the
relative sensitivity of species, the Osuptake capacity, and the growth stage
of trees (Table 7.2). Most studies were based on seedling-stage
undergrowth chambers or under semi-natural conditions. In contrast, few
studies are performed on mature trees, limiting the actual quantification of
0Os-induced carbon fixation in the forest and urban trees.

7.4 Stomatal conductance

As a primary response, plants reduce stomatal conductance (g;) under
elevated O3 to avoid gas entry and, subsequently, oxidative stress. To
estimate the effect of O3 on g, we evaluated 17 studies involving 16 crop
species from different regions of the world, while for trees, 16 studies
involving 20 tree species were considered (Tables 7.1 and 7.2).

7.4.1 Crop plants

More than 83% of the studies on crop plants indicated a significant
decline in g, under O3 exposure either in the growth chamber or under the
ambient environment. A decrease in g is correlated with the O3 dose and
the sensitivity of the individual genotype or cultivar. Our analysis showed
a significant reduction in g, for different crop cultivars ranging from 3—
79%, with an average decrease of 33% among other crops. The decline for
different wheat cultivars ranged from 3—-68%, with an average reduction of
33%, similar to that observed for Pn. For soybean, the average decrease in
g values was around 15% (Table 7.1).

In oilseed rape (Brassica napus), a decline in g, was only recorded
after maximum leaf area attainment. In contrast, g; remained unchanged in
broccoli (B. oleracea) under Oz exposure (De Bock et al. 2012). Cao et al.
(2009) found higher reductions in g in an Os-sensitive cultivar (Yannong
19) of winter wheat compared to a tolerant cultivar (Yangmai 16). The
authors also found a non-significant change in Ci, suggesting that non-
stomatal factors reduced photosynthesis. Tetteh et al. (2015) also recorded
a significant decline in gs under 50 ppb O3 exposure in two African
varieties of cowpea (Vigna unguiculata) without any change in Ci. In two
commercial sugarcane genotypes, elevated Oz exposure directly reduced g
from the start of the exposure over the entire experimental period (Moura
et al. 2018b). Crous et al. (2006) recorded a significant reduction in gy due
to O3 exposure in the Os-sensitive clone of white clover (7. repens L. cv.
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Regal) while the resistant clone showed no significant difference. The
difference in gy showed a direct correlation with O3 sensitivity in clover.
Progressive reductions in gy and hydraulic conductance were also recorded
in cotton plants exposed to elevated O; (Grantz et al. 1999). Betzelberger
et al. (2010) recorded an average 15% reduction in g, among ten cultivars
of soybean grown under FACE. In five winter wheat cultivars, Feng et al.
(2018) recorded a decrease in gy ranging from 3-41% under O3 exposure
of 3 nmol O; m 2 5! phytotoxic Oz doses (POD3) (Table 7.1).

Snap bean (Phaseolus vulgaris) genotypes with differential sensitivity
to O3 showed no difference in g, under 60 ppb exposure; however,
mesophyll conductance was significantly reduced by 55% in the sensitive
genotype (Flowers et al. 2007). In soybean (G. max), elevated Oz exposure
did not considerably affect g; even at midday g, remained unaffected
(Bernacchi et al. 2006). Calatayud et al. (2011) recorded no significant
effect of O3 exposure in gyin L.adianae (Table 7.1).

In wild black mustard (B. nigra), short-term (5d) and long-term (16d)
O3 exposure reduced g; significantly; however, long-term exposure caused
a 10% higher reduction in comparison to short-term exposure (Papazian et
al. 2016). Drapikowska et al. (2016) found a positive correlation between
g, with the percentage of necrotic areas in Os-sensitive (S156) and -
resistant (R123) genotypes of bean (P. vulgaris).

Monga et al. (2015) recorded a significant reduction in the midday and
afternoon gy of durum wheat (Triticum durum) under O; exposure
suggesting that prior O3 exposure in the early hours of the day might have
caused stomatal impairment. Among the five durum wheat cultivars,
Sculpture (36%) and Colombo (24%) cultivars had the highest mean
values of g as well as the maximum reductions under O3 exposure (Monga
et al. 2015). The authors correlated the reduction in gy of Colombo to
damage to the guard cells of the stroma. In contrast, a decrease in Calvin
cycle activity, which caused an increase in internal CO; as a feedback
mechanism, was found to be the cause of g, change in Sculpture.

In a study by Brosché et al. (2010), the O3 sensitivity of 93 natural
Arabidopsis thaliana accessions along with five Osz-sensitive mutants was
analyzed under acute O3 exposure (300-350 ppb, 7h). Authors found g; to
be the most important trait to assess the Os sensitivity of the accessions
with the most sensitive accession showing the highest g; value. Both
abaxial and adaxial gy showed a significant correlation with Os-induced
visible injury. Brosché et al. (2010) also recorded higher whole-rosette g,
leading to a higher ion leakage under Oj stress.
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7.4.2 Woody species

More than 60% of the studies on trees showed a significant decline in
gs under O3z exposure. Our analysis showed a significant reduction in g for
different tree species ranging from 16-75%, with an average decrease of
34% among studied trees. Based on the overall results, trees seem to
maintain their gz compared to crop plants under elevated O; exposure
(Table 7.2).

The lowering of g, under elevated O3 exposure is a well-known early
response mechanism of plants to prevent the entry of Os. Hoshika et al.
(2013) recorded a lower g in the young leaves of white birch seedlings
under O3 exposure, which prevented photosynthesis damage. One-year-old
seedlings of Metasequoia glyptostroboides showed a significant decline in
g, under elevated Oz (E-O3;, NF + 60 ppb) exposure in the first year,
though during the second year of exposure it remained unchanged (Zhang
et al. 2014). Pina et al. (2017) found a significant reduction in the gy of
Psidium guajava, ranging between 39 and 51% in different seasons in the
urban forest of Sdo Paulo, SE Brazil. Gao et al. (2016) also found a
significant effect of O3 exposure on g and stomatal limitation in four
common urban greening species in China (Table 7.2).

Dumont et al. (2014) found the differential response of adaxial and
abaxial surface g; to O3 exposure in three Euramerican poplar genotypes;
however, the total gy was significantly reduced, suggesting a different
effect of O3 on the stomata of upper and lower surfaces. Dumont et al.
(2014) reported changes in the stomatal response and g, through the Os-
induced modification of ion fluxes in the membrane and the induction of
signal transduction. Moura et al. (2018a) recorded a reduction in the g,
value with an increase in dark respiration in 4. graveolens under Ojs stress.
The authors attributed a decrease in g to increased intercellular CO, as
carbon assimilation was reduced due to Os. In A. altissima and F.
chinensis, Hoshika et al. (2014) recorded a decrease in gs with increasing
stomatal Oz flux and the ratio of stomatal Oz flux to net photosynthesis,
suggesting an impairment of stomatal control under high stomatal O3 flux.
Stomatal response and gy in trees observed during these studies indicated
that Os-induced responses are highly dependent upon O; flux and the
biochemical detoxification capacity. Dynamic stomatal response and g, are
both affected by O3 exposure and the aging of the leaves (Paoletti et al.
2009). Street et al. (2011) found a difference in response to g, in Populus
trichocarpa and P. deltoides under acute and chronic exposure of Os.
Variations in g, were also marked between young and semi-mature leaves.

Then et al. (2009), on the other hand, observed no significant effect of
O; on the g of P. canariensis seedlings under free-air O3 fumigation at
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Kranzberg Forest, Germany. Non-significant variation in g, was attributed
to prevailing O3 levels, which were not sufficient to induce any stress
response. Watanabe et al. (2013) also found no significant variations in g
or stomatal limitation under O3 exposure in both Siebold’s beech and Oak.
Similarly, Schaub et al. (2003) also recorded minimal variations in g
under O3 exposure in Prunus serotina, Fraxinus americana and Acer
rubrum. Oksanen (2003) found an interesting trend of g, in Os-sensitive
and -tolerant clones of European white birch (Betula pendula) where g,
was first decreased significantly in the early season while a significant and
consistent increase in gy followed after that for the rest of the season.
Stomatal conductance of hybrid aspen clones 51 and 200 also showed non-
significant variations under chronic O3 exposure (Vahala et al. 2003). In
Punica granatum, g, did not show any significant variation under O3 and
salt stress (Calzone et al. 2019) (Table 7.2).

