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Summary

Summary

Anthropogenic activities are causing air pollution. Amongst air pollutants,
tropospheric ozone is a major threat to human health and ecosystem functioning.
In this dissertation, | present three studies that aimed at increasing our knowledge
on how plant exposure to ozone affects its reproduction and its interactions with
insect herbivores and pollinators.

For this purpose, a new fumigation system was built and placed in a
greenhouse. The annual plant Sinapis arvensis (wild mustard) was used as the model
plant.

Plants were exposed to either 0 ppb (control) or 120 ppb of ozone, for variable
amounts of time and at different points of their life cycle. After fumigation, plants
were exposed to herbivores or pollinators in the greenhouse, or to both groups of
insects in the field.

My research shows that ozone affected reproductive performance differently,
depending on the timing of exposure: plants exposed at earlier ages had their
reproductive fitness increased, while plants exposed later in their life cycle showed
a tendency for reduced reproductive fitness. Plant phenology was a key factor
influencing reproductive fitness: ozone accelerated flowering and increased the
number of flowers produced by plants exposed at early ages, while plants exposed
to ozone at later ages tended to have fewer flowers. On the other hand, the ozone-
mediated changes in plant-insect interactions had little impact on plant
reproductive success.

The strongest effect of ozone on plant-pollinator interactions was the change
in the number of flower visits received per plant, which was strongly linked to the
number of open flowers. This means that, as a rule, exposure of plants to ozone
early in the life cycle resulted in a higher number of pollinator visits, while exposure
later in the life cycle resulted in fewer flower visits by potential pollinators. An
exception was observed: the higher number of visits performed by large syrphid
flies to young ozone-exposed plants than to the respective control plants went
beyond the increase in the number of open flowers in those plants. Also, honeybees
spent more time per flower in plants exposed to ozone than on control plants, while

other pollinators spent similar amounts of time in control and ozone-exposed
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plants. This guild-dependent preference for ozone-exposed plants may be due to
species-specific preferences related to changes in the quality and quantity of floral
rewards.

In the field, ozone-exposed plants showed only a tendency for increased
colonization by sucking herbivores and slightly more damage by chewing
herbivores than control plants. On the other hand, in the greenhouse experiment,
Pieris brassicae butterflies preferred control plants over ozone-exposed plants as
oviposition sites. Eggs laid on ozone-exposed plants took longer to hatch, but the
chances of survival were higher. Caterpillars performed better in control plants than
in ozone-exposed plants, particularly when the temperature was high.

Most of the described effects were dependent on the duration and timing of
the ozone exposure and the observed temperature, with the strongest effects being
observed for longer exposures and higher temperatures. Furthermore, the timing
of exposure altered the direction of the effects.

The expected climate change provides ideal conditions for further increases
in tropospheric ozone concentrations, therefore for stronger effects on plants and
plant-insect interactions. Acceleration of flowering caused by plant exposure to
ozone may put plant-pollinator interactions at risk by promoting desynchronization
between plant and pollinator activities. Reduced performance of caterpillars
feeding on ozone-exposed plants may weaken herbivore populations. On the other
hand, the increased plant reproduction that results from exposing young plants to
ozone may be a source of good news in the field of horticulture, when similar
results would be achieved in high-value crops. However, plant response to ozone
is highly species-specific. In fact, Sinapis arvensis is considered a weed and the
advantage conferred by ozone exposure may increase its competitiveness, with
negative consequences for crops or plant communities in general. Overall, plant
exposure to ozone might constitute a threat for the balance of natural and agro-

ecosystems.



Zusammensfassung

Zusammensfassung

Viele anthropogene Aktivitdten verursachen Luftverschmutzung. Unter den
Luftschadstoffen stellt das troposphéarische Ozon eine Bedrohung fir die
menschliche Gesundheit und das Funktionieren von Okosystemen dar. In dieser
Dissertation stelle ich drei Studien vor, die darauf abzielen, unser Wissen dariber
zu erweitern, wie sich die Exposition von Pflanzen gegeniber Ozon auf ihre
Fortpflanzung und ihre Wechselwirkungen mit pflanzenfressenden Insekten und
Bestdubern auswirkt.

Zu diesem Zweck wurde eine neue Begasungsanlage gebaut und in einem
Gewadchshaus aufgestellt. Die einjahrige Pflanze Sinapis arvensis (Acker-Senf) wurde
als Modellpflanze verwendet. Die Pflanzen wurden entweder 0 ppb (Kontrolle) oder
120 ppb Ozon ausgesetzt, und zwar Uber unterschiedliche Zeitraume und zu
verschiedenen Zeitpunkten ihres Lebenszyklus. Nach der Begasung wurden die
Pflanzen beider Gruppen im Gewdachshaus Pflanzenfressern oder Bestdaubern bzw.
im Freiland beiden Insektengruppen ausgesetzt.

Meine Forschung zeigt, dass Ozon die Fortpflanzungsleistung je nach
Zeitpunkt der Exposition unterschiedlich beeinflusst: Bei Pflanzen, die in einem
friiheren Alter exponiert wurden, erhdhte sich die Fortpflanzungsfahigkeit, wahrend
Pflanzen, die spater in ihrem Lebenszyklus exponiert wurden, tendenziell eine
geringere Fortpflanzungsféhigkeit aufwiesen. Die Phanologie der Pflanzen war ein
Schlusselfaktor, der sich auf die reproduktive Fitness auswirkte: Ozon beschleunigte
die Blute und erhdhte die Anzahl der Bliten von Pflanzen, die in einem frihen Alter
exponiert waren, wahrend Pflanzen, die spédter exponiert wurden, tendenziell eine
geringere Anzahl von Bliten aufwiesen. Andererseits hatten die Veranderungen bei
den Interaktionen zwischen Pflanzen und Insekten nur geringe Auswirkungen auf
den Reproduktionserfolg der Pflanzen.

Die starkste Auswirkung von Ozon auf die Interaktionen zwischen Pflanzen
und Bestdubern war die Verdnderung der Anzahl der Blitenbesuche pro Pflanze,
die stark mit der Anzahl der gedffneten Bliten zusammenhing. Dies bedeutet, dass
die Exposition von Pflanzen gegenliber Ozon zu Beginn des Lebenszyklus in der
Regel zu einer hdheren Anzahl von Bestduberbesuchen fihrte, wahrend die

Exposition zu einem spateren Zeitpunkt des Lebenszyklus zu weniger
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Blitenbesuchen durch potenzielle Bestduber fiihrte. Eine Ausnahme wurde
beobachtet: Die héhere Anzahl der Besuche von groBen Syrphiden an jungen,
ozonbelasteten Pflanzen im Vergleich zu den entsprechenden Kontrollpflanzen
ging Uber die Zunahme der Anzahl offener Bliten an diesen Pflanzen hinaus. Auch
Honigbienen verbrachten mehr Zeit pro Blite an ozonbelasteten Pflanzen als an
Kontrollpflanzen, wahrend andere Bestauber adhnlich viel Zeit an Kontroll- und
ozonbelasteten Pflanzen verbrachten. Diese gildenspezifische Vorliebe fir
ozonbelastete Pflanzen kdnnte auf artspezifische Praferenzen zurlickzufiihren sein,
die mit Verdnderungen in der Qualitdt und Quantitdt der Blitenbelohnung
zusammenhangen.

Ozon-exponierte Pflanzen zeigten im Freiland eine tendenziell verstarkte
Besiedelung durch saugende Herbivoren und etwas mehr Schaden durch kauende
Herbivoren als Kontrollpflanzen. Im Gewdachshausversuch hingegen bevorzugten
die Schmetterlinge der Art Pieris brassicae die Kontrollpflanzen als Eiablageplatze.
Die Eier, die auf ozonbelasteten Pflanzen abgelegt wurden, brauchten langer bis
zum Schlipfen, aber die Uberlebenschancen waren héher. Die Raupen wachsen auf
Kontrollpflanzen besser als auf ozonbelasteten Pflanzen, insbesondere bei hohen
Temperaturen.

Die meisten der beschriebenen Effekte hingen von der Dauer und dem
Zeitpunkt der Ozonexposition und der beobachteten Temperatur ab, wobei die
starksten Effekte bei langerer Exposition und hdheren Temperaturen beobachtet
wurden. AuBerdem veradnderte der Zeitpunkt der Exposition die Richtung der
Effekte.

Der erwartete Klimawandel bietet ideale Bedingungen fir einen weiteren
Anstieg der troposphédrischen Ozonkonzentrationen und damit fir starkere
Auswirkungen  auf  Pflanzen  und Pflanzen-Insekten-Interaktionen. Die
Beschleunigung der Blite, die durch den Kontakt von Pflanzen mit Ozon verursacht
wird, kann die Wechselwirkungen zwischen Pflanzen und Bestdubern gefdhrden, da
sie die Synchronitat zwischen den Aktivitaten von Pflanzen und Bestdubern stort.
Eine geringere Leistung von Raupen, die sich von ozonbelasteten Pflanzen
erndhren, kann die Populationen von Pflanzenfressern schwachen. Andererseits
kann die erhéhte Pflanzenreproduktion, die sich aus dem Kontakt junger Pflanzen
mit Ozon ergibt, eine gute Nachricht fir den Gartenbau sein, wenn &hnliche

Ergebnisse bei hochwertigen Nutzpflanzen erzielt werden. Die Reaktion der
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Pflanzen auf Ozon ist jedoch sehr artspezifisch. Sinapis arvensis gilt als Unkraut,
und der Vorteil, der sich aus der Ozonexposition ergibt, kdnnte seine
Wettbewerbsfahigkeit erhohen, was negative Folgen fir die Kulturpflanzen oder
Pflanzengemeinschaften im Allgemeinen héatte. Insgesamt kénnte die Exposition
von Pflanzen gegeniber Ozon eine Bedrohung fir das Gleichgewicht von

natirlichen und landwirtschaftlichen Okosystemen darstellen.
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lant-insect interactions are of major importance for the balance of

natural and agroecosystems. Herbivory and pollination are two types

of interactions that affect plant fitness and ultimately plant
persistence. However, anthropogenic activities are reducing insect abundance and
threatening these interactions. Air pollution is a consequence of anthropogenic
activities. In particular, tropospheric ozone is a highly oxidative gaseous pollutant
with a great potential to affect plant-insect interactions. Furthermore, the levels of
ozone in the troposphere suffered a tremendous increase compared with pre-
industrial times and, globally, ozone levels are still expected to continue increasing
in the coming years. The objective of my research was to bring further
enlightenment to the body of knowledge on the plant-mediated effects of ozone
on plant-insect interactions and the consequences for plant reproduction. Having
this purpose in mind, a new fumigation system was developed for exposing plants
to different levels of ozone. Experiments were then carried out to study: a) how the
duration of plant exposure to ozone affects the life cycle of an herbivore (chapter
[1); b) how plant exposure to ozone affects pollination by four selected pollinator
species (chapter Ill); and c) how the plant age at the time of exposure to ozone
affects the plant interactions with herbivores and pollinators in the field (chapter

V).
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Trends in tropospheric ozone levels

In the dawn of atmospheric ozone research, tropospheric ozone was believed
to originate in the stratosphere, in the so-called ozone-layer. Nowadays, we know
that, although stratospheric ozone provides a contribution, most of the ozone that
we breathe is a result of anthropogenic activities (Young et al., 2013). Ozone is
produced by photochemical reactions between primary pollutants, namely nitrogen
oxides and volatile organic compounds (VOCs) (Pinto et al., 2010). Since the
industrial revolution, pollutant emissions have led to a 40 % increase in
tropospheric ozone levels (Yeung et al., 2019). Currently, due to pollutant emission
regulations (EPA, 1990; EU, 2008; The Chinese State Council, 2013), many parts of
the world are witnessing a reduction in tropospheric ozone concentrations (Lin et
al., 2017; Yan et al.,, 2019). However, modelling approaches continue to predict an
increase in the global average ozone concentration (Fuhrer et al.,, 2016) and in the
number of ozone episodes (Lei et al., 2012) in the near future.

Vegetation can act both as source and sink for ozone: it contributes to the
formation of ozone through the production of biogenic VOCs, but it also
contributes to its removal through dry deposition on leaf surfaces or stomatal
uptake (Fitzky et al., 2019). In the so-called ozone-climate penalty, the predicted
climate change (increased average air temperature, increased frequency of
heatwaves and droughts) may override, or at least reduce, the decrease in ozone
formation resulting from the reduction of anthropogenic precursor emissions.
These referred conditions are not only ideal for the formation of ozone, but also
for its longer persistence in the troposphere, through the reduction of ozone
removal by water-stressed vegetation (Lin et al., 2020). Nitrogen oxides are often
transported from urban to rural areas. Here, the VOCs needed for ozone production
are supplied by the vegetation and are not a limiting factor, making ozone
concentrations typically higher in rural areas (Fitzky et al., 2019; Yan et al., 2018),
although these are also the areas where most of the benefits of the reduced
anthropogenic emissions on ozone concentrations are being observed (Fitzky et al.,
2019; Yan et al,, 2019). High concentrations of ozone in rural areas are a threaten

to natural and cultivated plants.
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Ozone and plant reproduction

Exposure to ozone and ozone uptake can be highly detrimental to plants with
consequences to their reproduction (Emberson et al., 2018). In the year 2000, ozone
was responsible for global economic losses of 11 — 18 billion dollars due to
decreased yields of wheat, soybean and maize (Avnery et al.,, 2011a). However,
negative effects on reproduction are not exclusively observed in crops (Leisner and
Ainsworth, 2012). Therefore, ozone constitutes a threat both to food security and
the balance of ecosystems.

Some of the mechanisms through which ozone directly affects plants include
reduction of photosynthetically active area through chlorotic/necrotic spots,
decreased Rubisco activity (Fiscus et al., 2005) and alteration of pollen and ovule

viability (Gillespie et al., 2015; Leisner and Ainsworth, 2012)

Ozone and plant-insect interactions

An indirect way that ozone might affect plants is by changing their
interactions with insects. Whether they are antagonistic, such as herbivory, or
mutualistic, as is the case of pollination, plant interactions with insects play an
important role in plant fitness and, therefore, in shaping plant communities.
Herbivores consume 18 % of the aboveground terrestrial plant biomass (Cyr and
Face, 1993), reducing the foliar area available for photosynthesis and the potential
reproductive sites, which reduces plant fitness and reproductive performance
(Crawley, 1989). On the other hand, pollinators are involved in the sexual
reproduction of 88 % of the world’s angiosperms (Ollerton et al., 2011). Moreover,
it was estimated that, in 2005, the economic value of the pollination services was
39 % of the global value of food crops (Gallai et al., 2009). It is therefore imperative
to protect these interactions.