7.5 Maximum activity of Rubisco (Vcmax) and the
maximum electron transport rate (Jmax)

The maximum rate of Rubisco carboxylase activity (Vemax) and the
maximum rate of photosynthetic electron transport (Jmax) are often used
for understanding the accurate prediction of carbon flux rates. It is well
known that under O3 exposure, the synthesis of Rubisco declines and as a
result, demand for both NADPH and ATP is reduced, which may alter or
reduce the activity of electron transport.

Elevated O3 exposure (60 ppb) caused a significant decline in Vemax and
Jmar n the M. glyptostroboides tree (Table 7.3). The effect increased as the
leaves aged; however, the ratio of Vemax/Jmer remained unchanged in
different growing seasons (Zhang et al. 2014). Xu et al. (2019), on the
other hand, found a significant decline of 39% in Vemax While Jinax remained
unchanged under NF + 20 ppb Os exposure in the hybrid poplar clone. The
study also identified a significant increase in the Vemax/Jmar ratio under O3
exposure. Watanabe et al. (2018a), in Siebold's beech and Japanese oak,
found no effect of leaf nitrogen content on the response of Vemax and Jimax
to elevated Oz as both reduced under Oz exposure while leaf nitrogen
remained unchanged. However, the study identified a distinct relationship
between leaf nitrogen per unit area with Vemax (Table 7.3).
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Gao et al. (2017) recorded significant variations in Vemax and Jmax in the
young and old leaves of the Os-sensitive hybrid poplar clone (“546”)
under O3 exposure with old leaves showing a higher reduction in Vemax;
however, the reduction of Jmax was similar in both types of leaves.
Eichelmann et al. (2004) recorded differences in the Jmax value under O3
exposure in two silver birch (Betula pendula) clones with clone 4
identified as Os-sensitive and a simultaneous decrease in Rubisco activity
and Rubisco content.

As a response to Oz exposure, injured leaflets of Fraxinus ornus
showed a decline in Vemax and Jmax While the Jynax/Vemax ratio increased
(Paoletti et al. 2009). The increased ratio indicates that the supply of
energy as ATP and NADPH was comparatively less affected than the
carboxylation efficiency (Paoletti et al. 2009). One-year-old seedlings of
four common urban greening species exposed to elevated O3 showed a
decline in Vemax and Jmax, identified as the significant reason for reducing
photosynthetic CO; assimilation (Gao et al. 2016). The authors also found
variations in Vemax and Jmax among trees, with Ailanthus altissima having a
maximum reduction in Vemax (42%), while Platanus orientalis showed the
highest decline in Jmax (36%) (Gao et al. 2016) (Table 7.3).

In the snap bean (Phaseolus vulgaris L.), Flowers et al. (2007) found a
significant reduction of Vemax by 43% in a sensitive genotype (S156) while
no significant change was recorded for tolerant genotypes (R123 and
R331) under 60 ppb Os exposure. Os-sensitive and -tolerant clones of
white clover (7. repens L. cv. Regal) under O3 exposure showed a
differential response for both Vemax and Jmax. An Os-sensitive (NC-S) clone
showed 28 and 26% reductions in Vemax and Jmax, respectively. At the same
time, no significant change was detected in the tolerant clone (NC-R)
(Crous et al. 2006) (Table 7.4). The authors also observed a significant
negative correlation between cumulative Os fluxes with Vemax in NC-S.
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In G. max L., Morgan et al. (2004) did not observe any significant
effect of elevated O3 exposure on both Vemax and Jmax for a recent fully
expanded topmost leaf, however, leaves formed during the flowering stage
showed a significant reduction of 20-30% in both the parameters
suggesting that the O3 sensitivity of photosynthetic physiology is related to
leaf age as well as to the total period of O3 exposure. The study also found
a significant reduction in the Vemax/Jmax ratio, suggesting that Oshad more
influence on Rubisco activity than on RuBP regeneration capacity. Chen et
al. (2011) also recorded a significant difference in two genotypes of rice
(O. sativa) with reductions of Vemax being 24 and 49% respectively in clone
SL46 and NB, while reductions of Junax were respectively 16 and 39%
under elevated Osexposure of 100 ppb for 23 days (Morgan et al. 2004)
(Table 7.4). In winter wheat cultivars, Vemax and Jmax showed a progressive
decline of 14-68% and 12-66% with time under O; exposure reflecting
that the negative impact of Oj increases with the plant age (Feng et al.
2018). Yadav et al. (2020) found a higher reduction of both Vemax and Jmax,
respectively, by 21 and 11.6% in an old cultivar of wheat compared to a
modern cultivar (13 and 6.3%) under elevated O; exposure. In the
perennial forb L. dianae, Calatayud et al. (2011) found a significant
reduction of 26% in both Vemax and Jmax under NF + 30 ppb O3 exposure.
Vemax and Jmax showed a strong linear correlation, suggesting a similar
effect of O3 on both the parameters and a strong interdependence of
Rubisco carboxylation efficiency with a maximum RuBP regeneration

capacity.

7.6 Chlorophyll fluorescence

Light energy absorption by plants is crucial for energy assimilation and
heat dissipation in the plant. Chlorophyll fluorescence kinetics represent
light absorption, transfer, dispersal, channeling, transmission, and
dissipation of light energy by leaf chlorophyll, ultimately helping us
understand plant photosynthetic performance (Table 7.5). Most studies
have identified a reduction in Fv/Fm (a measure of the efficiency with
which excitation is captured by the open reaction centers of Photosystem
II) under abiotic stresses such as Oz (Table 7.5). This reduction results
from damage to Photosystem II reaction centers or is due to an increase in
non-radiative energy dissipation (De Bock et al. 2012).

In oilseed rape (B. napus), NF +20 ppb O3 did not influence Fv/Fm,
Fv'/Fm' (energy harvesting by open PSII reaction centers in the light), and
performance index (PI). In contrast, NF + 40 ppb O3 caused a significant
decline in all the parameters after mature leaf area formation (De Bock et
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al. 2012). In broccoli, the lower canopy leaves showed significant
reductions inFv/Fm, Fv'/Fm' and PI under elevated Ostreatment (De Bock
et al. 2012) (Table 7.5). The Oz exposure for 75 d caused a significant
decline in Fv/Fo and Fv/Fm by 29.8 and 6% in the winter wheat cultivar
Yannong 19, while for cultivar Yangmai 16, reductions were only 8.5 and
1.5%, respectively, compared to control (Ji-Ling et al. 2009). The decline
in values indicates Os-induced damage to PSII and simultaneous
photoinhibition (Cao et al. 2009). Under O3 exposure, the Fo value of
Yangmai 16 was higher than that of Yannong 19, indicating the lesser
damage of PSII (Table 7.5).

In cultivar Yannong 19, photochemical quenching (qp) was also found
to be reduced under Oj; stress. In contrast, in Yangmai 16, qp showed non-
significant change with respect to control, indicating Os-induced inhibition
of electron transport from PSII to PS I. In Yannong 19, non-photochemical
quenching (NPQ) showed an increment of 35.5% under O; exposure,
while in Yangmai 16 non-significant changes were observed (Cao et al.
2009). As the transfer of an electron under stress is affected, plants transfer
the excess light energy through heat dissipation, which leads to a decrease
in gp. The decline in gp indicates the closure of the PSII reaction center,
preventing the transfer of an electron between two photosystems while
NPQ increases to remove excess energy as heat, ultimately reducing the
utilization of light energy (Cao et al. 2009).

Among the three-snap bean (P. vulgaris L.) genotypes with known
differences in sensitivity to O3, S156 showed an increase in the Fo value
and a decrease in Fv/Fm under elevated O3 compared to control. This
suggests that Oz induces a reduction in light capture and electron transport
through alteration of the PSII reaction center while increasing energy
dissipation through fluorescence as recorded by a significant decline in qp
(Flowers et al. 2007). Compared to the sensitive genotype S156, the
resistant genotype R123 showed a significant reduction in NQP under O;
stress (Flowers et al. 2007) (Table 7.5).
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In poplar, Xu et al. (2019) recorded a significant reduction in Fv/Fm,
Fv/Fm' and ®PSII under elevated Oz exposure; however, qp and NPQ
remained unchanged between CF and NF + 40 ppb Os. These results thus
suggest that not all chlorophyll fluorescence parameters are
simultaneously affected under O; stress. Similarly, Gao et al. (2017) found
a difference in the behavior of chlorophyll fluorescence parameters of
young and old leaves under elevated O3 treatment as in the Os-sensitive
hybrid poplar clone (“546”), young and old leaves showed the contrasting
behavior of chlorophyll fluorescence parameters under O; exposure.
Fv'/Fm', qp, and NPQ were significantly reduced by 25, 12.5, and 25% in
old leaves, while variations were non-significant in young leaves for
Fv'/Fm' and gqp under NF + 40 ppb O3 exposure (Table 7.5). Young leaves
under O3 exposure also showed an increase in NPQ compared to plants
under charcoal-filtered ambient air (CF) and non-filtered ambient air (NF)
(Gao et al. 2017).