Many insects depend on the odours emitted by plants to recognize their hosts
or food sources, often relying on very specific odour blends (Bruce and Pickett,
2011; Schiestl, 2015). Tropospheric ozone has the potential of changing the
perception of VOCs in several ways. Ozone stress may lead plants to emit a different
blend of volatiles (Saunier and Blande, 2019). Emitted VOCs may react with ozone

in the atmosphere, modifying the odour blends (Li et al., 2016). Insects may have
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their perception impaired by contact of ozone with their antenna (Démares et al.,,
2022; Dotterl et al., 2016; Vanderplanck et al., 2021). There is also the possibility
that ozone affects the visual cues provided by the plants, namely by altering flower

colour and flower display (Prieto-Benitez et al., 2021).

Factors influencing the effects of ozone

Many factors may influence how ozone exposure affects plants and their
interactions with insects. The most obvious one is the dose of exposure. Ozone
exposure may be classified as either chronic (exposure to relatively low
concentrations for longer periods) or acute (exposure to high concentrations of
ozone for short periods). Therefore, the dose of exposure is characterised by the
ozone concentration and the duration of the exposure. While ozone concentration
is an important factor considered in most studies, the duration of the exposure has
not been the focus of former studies.

Another set of factors to be considered are climatic conditions such as
temperature, relative humidity and water pressure deficit, that may influence the
extent of the effects of ozone. Changes in these conditions alter the susceptibility
of the plants to ozone, because they change stomatal conductance and,
consequently, ozone uptake (Emberson et al., 2018).

Plant sensitivity to abiotic stress varies as plants age (Rankenberg et al.,
2021). However, the effect of plant age at the time of exposure has rarely been

considered for ozone stress.

Research questions

In my doctoral research | used the annual plant Sinapis arvensis, or wild
mustard, as the model plant. This plant was chosen on the basis of being self-
incompatible and highly dependent on insect pollinators (Mulligan and Bailey,
1975).

In a set of three studies, | tried to answer the following research questions.

1) Is plant reproductive performance affected when the plant is exposed to

enhanced levels of ozone?
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When the answer to this question would be “yes”, several questions would
follow:

2) Is this due to changes in the flowering patterns of the plant?

3) Is this due to changes in the vegetative development of the plant?

4) s this due to changes in plant-insect interactions?

On the plant-mediated effects of ozone on plant-insect interactions, |
asked:
5) Is the life cycle of the specialist insect-herbivore Pieris brassicae affected
by plant exposure to ozone?
a) Does plant exposure to ozone affect the oviposition preference of a
butterfly?
b) Does plant exposure to ozone affect the duration of the egg phase?
c¢) Does plant exposure to ozone affect the egg survival rate?
d) Does plant exposure to ozone affect the performance of the

caterpillars?

6) Is pollinator attraction affected by plant exposure to ozone?
a) Is the number of flower visits affected by plant exposure to ozone?
b) Is the duration of pollinator visits affected by exposure to ozone?
c¢) Do different pollinator species respond differently to plants exposed

to ozone?

| further investigated if there were other factors influencing the effects of
ozone:

7) Are the effects dependent on the duration of the exposure?

8) Are the effects dependent on the plant age at the time of exposure?

9) Are the effects dependent on climatic conditions?

The fumigation system

To answer the previous questions, a new fumigation system was developed to
expose plants to ozone. | aimed at building a system where one could grow and

fumigate plants, with the additional possibility of collecting plant volatile organic
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compounds directly from the growing/fumigation chambers. With the idea of using
as much natural light as possible for growing the plants, the main building material
of the chambers is glass. Besides glass, preference was given to materials that are
also inert and do not emit their own volatiles like stainless steel and Teflon.

The system includes two glass chambers, with a capacity of about 1000 L each
(Fig. 1.1). A stream of compressed air creates the necessary airflow into the
chambers. This airflow is cleaned by moving through an activated charcoal filter
followed by a particle filter. The concentration of ozone in the resulting air is
approximately 0 ppb.

A portion of the cleaned air flows through an air dryer (AIRdryer3.1, INNOTEC)
followed by a customized ozone generator (INNOTEC high engineering GmbH)
where an adjustable fraction of the oxygen will be converted into ozone. This
portion of the air is then added to the main stream of the incoming air of one of
the chambers, enhancing the ozone concentration. The ozone concentration in that
chamber is continuously monitored by an ozone analyser (APOA-370, Horiba Ltd),
whose information is used by a controller that feeds back to the ozone generator,
with the purpose of achieving the desired ozone concentration in the chamber. A
timer allows to control the fumigation schedule and two rotameters level the

amount of incoming air in the two chambers.

Methods

In the experiments reported in this dissertation, Sinapis arvensis plants were
exposed to two different concentrations of ozone in the fumigation chambers.
Afterwards, interactions between the plants and their herbivores and pollinators

were assessed.

Plant fumigation

The Sinapis arvensis seeds used in my research came from a population
maintained by the botanical garden of Konstanz. Seeds were sown in trays and each
plant was repotted into an 18 x 18 cm pot after 2 weeks.

In chapter Ill, | tested whether the effects of ozone depend on the age of the

plant at the time of ozone exposure. For that purpose, plants were exposed when
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Figure I.1 — The fumigation system. A) The glass
chambers. 1 — Glass chambers; 2 — Flowmeters; 3 -
Activated charcoal filter; 4 — Particle filter. B) The
electronic devices. 5 - Ozone analyzer; 6 - Ozone
generator; 7 — Timer; 8 — Controller; 9 — Air dryer.
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they were 3, 4, 5 or 6 weeks old. In the remaining experiments, plants were exposed
to ozone four weeks after sowing. Fumigation consisted of exposing the plants
either to 0 or 120 ppb of ozone for 6 hours per day, between 11h00 and 17h00 CET.
The treatment level in the two fumigation chambers was assigned randomly. The
ozone concentration outside the fumigation period was ~ 0 ppb in both chambers.
In chapter Il, duration of exposure was considered as a potential factor influencing
the effects of ozone and plants were exposed for either 1 day or 5 consecutive days.
In chapters Ill and IV, plants were exposed for 5 and 7 days, respectively. This is
considered an acute exposure. Tropospheric ozone concentrations of 120 ppb of
ozone are very high, but it is not unusual for these concentrations to be exceeded

(Lei et al., 2012).

Plant-insect interactions

After exposure in the fumigation chambers, plants were presented to an
herbivore (chapter Il) or to four selected pollinators (chapter Ill) in the greenhouse,
or presented to all insects in the experimental garden (chapter IV).

In chapter Il, the oviposition preference of the specialist herbivore Pieris
brassicae and the performance of its brood were assessed. Temperature was
considered as a factor influencing the effects of ozone.

In chapter Ill, flower visits by the solitary bee Osmia bicornis, the social bees
Apis mellifera and Bombus terrestris and the syrphid fly Eristalis tenax were
investigated.

In chapter IV, fumigated plants were openly presented to all insects.
Herbivore presence and damage were recorded. Flower visitation by potential

pollinators was assessed.

Plant performance

At fruit maturity, plant reproductive performance was estimated. All fruits
were counted and a portion of the fruits were assessed for the number of seeds
and the seed weight (chapter Ill and IV). Also at fruit maturity, the weight of the

vegetative parts was measured (chapter Il).
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Chapter Il

biotic stress by elevated tropospheric ozone and temperature can

alter plants’ metabolism, growth, and nutritional value and modify

the life cycle of their herbivores. We investigated how the duration
of exposure of Sinapis arvensis plants to high ozone and temperature levels affect
the life cycle of the large cabbage white, Pieris brassicae. Plants were exposed to
ozone-clean (control) or ozone-enriched conditions (120 ppb) for either 1 or 5 days
and were afterwards kept in a greenhouse with variable temperature conditions.
When given the choice, P. brassicae butterflies laid 49% less eggs on ozone-
exposed than on control plants when the exposure lasted for 5 days, but showed
no preference when exposure lasted for 1 day. The caterpillars took longer to hatch
on ozone-exposed plants and at lower ambient temperatures. The ozone treatment
had a positive effect on the survival of the eggs. Ozone decreased the growth of
caterpillars reared at higher temperatures on plants exposed for 5 days, but not on
plants exposed for 1 day. Overall, longer exposure of the plants to ozone and higher
temperatures affected the life cycle of the herbivore more strongly. With global
warming, the indirect impacts of ozone on herbivores are likely to become more

common.

This chapter is published as Duque, L., Poelman, E.H., Steffan-Dewenter, 1.,
2019. Plant-mediated effects of ozone on herbivores depend on exposure duration

and temperature. Scientific Reports 9, 19891.
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Introduction

Ozone is a highly oxidative gas with widely recognized detrimental effects on
human health (Nuvolone et al.,, 2018) and plant growth (Ashmore, 2005). Far less
documented are the effects of ozone on plant-animal interactions, but see (Abu
ElEla et al., 2018; Agathokleous et al., 2017; Couture and Lindroth, 2012; Couture
et al.,, 2012; Cui et al.,, 2014; Farre-Armengol et al.,, 2016; Fuentes et al., 2013;
Khaling et al., 2016; Khaling et al., 2015; Peltonen et al., 2006; Peltonen et al., 2010;
Pinto et al., 2010) for some examples.

Tropospheric ozone is a secondary gaseous pollutant that forms through
photochemical reactions of its precursors (nitrogen oxides and volatile organic
compounds) (Pinto et al.,, 2010). Despite the efforts to reduce precursor emissions
in some parts of the world, there is a high probability that, globally, the average
concentration of tropospheric ozone is still going to increase in the coming years
(Fuhrer et al., 2016). Rising precursor emissions in rapidly growing economies,
mainly in Asia and global warming are expected to be the source of the problem
(Fuhrer et al., 2016). Also, controlling precursor emissions locally is not as effective
in reducing ozone concentrations as desired due to long-range transport of
pollution (Lin et al.,, 2017). Furthermore, simulations for the year 2050 point to
increased frequency of high ozone episodes in developing regions in the best-case
scenario, but to a generalized increase in ozone episodes when the use of fossil
fuels keeps increasing (Lei et al., 2012).

Tropospheric ozone is reported to affect plant photosynthesis, with
consequences for plant growth, plants’ nutritional value and crop yield (Emberson
et al.,, 2018). Many cases of visible plant injury and biomass reduction due to ozone
exposure have been reported in Europe, with 39% of these happening in crops (Mills
et al,, 2011). The estimated global economic losses deriving from yield losses of
wheat, soybean and maize for the year 2000 ranged between $11 and 18 billion
(Avnery et al.,, 2011a) and are expected to increase by $1 to 17 billion in 2030,
depending on the metrics used and the emission scenarios considered (Avnery et
al., 2011b).

By changing the plants’ metabolism, ozone may indirectly affect the
interaction between plants and other organisms through quantitative or qualitative

changes in the production of plant secondary metabolites involved in the
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communication between plants or in plant attraction/repellence/defence (Cui et al.,
2014; Himanen et al., 2009; Khaling et al., 2016). Ozone may also react with volatile
secondary metabolites in the atmosphere, breaking them down into unknown
reaction products, possibly disrupting the communication with other organisms
(Fuentes et al.,, 2013; Giron-Calva et al., 2016; Li et al., 2016; McFrederick et al.,
2009). Furthermore, ozone may change the nutritional value or the toxicity of the
plants, altering the performance of herbivores feeding on these plants (Couture
and Lindroth, 2012; Couture et al., 2012; Holton et al., 2003; Jackson et al., 2000;
Khaling et al., 2015; Peltonen et al., 2010).

In this study, we focus on the interaction between the herbivore Pieris
brassicae L. (large cabbage white) and the host plant Sinapis arvensis L. (wild
mustard). P. brassicae is a butterfly whose caterpillars are specialist herbivores
feeding on Brassicaceae plants that contain glucosinolates (Smallegange et al.,
2007). Wild mustard, S. arvensis is one of those plants. It is indigenous to Europe,
the Middle East and Western Asia and is nowadays an important weed of field crops
in most of the temperate regions of the world (Warwick et al., 2000).

The interaction between S. arvensis and P. brassicae starts at the point when
a female butterfly searches for and chooses a suitable place for laying her eggs.
This process is usually guided by chemical cues produced by the plants (Hilker and
Meiners, 2011). Once a choice is made, the butterfly usually lays its eggs in clusters
attached to the under surface of leaves (David and Gardiner, 2009). After hatching,
the insects use the plant as food source. From the plants perspective, the larval
stage of the herbivore is an antagonist, and may induce a defensive response, both
at egg and caterpillar stage. Plant defence mechanisms can be induced by egg
deposition or caterpillar damage and include a hypersensitive response-like
necrosis that kills the eggs by desiccation (direct defence), the production of toxins
(direct defence) or the production of chemical cues for recruiting parasitoids
(indirect defence) (Dicke et al., 2009; Fatouros et al.,, 2016; Pashalidou et al., 2015b).

Plant stressors, such as ozone, may affect each of these interactions. Studies
on the effects of ozone on the oviposition preference of insects revealed that
exposure of host plants to ozone had positive (Jackson et al., 1999), negative (Cui
et al., 2014; Jones and Coleman, 1988; Kopper and Lindroth, 2003) or no effects
(Peltonen et al., 2006) on the oviposition preference of the insects. Furthermore,

one study showed that ozone has an effect on the fecundity of the females (Couture
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and Lindroth, 2012). Also, several studies have reported a plant-mediated effect of
ozone on caterpillar development, be it a positive (Bolsinger et al., 1992; Jackson
et al., 2000) or a negative one (Jondrup et al., 2002; Khaling et al., 2015). In some
cases, previous exposure of the plant to ozone altered the consumption of plant
material (Jones and Coleman, 1988; Khaling et al., 2015).

Factors that may explain contradicting findings are the ozone exposure level
and interactive effects with temperature. Ozone exposure is defined by the
concentration of ozone, the frequency and the duration of exposure. Previous
studies on the effects of ozone on plant-insect interactions considered acute
exposure (Jones and Coleman, 1988; Khaling et al., 2015) (for a short period but
with very high ozone concentrations) or chronic exposure (Abu ElEla et al., 2018;
Agathokleous et al.,, 2017; Couture and Lindroth, 2012; Couture et al.,, 2012;
Peltonen et al.,, 2006) (often covering most of the life span of the plant, with
concentrations that wusually do not exceed 2 times the ambient ozone
concentrations). However, the duration of exposure is not considered as a factor in
these studies. Therefore, it is uncertain, particularly for acute exposures, whether
the effects of ozone would be additive or there would be recovery and a
compensatory mechanism after an initial response.

Furthermore, little is known about the interactive effects of elevated ozone
and temperature (Mills et al., 2016). Although elevated temperature increases plant
growth, the combined effects of temperature and ozone on plants seem to be case-
specific (Kasurinen et al., 2012). Elevated temperature also increases insect
metabolism (Jaworski and Hilszczanski, 2013), affecting plant-insect interactions
through changes in consumption (Lemoine et al., 2014). Studies that integrate the
effects of both temperature and ozone on plant-insect interactions are missing,
although higher mean temperatures under future climatic conditions may reinforce
or attenuate the effects of ozone on these interactions.