Crous et al. (2006) reported NPQ to bea key factor in determining O3
sensitivity in Os-sensitive (NC-S) and Os-resistant (NC-R) bio-monitor
clones of white clover, as under O3 exposure qp showed an elevation in
both clones; however, NPQ was always lower in the NC-S than in the NC-
R clone. In Betula pendula, Oz exposure initiated a differential response in
the leaves of clones 4 and 80 where the quantum yield of electron
transport was influenced only in clone 4 while both qp and NPQ showed
no sensitivity to elevated O3 treatment in both clones (Eichelmann et al.
2004). In soybean, Bernacchi et al. (2006) found no significant effect of
elevated O3 on photosynthetic electron transport on newly expanded
leaves; however, a significant decrease was observed 1 d after exposure.
Then et al. (2009) also recorded non-significant variations in chlorophyll
fluorescence parameters under O3 exposure in P. canariensis seedlings.

Chen et al. (2009) recorded a differential response of chlorophyll
fluorescence parameters in soybean under acute and chronic O3 exposure.
Both exposures reduced PSII efficiency (Fq/Fm) by 20% with spatial
heterogeneity in the leaves. The study also identified a decrease in Fq/Fm
under acute exposure due to a decline in Fv/Fm and Fq/Fv; however, only
Fqg/Fv decreased under chronic exposure. The reduction (20%) in electron
transport (Fq'/Fm’) was significant under both exposure conditions.

Chen et al. (2009) also recorded a difference in the increase of spatial
heterogeneity of Fq'/Fm’ under chronic (10%) and acute (50%) treatments
of O3 in soybean. In Fv/Fm, Chen et al. (2009) found discrete patches of
lower Fv/Fm than the control, whereas Fv/Fm was similar throughout the
leaf surface. A significant reduction in Fv/Fm in acute exposure was more
in the base than the leaf tip. Compared to control, acute O3 exposure
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increased the spatial heterogeneity of Fv'/Fm’, Fq'/Fv’, and Fq'/Fm’ by 75,
37, and 46%, respectively. In contrast, the increase under chronic Oj;
exposure was relatively lower, with percentage increases of 17, 35, and 10
in soybean, suggesting acute exposure significantly alters most of the
chlorophyll fluorescence parameters (Chen et al. 2009).

In Trifolium repens, D’Haese et al. (2005) recorded a clear difference
in the response of Fv/Fm ata 5-day 60 ppb Oz exposure where the sensitive
(NC-S) clone showed a significant decline in Fv/Fm while it remained
unchanged in the tolerant clone (NC-R) (Table 7.5). A significant decrease
in gp under O3 exposure was also recorded by Morgan et al. (2004) in
soybean, while the maximum apparent quantum efficiency remained
unchanged until the last measurement day, when it showed a significant
reduction suggesting damage to light-limited photosynthesis.

Scebba et al. (2006) assessed the Fv/Fm ratio, the actual quantum yield
of PSII and the NPQ of 29 plant species, and recorded significant
variations in 37% of plant species belonging to natural or semi-natural
ecosystems. Overall, data showed a significant effect of Os, species, and
their interaction on Fv/Fm and NPQ while the actual quantum yield of
PSII showed only significant variability with species, and the interaction
of Oz and species did not initiate a significant response (Table 7.5).

In ten cultivars of soybean, Betzelberger et al. (2010) recorded a
significant decrease in the operating efficiency of photosystem II (Fq'/Fm")
and the efficiency of CO, assimilation (FCO,) under chronic elevated O3
exposure. Chlorophyll fluorescence parameters did not respond to early Os
exposure (5th day) in rice, while by day 23, the quantum efficiency of
photosystem II had declined by 23%, Fv'/Fm’ by 6.1%, and Fq'/Fv’ by
17.6% (Chen et al. 2011). Sarkar et al. (2010) found a significant decrease
of 10 and 17% in the Fv/Fm ratio of rice cultivars Sonalika and HUW510,
respectively, under O; exposure, while Yadav et al. (2020) found a
significant reduction of 4.2% only in an old cultivar of wheat while in the
modern cultivar the ratio remained unchanged.

The acute Oz exposure (150 ppb for 3 h) significantly reduced Fv/Fm
by 4% in red clover (Trifolium pratense) while no significant effect was
observed in white clover (7. repens). This reduction in Fv/Fm was
attributed to an increase in Fo and a decrease in Fm (Scebba et al. 2003).
Calatayud et al. (2011), in forb L. dianae, found that O3 inducesa reduction
in yield of PSII and qp; however, Fv/Fm remained unaffected, suggesting
a reduction in light energy use at the expense of heat dissipation. Calzone
et al. (2019) recorded a decrease in Fv/Fm, qp, and NPQ by 9-14, 11, and
11-32%, respectively, in pomegranate (Punica granatum) under Oz and
combined O3 and salt stress (Table 7.5).
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In 2-year-old seedlings of Fraxinus ornus, the Fv/Fm ratio and
Performance Index were negatively affected under elevated O3 exposure
(Paoletti et al. 2009). Gao et al. (2016) recorded a significant reduction in
Fv/Fm by 16, 12, and 10%, respectively, in Ailanthus altissima, Platanus
orientalis, and Fraxinus chinensis under Oz exposure, while a significant
reduction in qp was recorded in all trees except P. orientalis. The actual
quantum yield of PSII reduced more in Robinia pseudoacacia (23%)
followed by P. orientalis (17%) and F. chinensis (14.5%), while NPQ
remained unchanged in A. altissima (Table 7.5). These results suggest
variable responses of different fluorescence parameters in test trees
directly related to O3 flux and the detoxification potential of species.

7.7 Water and nitrogen balance under O3 stress

Nitrogen is the major component of pigments, enzymes of carbon
assimilation, antioxidative enzymes, and metabolites. Nitrogen
metabolism of plants is key to defense and physiological processes in
plants. Nitrogen allocation to growth and defense is key to plant sensitivity
under stress conditions.

Ozone stress increased mass-based leaf N concentration in hybrid
poplar clones but significantly reduced area-based leaf N concentration
(Shang et al. 2019). This reduction is due to the simultancous decrease in
leaf mass per unit area. The authors also recorded a positive correlation
between area-based leaf N concentrations with the Pn (Shang et al. 2019).
Shang et al. (2019) found a significant reduction in photosynthetic N-use
efficiency (PNUE) and leaf N allocation to photosynthetic components in
hybrid poplar clones; however, N allocation to cell walls and other
components was enhanced, reflecting that N was allocated more towards
structural components and defense than for photosynthesis. In 3-year-old
white birch seedlings, O3 exposure reduced PNUE in early and late leaves;
however, a significant effect was only recorded for late leaves (Hoshika et
al. 2013). In the same study, Oz exposure induced a higher N content in
young leaves suggesting that N accumulated more in young leaves to cope
with O3 stress (Table 7.6).

Nitrogen is an essential component of several enzymes and proteins
involved in carbon assimilation, and it is expected that higher N in the leaf
will help in stress tolerance. Watanabe et al. (2018a) recorded a decrease
in Vemax and Jmax in leaves having a high Ngea compared to leaves with a
lower Narea under O3z exposure in Siebold's beech; however, no such effect
was detected in Japanese oak. Reduction in the Ny, further leads to early
senescence. The Nmass of lower canopy leaves also increased under O3
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exposure in Siebold's beech (Watanabe et al. 2018a). In ten-year-old
saplings of Siebold’s beech (Fagus crenata) Oz exposure declined the N
allocation to the photosynthetic function, ultimately reducing PNUE
(Watanabe et al. 2013). Elevated Oz exposure in both the modern and old
cultivar of wheat caused a significant reduction in PNUE by 6.7-12.4%
(Table 7.6). The old cultivar, however, showed less decline compared to
the sensitive modern cultivar (Yadav et al. 2020).