In this study we performed a greenhouse experiment to assess the response
of Pieris brassicae to Sinapis arvensis plants exposed to 2 levels of ozone (0 and
120 ppb) for 2 different periods (1 and 5 days). Specifically, we address the
following questions: 1) Does a previous exposure of plants to ozone affect: a) the
oviposition preference of the butterfly?; b) the duration of the egg stage?; c) the

egg survival rate?; d) the caterpillar performance? 2) Does the duration of exposure
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influence the way ozone affects these parameters of the herbivore life cycle? 3)

How is temperature modulating the way ozone affects these parameters?

Material and methods

Biological material

Wild-type Sinapis arvensis seeds were provided by the Botanical Garden of
Konstanz, Germany. Wild mustard plants were grown in 18 x 18 cm pots in a 2:1-
mixture of peat based substrate (Einheits Erde CL ED 73) and sand (Hamann
Filtersand 0,7-1,25 mm). The plants grew in a greenhouse in the Biocenter of the
University of Wirzburg under 50%/80% relative humidity and 16h/8h, dark/light
respectively. To keep the photoperiod constant, supplementary illumination was
applied by high-pressure sodium lamps whenever the light intensity outside the
greenhouse would drop below 20 kLux. Although this greenhouse can be heated to
increase the temperature, the aeration system does not allow to decrease the
temperature in warm, sunny days. During this experiment, the temperature was
recorded every 12 minutes and later included as a potential explanatory variable.
The overall temperatures in the greenhouse ranged between 14.0 and 35.1 °C.

Pieris brassicae butterflies were obtained from a population that is routinely
reared on Brassica oleracea var. gemmifera cultivar Cyrus in the Laboratory of
Entomology at Wageningen University, The Netherlands. As the experiment
continued, we also used butterflies reared in our greenhouse, descendants from
the same population. The butterflies were kept in the greenhouse, inside a 1.15 m-

high insect rearing tent (Bugdorm) and were fed a 10-20% honey solution.

Ozone exposure system

In the greenhouse, we installed an ozone-exposure system (Fig. II.1)
consisting of: 1) 2 glass chambers with a stainless steel door frame and an
approximate volume of 1000 L each; 2) a customized ozone generator (INNOTEC
high engineering GmbH) linked to an air dryer (AIRdyer3.1, INNOTEC) ; 3) an ozone
analyser (APOA-370, Horiba Ltd); 4) a controller that links the ozone analyser and
the ozone generator, allowing us to regulate the ozone concentration in the

chamber; 5) a timer; 6) a main air stream of compressed air passing through an
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activated charcoal filter and a particle filter before it reaches the chambers; 7) a
secondary air stream, branching from the main one, passes through the air dryer
and the ozone generator and disembogues in the main air stream, allowing for
ozone enrichment of the incoming air; 8) 2 rotameters allow us to level the amount
of incoming air to each chamber to 70 L/min. Because the chambers are almost
exclusively made of glass, the photoperiod conditions are the same as in the

greenhouse itself.

Compressed Activated
air charcoal Particle
filter
W
Ozone
generator \ 4 \ 4
v v
Treatment
Control vs Ozone
Controller
| exom— | | s om— |

@ < 1day
5 days

I Air out Air out

Ozone analyzer

Dual-choice oviposition test

5

5 hours

Oviposition Hatching Weighing
Preference ? Survival ? Performance ?

Figure I1.1 — Representation of the ozone-exposure system, the experiment and the main
research questions. r - rotameter.
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The two chambers allow to have, at any given time, an ozone-clean
environment and an ozone-enriched environment, and the treatments are
interchangeable. The ozone analyser is constantly sucking in the air from one of
the chambers, analysing it for its ozone content. This information is then passed
on to the controller that gives feedback to the ozone generator, switching it on or
off in order to achieve the desired average ozone concentration, which can be
modified in the controller. Pre-experiment tests revealed that the ozone
concentration of the clean air chamber ranges between 0 and 1 ppb. Therefore, the

ozone concentration is only monitored in the ozone-enriched chamber.

Study design

This study was performed between February and May 2018. The plants were
fumigated before being presented to the herbivores. The fumigation treatments
consisted of exposing the plants to 2 levels of ozone (control vs ozone) for 2
different periods (1 or 5 days). In the control treatment plants were exposed to
clean air (~0 ppb ozone) for the entire day, whilst in the ozone treatment, the plants
were exposed to elevated-ozone conditions (~120 ppb ozone, Table SIl.1) for 6
hours/day, between 11h00 and 17h00, and to clean air for the rest of the day. 240
pug.m=3 (~120 ppb) is the alert threshold for ozone established by the European
Union. In Europe, exceedances of this value occur usually in summer and, although
uncommon, several days with exceedances may be observed in the period of one
year(EEA, 2006, 2010, 2014).

At the start of each experimental round, the duration of the exposure was
fixed and each fumigation chamber was randomly assigned a treatment (control vs
ozone). Four weeks after sowing, eight plants were placed in each chamber and
exposed to the corresponding treatment.

Following ozone exposure, one plant from each treatment was enclosed in an
insect-rearing tent along with one female and one male P. brassicae butterfly. The
butterflies remained in the tents for 5 hours, after which the number of eggs laid
on each of the two plants were counted and the plants were measured. The health
status of the plant was recorded: percentage of leaves showing signals of visible
ozone damage (chlorosis/necrosis) and percentage of leaves infected by powdery

mildew, a fungal infection. Each butterfly was only used for one oviposition test.
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Plant pairs that were offered to butterflies that did not lay any eggs during the 5-
hour oviposition period were excluded from the oviposition preference analysis.

After the oviposition preference tests, all plants were kept in a greenhouse
compartment on plant saucers surrounded by water to avoid hatched caterpillars
to migrate to a different plant. The plants were monitored daily for detection of
caterpillar hatching.

The duration of the egg phase was calculated for the eggs laid on each plant,
as the number of days between the day of the oviposition tests and the day when
the majority of the caterpillars hatched. When none of the eggs laid by a butterfly
hatched, we considered that it was likely that they were not fertile and they were
excluded from the analysis of egg survival rate. This was the case for 4 control and
3 ozone replicates for 1-day exposed plants and 2 control and 2 ozone replicates
for 5-day exposed plants.

After hatching, all caterpillars were retrieved from the plants and counted.
Afterwards, 10 caterpillars were reintroduced on the plants where they had hatched.
Plants that had no eggs or that had eggs that did not hatch also received 10
caterpillars from plants of the same treatment. In both cases the newly hatched
caterpillars were introduced on the fourth oldest leaf. Nine days after the
introduction of the caterpillars, they were removed from the plants and weighed.

In total, we performed 13 experimental rounds: 6 for the 1-day treatment and
7 for the 5-day treatment. One of the 1-day treatment rounds was not completed
since the caterpillars did not hatch, presumably due to desiccation and, therefore,

we had no larvae to reintroduce.

Statistical analysis

All statistical analyses were performed using R (R Core Team, 2017) (version
3.4.2). The data collected for the 1-day and 5-day exposed plants were analysed
separately, with test results and model fitting presented separately for each
duration of treatment.

A binomial test to compare proportions of injured plants was performed to

evaluate the effect of the ozone treatment on plant injury (prop.test function).
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We used the dredge function (MuMIn package (Barton, 2018), version 1.42.1)
to assess which models best explain our data. The equations in this section show
the variables that were considered as potential predictors in the global models.

For the oviposition preference tests, we used the number of eggs laid on the
plants as the response variable. We fitted a generalized mixed effects model for
zero-inflated data with butterfly as the random factor (gImmTMB, glmmTMB

package (Brooks et al., 2017), version 0.2.2.0, family=negative binomial).

Number of eggs laid ~ Treatment * fungal infection + Plant height

To check if the tendency observed on the number of eggs laid per plant was
kept after hatching, we refitted the generalized mixed effects model with zero-
inflated data and butterfly as the random factor for the number of caterpillars

hatched per plant (gImmTMB, family=negative binomial).

Number of caterpillars per plant ~ Treatment * fungal infection

We used a generalized mixed effects model with butterfly as a random factor
to analyse the egg survival rate (glmer, Ime4 package (Bates et al., 2015),

family=binomial, link=logit).

Egg survival ~ Treatment * Average temperature during the egg stage +

Treatment * Number of eggs per plant

The duration of the egg stage was analysed, by fitting a linear mixed effects
model with butterfly as the random factor (Imer, Ime4 package (Bates et al., 2015),

version 1.1-17).

Duration of egg stage ~ Treatment * Average temperature during the egg stage

+ Treatment * Number of eggs per plant

Fungal infection was not included in the global models to analyse the duration
of the egg stage and the egg survival because infection rate was highly correlated
with the average temperature during the egg stage and the latter revealed a
stronger predictor for both variables than fungal infection. We took butterfly as a
random factor in the previous models, to account for 1) the dependency in the

number of eggs laid on the two plants exposed to the same butterfly, 2) the fact
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that eggs laid by the same butterfly are expected to have similar quality, leading
to similar egg survival and similar duration of the egg stage.

The weight of the caterpillars was cube root-transformed in order to
approximate a normal distribution and was analysed with a linear mixed effect

model (Imer) with the plant as random factor.

Caterpillar weight ~ Treatment * number of laid eggs + Treatment * Average

temperature during the caterpillar stage + Treatment * fungal infection

The number of eggs was included as a potential predictor for caterpillar
weight, because egg deposition was shown to affect the development of caterpillars
in several species of Brassicaceae (Pashalidou et al., 2015a).

Model validation was performed by visually checking the residuals for the
linear models and by simulating residuals with the Dharma package (Hartig, 2018)
(version 0.2.0) for the generalized linear models.

In the results’ section we present the models with the lowest AlCc for each
research question. Alternative models (AAICc < 2.0) are shown in the supplementary
material (Tables SII.2-SI1.6). The number of replicates for each research question is

provided in Table SII.7.

Results

We observed signs of plant injury on plants exposed to ozone. While 2% of
the plants exposed to ozone for 1 day and 39% of the plants exposed to ozone for
5 days showed chlorosis/necrosis in several degrees, none of the control plants
showed visible injury. This indicates a strong effect of ozone on plant injury for a
5-day long treatment (x? = 24.945, df = 1, p < 0.001), but not for a 1-day long
treatment.

During the 5-hour periods of the oviposition dual-choice assays, each female
butterfly laid between 1 and 233 eggs, with a mean of 96 eggs. When given the
choice between a plant previously exposed to ozone and a control plant, butterflies
chose to either lay all the eggs on one of the plants or distribute them between
the two plants they were offered. The butterflies laid 15% less eggs on plants
exposed to ozone for 1 day and 49% less eggs on plants exposed to ozone for 5

days than on the respective control plants (Fig. I1.2A). The best model based on



Chapter Il

AlCc (Table Il.1) indicates an effect of ozone on the oviposition preference of the
butterfly when the plants were exposed for 5 days (z=-1.830 p=0.067), but not when
the plants were exposed for only one day (Fig. Il.2A, Table Il.1). The health status
of the plant also affected the number of eggs laid, with fewer eggs being laid on
plants with a higher fungal infection rate (Table 1.1, z=-2.346, p=0.019 and z=-
2.088, p=0.037, for 1- and 5-day exposed plants respectively).

Table 1.1 — Summary of the models with the lowest AICc for each response variable.

Response variable

Number of

Predictors Number of laid caterpillars on Egg survival Duration of egg Larval weight
€ggs phase
plants
1day z P z P z P t P t P
Treatment  ------  ------ oomeem e 2.962 0.003 2.127 0.040  ------ -

Fungal infection  -2.346 0.019 -2.248 0.027 e s

Plant height ~ ------  ------
Temp egg 1.923 0.055 -17.27 <0.001
Temp larva 22.950 <0.001
Number of eggs 1.885 0.059 e e

Treat x Fung inf  -----=  —eeeee oo oo s s
Treat x temp egg -2.796 0.005  ------ —eeee-
Treat x temp larv. e e

Treat x nreggs emmmee oo eeoonaemln aein e

R? 0.62 0.88 0.89
5 days z P z P z P t P t P
Treatment  -1.830 0.067 -2.209 0.027 2.352 0.019 2.017 0.062 2.76 0.007
Fungal infection -2.088 0.037  ------  ------ -3.141 0.002
Plant height ~ ------  ------
Tempegg emmeee oo -4.157 <0.001
Temp larva 12.102 <0.001
Number of eggs 2.633 0.008 e e

Treat x Fung inf = ------= —-eem aeeeeo e s e
Treat xtempegg emeeememeeeeeeeen s
Treat x temp larv -2.856 0.005

Treat x nreggs emmmemeeeee oo eeeeen e e

R? 0.74 0.90 0.88

Treat = Treatment (Control vs Ozone); Fung inf = Fungal infection (percentage of leaves
infected by powdery mildew); Temp egg = average ambient temperature during the egg
stage; Temp cat = average ambient temperature during the caterpillar stage. ---------
indicates variables that were considered for the best model but were not included in the
model with the lowest AICc. Empty cells indicate variables that were not considered for the
best model. We present t or z-values, depending if the fitted model is a linear mixed effects
model or a generalized linear mixed effects model, respectively.
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Figure I1.2 - Plant-mediated effects of 2 levels of ozone exposure (1 and 5 days) on (A) the
number of eggs laid by Pieris brassicae butterflies on dual-choice assays and (B) the number
of caterpillars per plant after hatching. The dots represent the data points, the diamonds
correspond to the means. P-values for the effect of the treatment, given by the reported
models, are shown.

After hatching, the number of caterpillars was 11% and 58% lower on ozone-
exposed plants than on control plants, for 1- and 5-day exposed plants respectively.
However, the effect of ozone was only significant for the longer exposure (z=-2.209,
p=0.027; Fig. I1.2B).

The ozone treatment had a positive effect on the survival of the eggs
(z=2.962, p=0.003 and z=2.352, p=0.019, for 1- and 5-day exposed plants
respectively, Fig. I1.3A and 11.3B). The survival was also positively affected by the
number of eggs laid per plant (z=1.885, p=0.059 and z=2.633, p=0.008, for 1- and
5-day exposed plants respectively, Fig. 11.3A and 11.3B).

The ambient temperature during the egg stage had a positive effect on the
survival of eggs laid on 1-day exposed plants (z=1.923, p=0.055). A significant
interaction between the treatment and the temperature during the egg stage (z=-
2.796, p=0.005), revealed that the temperature only affected the survival of the
eggs laid on control plants (Fig. SII.1).

The eggs took between 4 and 8 days to hatch (mean 5.8 days) and this was
highly dependent on the temperature during the egg stage (Fig. I1.4A and 11.4B,
Table 11.1), with higher temperatures reducing the necessary time to complete the
egg stage (t=-17.27, p<0.001 and t=-4.157, p<0.001, for 1- and 5-day exposed
plants respectively). Eggs laid on plants previously exposed to ozone took, on
average, longer to hatch (t=2.127, p=0.040 and t=2.017, p=0.062, for 1- and 5-day

exposed plants respectively).
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Figure 11.3 — The effect of ozone and the number of eggs per plant on the survival rate of
the eggs deposited on (A) 1-day exposed plants and (B) 5-days exposed plants. The lines
represent the reported models’ regression lines and the dots are the data points. The p-
values for each predictor in the reported models are shown.