Both Os-sensitive and Os-tolerant cultivars of winter wheat
(T. aestivum) showed a significant reduction of transpiration (Tr) under O3
treatment. However, the decline was comparatively less in the tolerant
cultivar, which helped it to maintain photosynthesis under O; stress (Cao
et al. 2009) (Table 7.6). However, Yadav et al. (2020) recorded a non-
significant reduction in Tr under Os stress in an old (HUW234) and a
modern (HD3118) wheat cultivar. Tiwari and Agrawal (2011), on the
other hand, found a significant increase in Tr in radish (Raphnus sativa)
under O3 exposure while brinjal (Solanum melongena) showed a
significant reduction of 18.9% under ambient O3z compared to the filtered
chamber. Under 5-day 70 ppb O; exposure, Tr reduced by 15%, while
under 16-day 70 ppb O3 exposure, Tr reduced by 55% compared to control
in Brassica nigra (Papazian et al. 2016). In different seasons, Pina et al.
(2017) recorded a significant reduction in Tr ranging between 27 and 51%
in P. guajava under a high Os environment in the urban forest of Sdo
Paulo, SE Brazil (Table 7.6).

Water use efficiency (WUE) in the old wheat cultivar showed no
significant effect of NF + 20 ppb O;. In contrast, the modern cultivar
showed an 18% reduction in WUE, indicating that under O; stress, the
sensitive cultivar failed to maintain water balance and photosynthesis
(Yadav et al. 2020) (Table 7.6). Tiwari and Agrawal (2011) also recorded
a reduction in WUE in radish and brinjal plants under NFC compared to
FC. Radish showed a decline of 20.8% between the two species compared
to brinjal (17.6%).
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Gao et al. (2016) recorded significant variations in WUE among the
four urban tree species exposed to NF + 40 ppb Os. In response to elevated
O3 exposure, Platanus orientalis and Ailanthus altissima showed
reductions in WUE by 30 and 25%, respectively, while for Robinia pseudo
acacia and Fraxinus chinensis, WUE increased by 21 and 7%. These
variations in different trees can be attributed to the individual
susceptibility of species to elevated O3 and differences in stomatal
regulation. The young and old leaves of the Os-sensitive hybrid poplar
clone (“546”) had distinct WUE and under O; stress, young leaves
maintained their WUE under NF + 40 ppb Os while in old leaves a
significant reduction of 31% in WUE was recorded compared to plants
under NF (Gao et al. 2017). Calatayud et al. (2011) also recorded a
significant reduction in WUE by 25% in forb species, L. dianae, under NF
+ 30 ppb O3 exposure compared to control (Table 7.6).

7.8 Phytohormones

Salicylic acid (SA), abscisic acid (ABA), jasmonic acid (JA), and
ethylene (ET) are well known for their role in oxidative stress caused by
O3 as well as for their role in plant signaling, but how these responses are
elicited and how different hormones are coordinated are still largely
unknown. In a perennial herb, Leontodon hispidus, elevated Oz exposure
reduced the sensitivity of stomatal closure to abscisic acid after 24 h
(Wilkinson & Davies 2009). Under O3z exposure, leaves produced higher
ethylene concentrations after exposure for 9-16 days, while the leaf tissue
ABA concentration remained unchanged after 11-14 days of Oz exposure.
The study also suggested that the Os-induced reduction in stomatal
sensitivity to ABA is mediated by ethylene (Wilkinson & Davies 2009).

Two-hybrid aspen (Populus tremula L. x P. tremuloides Michx.)
clones were investigated for a hormonal response under chronic O3
exposure. Both clones differed in their response to Oz exposure as Os-
sensitive clone 51 showed a higher ethylene evolution than tolerant clone
200, while the salicylic acid concentration was higher in clone 200
(Vahala et al. 2003). Vahala et al. (2003) suggested the dual role of
ethylene signaling under stress. It accelerates leaf senescence under low
O3 pressure, but under high or acute stress, ethylene is required for
protection from necrotic cell death. At 75 ppb Os exposure, ethylene
production was higher in clone 51 compared to clone 200, while at higher
concentration, ET production was similar in both clones; however, O
exposure caused an increase in JA in clone 51 while in clone 200, no
difference was observed (Vahala et al.). The overall study found ethylene
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dependent defense in the sensitive clone while the tolerant clone employed
an SA dependent defense response to combat Oj3 stress.

In both Os-sensitive (NE-388) and -tolerant clones (NE-245) of hybrid
poplar the JA level increased 3.2- and 2.7-fold under Os exposure
compared to control plants (Koch et al. 2000). An increase of JA was
recorded within 3 hours of O3 exposure, while SA increased after 6 hours
of O3 exposure with a non-significant increment of 36 and 31% in NE-388
and NE-245, respectively. The overall response indicated that the tolerant
clone enhanced the SA induced or activated program cell death pathway to
counteract O; stress, while the sensitive clone failed to initiate a strong
activation due to lower levels of either SA or JA (Koch et al. 2000).

In different natural accessions of A. thaliana, an acute 2 hours of O3
exposure did not induce a significant change in ABA concentration;
however, an 8-hour exposure increased the ABA level in all studied
accessions, although most Os-tolerant accessions showed a non-significant
increment (Brosché et al. 2010). The study also did not get any significant
correlation between the ABA concentration and Os-induced leaf injury.
Jasmonic acid concentrations in both Os-tolerant (Kin-0, C24, and Col-0)
and -sensitive (Est-1) accessions remained unchanged under Oz exposure
(Brosché et al. 2010).

Under acute O3 exposure, Brosché et al. (2010) recorded a significant
increase in SA concentrations in Ler-1 and Te-0 accessions of A. thaliana
after 2 hours of Oz exposure while all other accessions except Kas-1 and
Est-1 showed significant increases after 8§ hours of O3 exposure. Among
the accessions, Col-0 and Cvi-0 showed a five- to six-fold increment while
Te-0 showed a twelve-fold increment in SA content after Oz exposure
(Brosché et al. 2010). In different natural accessions of A. thaliana,
Brosché et al. (2010) recorded a positive association between Os injuries
and JA concentration after 8 hours of Oz exposure as JA is required for
reducing Os-induced oxidative stress.

McAdam et al. (2017) found a rapid increase in the ABA level under
O3 exposure, while ABA precursors' direct oxidation led to stomatal
closure as an immediate response to Os;. The study also recorded a
significant stomatal closure under a 3-minute pulse of 400 ppb O3 in 4.
thaliana wild-type and the aba2-11 ABA biosynthetic mutant. Under O3
exposure, wild-type 4. thaliana and S. Ilycopersicon showed 1.74- and
1.25-fold increases in foliar ABA after O; exposure. The authors also
observed a significant increase in the guard cell ABA level in the isolated
epidermis of 4. thaliana after a 3-minute short 400 ppb Os pulse due to the
non-enzymatic conversion of ABA precursors (McAdam et al. 2017).
McAdam et al. (2017) also found that an Os-induced increase in ROS
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production leads to the closure of stomata by enhancing ABA
concentration as authors recorded a lack of stomatal response in P. sativum
and A. vulgaris where the foliar ABA level failed to increase under O3
exposure.

7.9 Future perspective

More studies are needed for all vegetation types concerning
physiological attributes under different O3 exposure regimes. Future
studies need to incorporate measurements in different growth phases, leaf
types, canopy levels, and diurnal variations. Simultaneous measurements
of both photosynthetic and chlorophyll fluorescence parameters need to be
done. Flux-based measurements and the consequent physiological
responses should be attempted. Techniques such as fluorescence imaging
and the fluxomics approach must be tried along with conventional
measures. New physiological markers for O3z are required for large-scale
biomonitoring programs. Nitrogen metabolism, leaf hydraulics, and
hormonal response to O3 exposure should be worked out in future studies.
Species-specific responses should be carefully examined as several
physiological factors are dependent upon anatomical and morphological
characteristics and micro-meteorological conditions. In semi-natural
conditions, chamber experiments must be validated under actual field
conditions and ambient air pollution for policymaking.

7.10 Conclusion

Physiological responses of vegetation are found to be negatively
influenced by Os exposure in the form of a reduction in photosynthetic
carbon assimilation through a direct effect on stomatal conductance or
through AOS-induced damage to carbon fixation. Most studies indicated a
direct relationship between physiological processes with overall O3
sensitivity in both trees and crop plants, although responses were species-
specific. The current increasing trend of O3 suggests a significant adverse
effect on most of the physiological process, mainly through influence on
the photosynthetic process and stomatal regulation, which ultimately
reduces productivity in trees and yield in crop plants. Chlorophyll
fluorescence parameters, the maximum rate of Rubisco carboxylase
activity (Vemax), and the maximum rate of photosynthetic electron transport
(Jmax) are identified as key parameters in understanding Os-induced
damage to the photosynthetic process. Other processes, such as
transpiration, water use efficiency, nitrogen balance, and photosynthetic
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nitrogen use efficiency, are also modified by Os, suggesting that this stress
systematically influences several interlinked physiological processes.
Phytohormones such as abscisic acid, jasmonic acid, salicylic acid, and
ethylene are identified as key regulators for Os-induced signaling
responses in plants. More studies are required to understand the
physiological sensitivity of different vegetation types to Oz under field
conditions considering other stress factors.
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Abstract

Tropospheric ozone (O3) is a phytotoxic air pollutant, and its effects on
forest ecosystems are a major concern. According to O3 exposure studies,
current levels of O3 would negatively affect growth, carbon allocation,
phenology, and physiological functions of forest tree species, although
there is a significant variation of O3 susceptibility amongst species. Ozone
is absorbed into the leaves through open stomata, there by reacting with
components of cell walls and plasma membranes, and leading to leaf
damage. Recent studies focus on modelling stomatal O3 uptake and the
mechanism of Os effects on internal processes of photosynthesis in the
leaf. Ozone may also change the interaction with insect herbivores and
symbiosis with ectomycorrhizal fungi. Other environmental factors, such
as edaphoclimatic conditions, nitrogen deposition, and CO, concentration,
might modulate the response of forests to Os.

Keywords: Ozone; Forest Tree; Phenology; Ecophysiology

8.1 Introduction

Forests represent invaluable ecosystems offering a wide range of
ecosystem services (Brockerhoff et al. 2017). Firstly, we identify the
significance of atmospheric ozone (O3) pollution on forest functions.
According to Montréal Processing 1998, a leading international agreement
on sustainable forest management, the following seven criteria are
indicated: 1) conservation of biological diversity, 2) maintenance of the
productive capacity of forest ecosystems, 3) maintenance of forest
ecosystem health and vitality, 4) conservation and maintenance of soil and
water resources, 5) maintenance of the forest contribution to global carbon
cycles, 6) maintenance and enhancement of long-term multiple socio-
economic benefits to meet the needs of societies, and 7) the legal,
institutional, and economic framework for forest conservation and
sustainable management. O3z pollution can be identified as a threat for the
“maintenance of forest ecosystem health and vitality” and consequently
for other forest functions.

The effects of Oz on trees have mainly been evaluated by experimental
studies. Many types of O3 exposure systems have been developed (Fig.
8.1). Ozone fumigation experiments using growth chambers are the most
commonly used and can offer an advantage in mechanism - oriented
studies owing to their controllability for Oz concentration and uniform
environmental conditions. On the other hand, micro-meteorological
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conditions and biotic stresses (e.g., herbivores and diseases) in chamber
experiments are different from those of natural vegetation. In contrast,
free-air O3 enrichment of field-grown trees is a novel technique assessing
the effects of O3 under field conditions (e.g., Karnosky et al. 2007;
Matyssek et al. 2007; Oksanen et al. 2007; Watanabe et al. 2013; Paoletti
etal. 2017).

Fig. 8.1 (a) Naturally-lit environmental control chambers (TUAT, Japan), (b) open-
top chambers (Hokkaido Univ., Japan), (c) free-air ozone fumigation systems for
young plants (IRET-CNR, Italy) and (d) for mature forest ((Technische Universitt
Miinchen, Germany) (source: M. Watanabe).

In this chapter, we introduce ecophysiological traits of forest tree species
such as growth, leaf gas exchange, photosynthetic nitrogen use, and
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interactions, with herbivores and symbiotic fungi under elevated O3, and
modifications of Oz effects by other environmental factors, such as
elevated CO,, atmospheric nitrogen deposition, and soil water stress. The
overview of the content is illustrated in Fig. 8.2.
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Fig. 8.2 Overview of ecophysiological traits of forest tree species under elevated
ozone (03). Ozone enters leaves through stomata and causes a cascade of
physiological processes not only in leaves but also in other organs. The effects of
O3 on ecophysiological traits may change biotic relations with herbivore and
symbiotic fungi. Other environmental factors may modify the O3 susceptibility of
trees.

8.2 Effects of Ozone on the Ecophysiological
Characteristics of Trees

In pioneer studies on the Os effects on woody species, acute effects of
high O; concentration (>200 ppb) were investigated. Experimental studies
on the effects of chronic O3 exposure on the growth and physiology of
forest trees mainly started in the 1990s. These studies indicated that
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ambient levels of O3 below 100 ppb for several months can induce visible
leaf injury and inhibit the growth and physiological functions of
susceptible forest tree species, such as beech, birch, and poplar
(Yamaguchi et al. 2011; Biiker et al. 2015; Hoshika et al. 2020a).

Elevated Oj; entering the leaf through stomata causes damage to plants;
e.g., decreases in photosynthesis and growth (Fig. 8.2). Therefore, a
simple model of O3 effects can be described as follows,

O3 effect = stomatal O3 uptake x damage caused by a unit of O3 uptake

The stomatal Oz uptake is called ‘phytotoxic O3 dose’ (POD). The
POD is the time integral of stomatal O3z flux. Since O3 concentration inside
the leaf can be assumed as zero (Omasa et al. 1979; Laisk et al. 1989),
stomatal Os flux is determined as the product of stomatal conductance for
O3 and ambient O3 concentration based on gas-diffusion theory (micro-
meteorological factors are also considered). Details of stomatal Oz flux
estimation are described by ICP Vegetation (2020). The latter factor in the
formula relates to the detoxification of Oz and reactive oxygen species
derived from O3, and the processes of repair and compensation against O3
damage (Fuhrer and Booker 2003). However, the current knowledge is not
sufficient to fully explain these mechanisms. It should be noted that
complex physiological mechanisms regulate both factors explaining the O3
effect (i.e. POD and damage).

8.2.1 Growth

Fumigation experiments indicate that when susceptible tree species are
exposed to elevated Os, the growth of dry matter generally decreases
(Wittig et al. 2009; Yamaguchi et al. 2011; Li et al. 2017). These studies
revealed significant differences in susceptibility to Oz among plant
functional types, i.e., deciduous/evergreen and broadleaved/coniferous. In
general, O3 susceptibility of deciduous tree species is higher than that of
evergreen tree species (Reich 1987; Yamaguchi et al. 2011; Zhang et al.
2012; Biiker et al. 2015; Li et al. 2017). The foliage of evergreen tree
species is exposed to various biotic and abiotic stresses, such as strong
wind, low temperature, herbivores, and diseases, for a longer time than
that of deciduous tree species. Therefore, the foliage of evergreen trees
should have a higher physical and chemical tolerance against stress
factors. However, there is also a significant variation in O3 susceptibility
within a functional type. For example, Castanopsis sieboldii, a
representative evergreen tree species in warm temperate forests of Japan,

printed on 2/13/2023 5:47 AMvia . All use subject to https://ww. ebsco. coniterns-of - use



EBSCChost -

282 Chapter Eight

has a high susceptibility to Os, comparable to the deciduous Siebold’s
beech (Fagus crenata) (Watanabe et al. 2008). In the meta-analysis by
Wittig et al. (2009), the genus Liriodendron, a deciduous and broadleaved
species, showed no growth reduction due to O3 exposure. In Europe, the
relationships between the POD and the growth reduction of several
representative tree species have been investigated (Karlsson et al. 2007;
Biiker et al. 2015). An uptake-based analysis of the O3 effect on Asian
forest tree species is ongoing (Hu et al. 2015; Agathokleous et al. 2018).
Besides, O; affects the leaf turnover of trees with an indeterminate
growth type, which produces new leaves during a growing season. Pell et
al. (1994) demonstrated Os-induced acceleration of old leaves' abscission
with the production of fresh leaves in Populus tremuloides seedlings.
These phenomena are considered as a kind of compensation response to
elevated O3 stress. A similar tendency was observed in C. sieboldii
seedlings (Watanabe et al. 2008). The latter is an evergreen and broad-
leaved species, and a decrease of previous-year leaves and an increase of
2nd flush current-year leaves were observed. However, the compensation
response efficiencies against O3 stress are not clear because old leaf fall
means a loss of carbon, and new leaf production requires an additional
cost of carbon. On the other hand, the Os-induced stimulation of new leaf
production without the abscission of old leaves was also observed in
Siebold’s beech, Konara oak (Quercus serrata), and Mizunara oak (Q.
mongolica var. crispula) (Watanabe et al. 2010; Kitao et al. 2015).