Temperature during the caterpillars development was the variable that
affected caterpillar weight the most (t=22.950, p<0.001 and t=12.102, p<0.001, for
caterpillars reared on 1- and 5-day exposed plants, respectively). Nine days into
the caterpillar stage, no effect of ozone was observed on the weight of caterpillars
reared on plants exposed for 1 day (Fig. 11.4C). However, the caterpillars reared on
plants exposed to ozone for 5 days were lighter than those reared on the
corresponding control plants, but only when the temperature during the caterpillar
stage was high (Fig. 11.4D; Treatment x temperature during the caterpillar stage, t=-

2.856, p=0.005).

Discussion

Exposure of plants to high levels of ozone has been shown to alter the
interactions between plants and insect herbivores. However, the duration of the
exposure and interactions with ambient temperature have not yet been considered
as factors affecting plant-herbivore interactions. In this study, longer exposures to
ozone affected the quality of Sinapis arvensis plants more strongly, with subsequent
stronger effects on the interactions with the herbivore Pieris brassicae. P. brassicae
butterflies avoided ozone exposed plants for oviposition. Despite a positive effect
of ozone exposure on the survival of the eggs, the number of hatched caterpillars

was lower on ozone-exposed plants and the caterpillars performed less well when
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feeding on them, particularly at higher ambient temperatures, a climate scenario

that is likely to become more common in the future.
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Figure 11.4 — The effect of ozone and temperature on the duration of the egg stage (A and
B) and the caterpillar weight (C and D). A and C refer to 1-day exposed plants and B and D
correspond to the 5-days exposed plants. The lines represent the reported models’
regression lines and the dots are the data points. In A and B data points were vertically
jittered to improve visualization. The regression line in C is not colour-coded by treatment
because ozone treatment was not a predictor in the reported model. The p-values for each
predictor in the reported models are shown.

Increasing the duration of exposure of S. arvensis plants to ozone resulted in
avoidance of these plants by P. brassicae butterflies when choosing oviposition
sites. This is likely due to alterations in the chemical cues produced by the plant,
particularly changes in the chemicals of the leaf boundary layer, that are often used
in food plant acceptance (Hilker and Meiners, 2011). Our study is in accordance
with some other studies addressing the plant-mediated effects of ozone on the

oviposition preference of insect herbivores that show that the insects prefer to lay
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eggs on control plants (Cui et al., 2014; Jones and Coleman, 1988). In other studies,
exposure of the plant to ozone had no effect on oviposition preference (Jackson et
al., 1999; Peltonen et al., 2006), but, as we observed in the present study, this could
be a matter of duration of exposure. In studies where the plants were presented to
the insects during the exposure, some insects had a preference for laying eggs on
control plants (Kopper and Lindroth, 2003) whilst others preferred ozone exposed
plants (Jackson et al., 1999).

Plants may react to egg deposition by a hypersensitive response (Fatouros et
al., 2016). In our study, the survival of the eggs was positively affected by ozone.
We hypothesize that the exposure to an abiotic stress (ozone) prior to egg
deposition may have inhibited a defence response from the plant in ozone-exposed
plants, leading to a positive effect of ozone in the egg survival rate. Griese et al.
(2017) showed that the expression or severity of the hypersensitive response does
not increase with an increased number of eggs laid, but single-laid eggs are more
susceptible to it than eggs laid in clusters and eggs laid in smaller clusters have a
tendency to be more susceptible than eggs laid in bigger clusters. This is
presumably because they are more vulnerable to desiccation. Although we did not
specifically register survival per cluster, there was a positive correlation between
the number of eggs per plant and the average number of eggs per cluster (r=0.75).
We consider that an increased susceptibility of eggs in smaller clusters to a defence
response may be the reason why, in this study, the egg survival rate was higher on
plants with more eggs laid on them. Despite the positive effect of ozone on egg
survival, the number of caterpillars per plant after hatching was still higher for
control plants than for ozone-exposed plants, showing an overall negative effect
of ozone.

The effect of ozone on caterpillar performance was also negative, but only for
longer exposures and only when the caterpillars were reared at higher ambient
temperatures. This gives rise to two non mutually exclusive hypothesis: 1) higher
temperatures intensify the response of the plants to ozone with consequences to
their nutritional value and/or to their level of toxicity, therefore affecting the
caterpillars development or 2) higher temperatures increase the metabolic rate of
the caterpillars, leading caterpillars that have similar weights at hatching to diverge
faster, and therefore to show an indirect response to ozone. In any of these cases,

the lower weight of caterpillars reared on plants exposed to ozone for 5 days may
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mean that the caterpillars are growing into lighter, weaker pupae or that the
caterpillars will take longer to pupate, and therefore that their life cycle will be
extended. The latter was the case in a study by Jondrup et al. (2002) , where they
observed that caterpillars reared on ozone-sensitive plants exposed to ozone
reached the same final weight, but took longer to pupate than the caterpillars
reared on the control plants. On the other hand, Couture et al. (2012) observed that
caterpillars showed decreased growth when fed foliage from trees growing under
elevated ozone conditions. In Khaling et al. (2015) both phenomena occurred:
caterpillars reared on ozone-exposed plants took longer to pupate and the pupae
were lighter. If the reduced weight of the caterpillars reared on ozone-exposed
plants shown here, translate into a longer caterpillar stage, together with the fact
that the egg stage was also longer for eggs laid on ozone-exposed plants, the
herbivores will have longer life cycles. Consequently, the number of generations
produced per year may decrease and the predation or parasitism risk during the
developmental stage may increase. Plant-mediated effects of ozone on caterpillar
performance are not globally negative: Bolsinger et al. (1992) showed a higher
relative growth rate of caterpillars when reared on plants exposed to ozone and
Jackson et al. (2000) observed a tendency for increased growth of caterpillars fed
with plants grown under elevated ozone conditions. Kopper et al. (2001) observed
that ozone had no effect on the performance of caterpillars reared on trees growing
under elevated ozone conditions and Jondrup et al. (2002) also saw no effect of
ozone on caterpillars reared on resistant and wild type lines. When coupled with
information about the nutritional state of the host, some studies suggest that
alterations in caterpillar weight are related to changes in the nitrogen content of
the host's leaves, whether the effect of ozone was negative (Couture and Lindroth,
2012; Couture et al.,, 2012; Khaling et al., 2015; Peltonen et al., 2010) or positive
(Jackson et al., 2000). Interestingly, in no-choice tests, caterpillars either consumed
similar amounts of plant material irrespective of plant treatment (Jondrup et al.,
2002) or consumed more ozone-exposed plant material than control plant material
(Abu ElEla et al., 2018; Jones and Coleman, 1988), which could indicate a mechanism
to compensate for the reduction in nutritional value. However, in dual-choice
feeding tests, herbivores also consumed more ozone-exposed plant material
(Agathokleous et al.,, 2017; Khaling et al., 2015) suggesting that changes in

palatability may be the reason for the modified consumption.
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In this study, the butterflies laid more eggs on control plants than ozone-
exposed plants, the same plants that later led to a better caterpillar performance.
This is in agreement with the preference-performance hypothesis (Jaenike, 1978)
which states that females choose oviposition sites that maximize the fitness of their
offspring. By doing so, and having fairly mobile adults, P. brassicae may be able to
escape the detrimental effects of ozone on its development as long as small scale
variability in ozone damage exists. On the other hand, not being able to move,
plants cannot escape ozone. They suffer stress from both ozone exposure and
herbivory. We did not test for feeding preferences, but if Khaling et al.’s (2015)
results on the increased consumption of ozone-exposed plant material would be
applied in this situation, the fact that, as we observed, ozone-exposed plants had
fewer caterpillars on them after hatching, may not be enough to compensate for
the increased consumption. In our case ozone exposure seems to be a bad deal for
both the plant and the herbivore. But even if one of them would be favoured by
the exposure, the alterations in plant-herbivore interactions may affect the
organisation of food webs, disturbing the balance of ecosystems.