8.2.2 Carbon allocation

There is Elevated O3 changes in carbon allocation between above- and
below-ground organs. Many O; fumigation studies indicated that O;
induces more inhibition of root growth than above-ground growth,
resulting in an increase in the ratio of shoot biomass to root biomass (S/R)
under elevated Oz (Wittig et al. 2009). However, it should be noted that
nearly 70% of the studies showed no significant change of S/R due to
exposure to O3 (Agathokleous et al. 2016).

The reduction in carbon allocation to the root under elevated O3 might
result from a compensation response to maintain growth under elevated O;
(Pell et al. 1995; Kitao et al. 2015) or an artifact due to the small pot size
(Arp 1991). Increase of turnover and production of fine root and
enhancement of soil respiration were observed in mature European beech
(Fagus sylvatica) under free-air O3 exposure (Matyssek et al. 2010). On
the other hand, no difference between the above- and below-ground
decline of biomass was found in adult poplar (Oxford clone: Populus
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maximoviczii Henry berolinensis Dippel.) subjected to ambient Oz and
relative to trees protected by ethylene diurea (EDU) for 8 years (Carriero
et al. 2015). At present, the mechanism of the change in carbon allocation
of tree species under elevated O3 conditions is not fully understood. If the
carbon allocation into the root decreases, carbon input from the root
system to the soil by root turnover and exudate may be decreased.

On the other hand, relative carbon input from above ground by leaf and
branch abscissions, will be high. The decomposition processes, including
animal and microbial decomposers, differ between carbon from above-
ground and below-ground. Therefore, changes in carbon allocation may
have critical effects on the carbon cycle in forests.

8.2.3 Phenology

Acceleration of foliar senescence (earlier inhibition of physiological
activity and nutrient concentration in leaves, and defoliation, etc.) is one of
the typical phenomena found in trees exposed to elevated O; (Pell et al.
1999; Uddling et al. 2005; Vollenweider et al. 2019), while it somewhat
differs from natural senescence (Matyssek and Sandermann 2003).
Although the acceleration of foliar senescence and the above-mentioned
old leaf abscission for the compensative new leaf production response
under elevated Oz might be partly the same mechanism, the difference has
not been clarified. Yonekura et al. (2004) examined the effects of O3 on
phenological characteristics of Siebold’s beech seedlings. Exposure to O3
for one growing season (60 nmol mol' O; for seven hours per day)
induced early leaf fall. Furthermore, seedlings exposed to Oz in the
previous growing season showed delayed bud break in the next spring.
This phenomenon is called a "carry-over effect." A similar phenomenon is
observed in mature European beech in Kranzberg Forest in Germany
(Nunn et al. 2005). Several carry-over effects in phenology and growth,
morphology, and physiology are reported in European birch (Betula
pendula) seedlings (Oksanen and Saleen 1999).

8.2.4 Stomatal functions

Stomata are small pores on leaves, which have an aperture actively
regulated by plants in response to multiple abiotic and biotic factors;
Stomatal conductance, which represents the inverse of resistance in the gas
diffusion process between ambient air and the air space inside a leaf and is
a proxy of the stomatal aperture, is thus a major determinant of CO,
uptake (photosynthesis) and water loss (transpiration) by plants. Ozone, by
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entering leaves through stomata and causing a cascade of physiological
processes, can negatively affect photosynthesis (Reich 1987; Paoletti
2007; Wittig et al. 2007). As mentioned above, the POD is considered to
be closely related to Oz impacts on forest trees (Biiker et al. 2015; Fares et
al.2018). As also mentioned above, stomatal conductance is one of the
most important factors for the POD estimation. A multiplicative numerical
approach has been commonly used to estimate stomatal conductance
(Jarvis-type model, Jarvis, 1976). Many experiments and observations
have been made on forest tree species to improve estimations (e.g.,
Emberson et al. 2000, Alonso et al. 2008; Hoshika et al. 2012b; Kinose et
al. 2014; Hu et al. 2015). In addition to the Jarvis-type model, a model
based on an empirical relationship between the photosynthetic rate and
stomatal conductance (i.e., the Ball-Woodrow-Berry model, Ball et al.
1987) was also applied to estimate stomatal Oz flux (Biiker et al. 2007;
Fares et al. 2013; Hoshika et al. 2015a; Kinose et al. 2017).

According to the meta-analyses by Wittig et al. (2007) and Li et al.
(2017), O3 reduces stomatal conductance. This raises the question of
whether Os-induced stomatal closure could act as a response to avoid O;
stress. Based on the optimal stomatal model, Hoshika et al. (2013, 2020)
suggested that O3 flux was efficiently limited by stomatal closure in early
summer, indicating an avoidance of Oz stress to allow maximum
photosynthetic capacity. However, the decrease of stomatal conductance
by Os exposure became small in late summer and autumn. Ozone also
causes a less efficient stomatal control, the so-called “stomatal
sluggishness” (Paoletti and Grulke 2005, 2010). The highest O3 levels
(>120 ppb as an average treatment) in the meta-analyses by Wittig et al.
(2007) did not decrease stomatal conductance, whereas the same level of
O3 decreased the net photosynthetic rate. Watanabe et al. (2014b) pointed
to an inconstant stomatal response of Monarch birch (Betula
maximowicziana) seedlings to increase the POD due to both stomatal
closure and sluggishness. Hoshika et al. (2015b) reported that Os-induced
stomatal closure was diminished with increasing leaf age in Siebold’s
beech. Also, O3 may increase night-time stomatal conductance in late
summer or autumn, as reported in Siebold’s beech (Hoshika et al. 2013)
and Oxford poplar clone (Hoshika et al. 2019). Because of this evidence,
the modeling of stomatal conductance is of utmost interest.

Stomatal sluggishness also includes a slower stomatal response to
environmental stimuli. Hoshika et al. (2012a) found a significantly slower
stomatal response to changing light conditions (alternative light exposure
between 100 and 1500 pmol m? s of photosynthetic photon flux density)
in the leaves of Siebold’s beech. Although stomatal sluggishness
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mechanisms are still unknown, this response was attributed to the emission
of ethylene due to Oz exposure (Wilkinson and Davies 2010; Hoshika et
al. 2019). It has been reported that the balance in turgor between the guard
and subsidiary cells (Omasa 1990), lower abscisic acid sensitivity (Mills et
al. 2009), and inhibition of CO; signaling (Dumont et al. 2014) are
considered as possible mechanisms of slower stomatal responses. In the
present section, two kinds of “stomatal sluggishness” were explained; one
is that stomata do not close to the proper level (steady-state evidence), and
the other is the slower stomatal response to environmental stimuli (kinetic
evidence).

8.2.5 Photosynthesis

Photosynthesis is a critical process for growth and survival in nearly all
plants (Lambers et al. 2008). It is well known that Oz decreases the
photosynthetic rate (Wittig et al. 2007). A decrease in the photosynthetic
rate is one of the most critical factors that lead to tree growth reduction.
Photosynthesis is comprised of the supply of CO, to the chloroplast from
ambient air and the demand for CO, at the chloroplast. Stomatal
conductance is one of the main factors controlling CO> supply into the
chloroplast. The demand for CO, is determined by the capacity of
biochemical reactions at the chloroplast, such as carboxylation in stroma
and electron transport and ATP synthesis in thylakoid membranes.

There is a high correlation between the net photosynthetic rate and
stomatal conductance (Ball et al. 1987) under normal ambient conditions
(i.e., no O3 effect). Co-reductions of the net photosynthetic rate and
stomatal conductance may not indicate the stomatal limitation of
photosynthesis. The analysis of the response curve of the net
photosynthetic rate to the intercellular CO, concentration (4/C; curve) is
one of the most suitable methods to quantify the supply and demand of
CO; in photosynthesis (Farquhar et al. 1980). The maximum rate of
carboxylation (Vemax) and the maximum rate of electron transport (Jmax) are
representative parameters of the demand function, and stomatal limitation
is that of the supply function in the photosynthesis model. Many studies
reported reductions of Vemax and Jmax by exposure to Os, indicating that the
chloroplast's biochemical capacity explains the Os-induced reduction in
the photosynthetic rate of trees (Watanabe et al. 2013; Zhang et al. 2014;
Gao et al. 2016; Kinose et al. 2017). Reductions of Rubisco and
chlorophyll contents under elevated O; support the importance of
chloroplast activity in the negative impacts of Oz on leaf photosynthesis
(Yamaguchi et al. 2007; Watanabe et al. 2007; 2013).
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In contrast, the responses of the stomatal limitation of photosynthesis
to O3 varied among studies. For example, Watanabe et al. (2018c) reported
an Os-induced increase of stomatal limitation in C. sieboldii seedlings.
However, the same parameter decreased under elevated Oz in Siebold’s
beech and Japanese oak saplings (Watanabe et al. 2018a). As mentioned
above, the stomatal response to Oz is complex, involving several
physiological and molecular mechanisms. If the trees avoid O3 uptake with
some small loss of carbon assimilation the stomatal limitation would be
increased. If Os-induced stomatal sluggishness occurs, the stomatal
limitation would be decreased. The two mechanisms will possibly
compensate each other in the long term (Paoletti et al. 2020).

Mesophyll conductance, which is the conductance from the
intercellular air space to the carboxylation site of the chloroplast, is
another important factor for CO; supply in photosynthesis. Watanabe et al.
(2018b) and Xu et al. (2019) indicated that mesophyll conductance is a
sensitive process to O3 in the photosynthesis of Siebold’s beech and poplar
seedlings, respectively. However, information on the effect of Oz on
mesophyll conductance is still limited.

Nitrogen is a nutrient that is strongly related to biochemical
assimilation capacity (e.g., Lambers et al. 2008). A large fraction of the
nitrogen in leaves is incorporated into proteins associated with the
photosynthetic process (Evans 1989; Evans and Seemann 1989). There is a
positive correlation between photosynthetic rates and leaf nitrogen
contents (e.g., Watanabe et al. 2018a). Net photosynthetic rate (4) is
described as follow,

A (umol m? s) = PNUE (umol mol™! s7!) x leaf nitrogen content (mol m™),

where PNUE is photosynthetic nitrogen use efficiency (net photosynthetic
rate per unit leaf nitrogen content). Generally, exposure to O3 has less
effect on leaf nitrogen content except for the leaf senescence period (see
section 3.1.3). On the other hand, O3 decreased PNUE of several woody
species (Maurer et al. 1997; Haiki6 et al. 2007; 2009; Yamaguchi et al.
2007; Watanabe et al. 2013; Zhang et al. 2018), thus indicating that O3
reduced the leaf nitrogen allocation into the photosynthetic apparatus
(Watanabe et al. 2013).

When we consider the effects of O3 on the whole-canopy carbon
uptake of trees, it is important to understand the difference in O3 sensitivity
within the canopy. There are considerable variations of leaf traits within a
canopy due to the difference in light intensity (Niinemets et al. 2015).
Photosynthetic parameters, such as Vemax and Jmax, are higher in leaves
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exposed to higher irradiance (Rodriguez-Calcerrada et al. 2008; Niinemets
et al. 2015). The difference in O; sensitivities between leaf positions
within a canopy was also reported for several tree species. In sugar maple
(Acer saccharum) and European beech (Fagus sylvatica), lower canopy
leaves were more sensitive to Oz than upper canopy leaves (Tjoelker et
al.1995; Kitao et al. 2009), whereas poplar (PopulustristisxP. balsamifera)
and Siebold’s beech showed higher Oj sensitivity in upper canopy leaves
(Tjoelker et al.1993; Watanabe et al. 2014a; 2018a; Kinose et al. 2017).
There was no significant difference in O3 sensitivities between the upper
and lower canopy leaves in Mizunara oak (Quercus mongolica var.
crispula) (Watanabe et al.2015; 2018a). Kinose et al. (2017) revealed that
a more significant decrease of Oz-induced Vemax in the upper canopy leaves
of Siebold’s beech seedlings was induced by a higher Os uptake in the
upper canopy leaves. In their study, however, the reduction rate of Vemax
per unit O3 uptake in the upper canopy leaves was small compared with
that in the lower canopy leaves. They indicateda higher detoxification
capacity for Oz in the upper canopy leaves associated with greater
photosynthates due to higher irradiance. These differences of Os sensitivity
should be involved in canopy carbon photosynthetic models to estimate
the forest scale carbon budget under elevated O; (Kitao et al. 2012;
Watanabe et al. 2014a).

8.2.6 Respiration

The dark respiration rate in leaves is generally decreased under
elevated O3 (Wittig et al. 2009), although increases of respiration were also
reported (Grulke 1999; Noormets et al. 2001; Kitao et al. 2009; Watanabe
et al. 2013; Zhang et al. 2018). The conclusive mechanism of these
differences has not been clarified yet. The extent of damage caused by O3
may be one of the responsible factors to explain this discordance. If the O3
damage is severe, all metabolic processes, including respiration, would be
decreased. On the other hand, relatively little damage by O3 may increase
respiration to enhance the detoxification capacity of Os-related reactive
oxygen species and/or the repair of damaged tissues, which consumes
carbohydrates (Landolt et al. 1997; Matyssek and Sandermann 2003;
Agathokleous et al. 2019).
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8.3 Biotic relations

8.3.1 Defense capacity against biotic stresses

Insects and diseases are dynamic components of forest ecosystems.
However, trees can be more susceptible to outbreaks due to a particular
environmental condition (e.g., Herms and Mattson 1992; Percy et al. 2002;
OfBwald et al. 2012) and the presence of multiple stressors, such as drought
and pollutants (Grulke et al. 1999). Ozone changes the concentration of
defense chemicals in leaves under elevated O3 (Percy et al. 2002; Peltonen
et al. 2005). Sakikawa et al. (2016) reported that damage to the leaves of
white birch (B. platyphylla) saplings by insect herbivores (mainly by leaf
beetle: Agelastica coerulea) was decreased under elevated Os. There are
several reports on the effects of O3 on the emission of biogenic volatile
organic compounds (BVOCs) (Carriero et al. 2016; Yuan et al. 2016; Tani
et al. 2017; Miyama et al. 2018). Some of the BVOCs also relate to
defense against insect herbivores (Lambers et al. 2008), and O3 may
change the plant-insect interaction. However, information on the effects of
O3 on plant-insect/disease interaction in forest tree species is limited. The
complex nature of the impact of Oz on trophic interactions needs
additional research.

8.3.2 Symbiosis with ectomycorrhizal fungi

The symbiosis of woody plants with ectomycorrhizal fungi in below-
ground root systems is necessary for dominant tree species in both
temperate and boreal forests (Marschner 2012). Large fractions, up to
30%, of photosynthates are used for ectomycorrhizae (ECM) colonization
(Hampp and Nehls 2001). ECM help the absorption of water and essential
nutrients such as phosphorous and sometimes nitrogen (e.g., Quoreshi et
al. 2003; Cairney 2011). Several studies indicate that Oz affects ECM
colonization (Grebenc and Kraigher 2007; Wang et al. 2015; Mrak et al.
2019) (Fig.8.3). The reduction of the carbon supply to below-ground due
to lower photosynthetic capacity and change in the fraction of carbon
allocation under elevated Os are possible reasons for the negative impact
of O3 on ECM colonization. Furthermore, Wang et al. (2015) revealed
changes in the composition of the ECM community in hybrid larch F,
(Larixg melinii var. japonica * L. kaempferi) seedlings under elevated O3,
as O3 decreased the fraction of Tomentella sp., and increased the fraction
Cadophora finlandia.
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Fig. 8.3 The relationship between accumulated exposure over a threshold of 40
nmol mol! (AOT40, Agathokleous et al, 2018) of ozone and rate of
ectomycorrhizal colonization in fine root tips of Konara oak (Quercus serrata)
seedlings. Fine root tips of Konara oak seedling grown in charcoal-filtered air
(upper photo) and elevated ozone (lower photo). Watanabe et al. (unpublished)

8.4 Combined Effects of Ozone and
Other Environmental Factors

Forest ecosystems suffer from not only O; stress but also other
environmental factors. Those factors might modify the effects of Oz on the
eco-physiological traits of trees described earlier in the chapter. Elevated
atmospheric CO, concentration, increasing nitrogen deposition, and
change in water availability, as a result of climate change, are critical
factors that affect forest health condition (Paoletti et al. 2010).
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8.4.1 Elevated Atmospheric CO;

Atmospheric CO, levels have increased dramatically since the
industrial revolution. They are over 400 pmol mol!' (NOAA/GML,
https://gml.noaa.gov/ccgg/trends/), and future rapid increases are expected,
with values likely to reach 550 ppm by the middle of this century and
1000 ppm by the end of this century (Stocker et al. 2013). Elevated CO»
would enhance tree growth if other factors such as nutrient and water
availabilities do not constrain growth (e.g., Norby et al. 2010; Kitao et al.
2005). Higher atmospheric CO, concentration induces stomatal closure
and therefore decreases stomatal Oz uptake (Ainsworth et al. 2007). A
greater amount of carbohydrates due to higher photosynthetic rates under
elevated CO, may confer better detoxification and repair capacities against
O3 stress (Riikonen et al. 2004).

In fact, several experimental studies demonstrated the amelioration of
an Osz-induced reduction in growth and/or photosynthesis under elevated
CO; (e.g., Matsumura et al. 2005; Koike et al. 2012), whereas some of the
studies did not show such an amelioration (Matsumura et al. 2005; Wang
et al. 2015). Ozone-induced growth enhancements under elevated CO»
were also reported in Siebold’s beech, Konara oak, and Mizunara oak
seedlings (Watanabe et al. 2010; Kitao et al. 2015). The experimental
studies' did not totally support the hypothesis that "elevated CO,
ameliorates negative impacts of O3”. Interestingly, when the amelioration
or compensation of the O3 impact under elevated CO, was observed, an
elevated CO,-induced decrease in stomatal conductance was also found
(Matsumura et al. 2005; Watanabe et al. 2010, Kitao et al. 2015) except in
hybrid larch F; (Koike et al. 2012), and vice versa. Therefore, the decrease
of stomatal O3 uptake may be one of the critical factors in the amelioration
effect by elevated CO,.

8.4.2 Nitrogen Deposition

The availability of nitrogen in the soil is a decisive factor in forest
productivity. On the other hand, nitrogen deposition from the atmosphere
to forest ecosystems is increasing due to the enhancement of human
activities (Smil 1990; Vitousek et al. 1997; Galloway et al. 2004). Change
in nitrogen availability as a result of increasing nitrogen deposition may
affect the susceptibility of trees to O3 because nitrogen is a component of
the enzymes that catalyze many metabolic processes, including defense
from O3 (Dizengremel et al. 2013).
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Although the meta-analyses by Feng et al. (2019) and Li et al. (2020)
showed no modification of Oz adverse effects by nitrogen addition,
various interactions between O; and the soil nitrogen supply were
demonstrated in case studies: enhanced susceptibility (e.g., Yamaguchi et
al. 2007; Zhang et al.2018), decreased susceptibility (e.g., Watanabe et al.
2006; Sugai et al. 2019) and no change (Feng et al. 2011; Harmens et
al.2017). Yamaguchi et al. (2007) reported an increase in the sensitivity of
growth of Siebold’s beech to Oz under relatively high nitrogen loading. In
this experiment, O3 significantly reduced 4. in the presence of relatively
high nitrogen loading, but not in the absence of nitrogen loading. A similar
tendency was observed in soluble protein and Rubisco content in leaves,
whereas there was no significant interaction for nitrogen content. They
concluded that the enhancement of O3 susceptibility in Siebold's beech
seedlings by soil nitrogen loading was due to more reduction of nitrogen
allocation to soluble proteins, including Rubisco, and a consequent
reduction of biochemical assimilation capacity in the chloroplast
(Yamaguchi et al. 2010).

In contrast to Siebold’s beech, the Os-induced reduction in the growth
of Japanese larch (L. kaempferi) seedlings was ameliorated by nitrogen
loading (Watanabe et al. 2006). Pell et al. (1995) reported that the most
considerable growth reduction of trembling aspen (Populus tremuloides)
seedlings by O3 was observed under the nitrogen supply that induced the
highest tree growth rate. However, no growth enhancement by nitrogen
loading was observed in Japanese larch seedlings in the experiment in
Watanabe et al. (2006). Besides, the comparison experiment of Japanese
larch and hybrid larch F; seedlings conducted by Sugai et al. (2019)
supported these results. The growth of hybrid larch F; was enhanced by
nitrogen supply, but nitrogen supply-induced mitigation of growth
reduction by Oz was not found. On the other hand, in Japanese larch,
nitrogen did not enhance the growth but mitigated the negative effect of O3
on growth. It would be essential to clarify whether or not nitrogen supply
increases the growth when we consider a change in O; susceptibility by
nitrogen supply.

8.4.3 Drought

The availability of water in the soil strongly affects plant production.
Recent climate change at global, regional, and landscape levels modifies
the water status in forest ecosystems. In several regions of the world, the
amount of precipitation is projected to decrease due to climate change.
Therefore, there is a possibility that many tree species are simultaneously
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affected by O; and drought. Plants close leaf stomata under drought
conditions. Thus, the hypothesis “O; damage on trees decreases under
drought condition because O; uptake through stomata decreases due to
stomatal closure” is raised. Some studies support this hypothesis
(Watanabe et al. 2005; Gao et al.2017; Hoshika et al. 2018a). However,
others did not show amelioration effects (Karlsson et al. 1997; Yonekura
et al. 2001, Alonso et al. 2014) or even showed enhanced Os effects
(Padkkonen et al. 1998). Stomata respond to Oz and drought in an
elaborate manner. Hoshika et al. (2020b) found that plant water-use
strategies (i.e., isohydric or anisohydric) affect Os-induced stomatal
closure in Mediterranean trees. In well-watered plants, isohydric species
limited O; fluxes by stomatal closure, whereas anisohydric species
activated a tolerance response and did not actively close stomata.
However, in combined Os; and drought conditions, anisohydric species
enhanced the capacity of avoidance by closing stomata to cope with the
severe oxidative stress. The combination of O3 and drought often alters the
antioxidant system (e.g., Pellegrini et al. 2019). In late summer and
autumn, regardless of the water use strategy, Oz induced stomatal
sluggishness, resulting in a lower capacity of stomatal control for
regulating transpiration. Therefore, O; may enhance the susceptibility of
trees to drought stress. As a result, no amelioration effect may be found in
the experiment of O; and drought. Further research on Oj-induced
stomatal sluggishness in the leaves of trees exposed to drought is needed.
The role of aquaporins in Os-drought interactive effects is also revealed
(Harayama et al. 2019).

8.5 Future Perspectives

Many data are available regarding the effects of O3 on forest tree
species. However, most of these data were obtained from juvenile
seedlings under controlled chamber conditions with short-term exposure
(1-3 years). A long-term (over ten years) free-air O3 exposure study with
mature trees in a vegetation scale is necessary for the near future, because
the free-air exposure method requires expensive experimental facilities for
a realistic O3 simulation, and a few individual trees can usually be
investigated. Therefore, epidemiological approaches would also be useful
to understand the impacts of O3 on large trees in forests (Schaub and
Calatayud 2013; Sicard et al. 2016; Braun et al. 2017; Paoletti et al. 2019).
However, studies for understanding the physiological mechanisms of O3
effects under the environmental control chamber are still important. Most
of the environmental factors have the potential to modify the Os effect on
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forest tree species. To predict the effects of O3 on forest ecosystems in
changing environments, a deep understanding of the modification of the
O3 results by the other environmental factors is crucial. Most of the data
on the effects of O3 on woody species are obtained in Europe, North
America, and East Asia. To consider the O3 effects on forest ecosystems
on a global scale, it is highly important to expand our knowledge to other
regions/climate zones with various tree species.
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