Overall, the direction and strength of the herbivore response to ozone-
exposed plants seem to vary between plant-insect systems. This variability may be
caused by 1) different sensitivity to ozone between plant species, varieties or
growth stages, 2) different susceptibility of the herbivores to the changes that
ozone triggers in the plant or 3) different ozone exposure levels tested. The degree
of sensitivity of a plant to ozone determines the exposure level that causes
measurable changes in the plant which modify the plant’'s interaction with its
herbivores. In this study, both the plant and the herbivore were sensitive enough
so that ozone effects could be observed on the herbivore life cycle at the ozone
levels studied. Our results also suggest that the effects of ozone on plant-insect
interactions are cumulative, since ozone affected oviposition and caterpillar
performance when the plants were exposed for 5 days but not when plants were
exposed for 1 day. However, Agathokleous et al.(2019b) proposed that a plant does
not respond linearly to ozone. A plant's response to ozone could also follow a
hormetic model, with low doses being beneficial to plants and detrimental effects
only being observed when the ozone dose exceeds the NOAEL (no-observed-

adverse-effects level). In the present study, the detrimental effects on plant-insect
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interactions observed for an exposure of 120 ppb ozone, 6 h/day for 5 days reveals
that this level of ozone is beyond the NOAEL for this plant-herbivore system.

Our results identify that relatively low concentrations of ozone affect plant-
herbivore interactions. AOT40 (Accumulated Ozone exposure over a Threshold of
40 ppb) is an index defined by the European Union (EU) for the protection of the
vegetation. It is determined by calculating the sum of the difference between
hourly concentrations greater than 40 ppb and 40 ppb over a given period using
hourly values measured between 8h00 and 20h00 CET. In the Directive on Ambient
Air Quality (EU, 2008), the EU pointed to 6000 pg/m3.h (~3000 ppb.h) as the long-
term objective to be reached. In our 5-day-long treatments, the calculated AOT40
is ~2300 ppb.h, a level well below EU's objective. However, as our results show, this
level of exposure was already enough to cause damaging effects on the plants
(visible injury) as well as to affect plant-herbivore interactions (oviposition and
caterpillar performance). This points to the need of reviewing the European
legislation on air quality, because currently it does not account for the damaging
effect of acute ozone exposure, that seems to be important at least for annual
plants like the one we used. Importantly, our data indicate that more frequent
ozone peaks combined with higher temperatures, as predicted for a future with
ongoing global warming and environmental pollution, will reinforce the negative

effects of ozone on plant-herbivore interactions.

Conclusions

In summary, we showed that exposing S. arvensis to ozone affects several
parameters of the life cycle of its herbivore P. brassicae. Our results reveal that a
more severe exposure to ozone, especially when combined with higher
temperatures, strengthens the effects of the pollutant on plant-herbivore
interactions. Because plants vary in their sensitivity to ozone and herbivores vary
in their susceptibility to changes in the plants, the alterations in plant-herbivore
interations may vary in strength and direction between plant-herbivore systems,
affecting the organisation of food webs and possibly disturbing the balance of
ecosystems. This accentuates the need to implement measures to reduce the
emission of precusors that could lead to ozone peaks such as the ones tested here,

particularly in parts of the world where the use of fossil fuels is still increasing.
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Supplementary material to chapter Il

Table SII.1 — Ozone concentration (mean * standard deviation) and accumulated exposure
to ozone (AOT40) in the ozone chamber between 11h00 and 17h00, during the treatment
days of each round.

Round - Duration of

treatment [O3] (ppb) AOT40 (ppb.h)
1 -1 day 112 + 14 437
2 - 1day 113 + 11 437
3 -1 day 119 £+ 9 472
4 - 1 day 119 + 10 473
5 -1 day 122 £ 10 494
6 - 1 day 120 = 11 479
1 -5 days 117 £ 8 2298
2 - 5 days 116 + 9 2274
3 - 5 days 116 £ 9 2267
4 - 5 days 114 + 10 2209
5 - 5 days 114 £ 9 2230
6 - 5 days 114 + 9 2231
7 - 5 days 117 £ 9 2312
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Table SII.7 — Number of replicates for each research question.

Duration of the treatment 1 day 5 days
Treatment Ct O3 Ct O3
Plant injury 48 48 56 56
Number of laid eggs 35 35 45 45
Duration of the egg stage 22 20 27 21
Egg survival rate 23 20 28 21
Number of caterpillars per plant 35 35 45 45
Caterpillar weight 330 374 531 468
Ct-control treatment
1 DAY
1.009 % : : v S

__0.754 D .

&

= Treatment

% 0.50 - - Control

@ ——

§ Treatment: p = 0.003 orone

0.251 Number of eggs: p = 0.059
Teomperature: p =0.055
Treat * Temp: p = 0.005

0.00 1

20 21 22 23 24

Temperature during the egg stage (°C)

Figure SII.1 — The effect of ozone and temperature on the survival rate of eggs laid on 1-
day treated plants. The lines represent the reported model’s regression lines and the dots
are the data points. The p-values for each predictor in the reported model are shown.
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ropospheric ozone is a highly oxidative pollutant with the potential to

alter plant metabolism. The direct effects of ozone on plant phenotype

may alter interactions with other organisms, such as pollinators, and,
consequently, affect plant reproductive success. In a set of greenhouse
experiments, we tested whether exposure of plants to a high level of ozone affected
their phenological development, their attractiveness to four different pollinators
(mason bees, honeybees, hoverflies and bumblebees) and, ultimately, their
reproductive success. Exposure of plants to ozone accelerated flowering,
particularly on plants that were growing in autumn, when light and temperature
cues, that commonly promote flowering, were weaker. Simultaneously, there was a
tendency for ozone-exposed plants to disinvest in vegetative growth. Plant
exposure to ozone did not substantially affect pollinator preference, but
bumblebees had a tendency to visit more flowers on ozone-exposed plants, an
effect that was driven by the fact that these plants tended to have more open
flowers, meaning a stronger attraction signal. Honeybees spent more time per
flower on ozone-exposed plants than on control plants. Acceleration of flower
production and the behavioural responses of pollinators to ozone-exposed plants
resulted in retained reproductive fitness of plants pollinated by bumblebees,
honeybees and mason bees, despite the negative effects of ozone on plant growth.
Plants that were pollinated by hoverflies had a reduction in reproductive fitness in
response to ozone. In a natural setting, acceleration of flowering by ozone might
foster desynchronization between plant and pollinator activities. This can have a
strong impact on plants with short flowering periods and on plants that, unlike wild
mustard, lack compensatory mechanisms to cope with the absence of pollinator

activity in the beginning of flowering.

This chapter is published as Duque, L., Poelman, E.H., Steffan-Dewenter, I,
2021. Effects of ozone stress on flowering phenology, plant-pollinator interactions

and plant reproductive success. Environmental Pollution 272, 115953..
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Introduction

Animal pollination, in which animals transfer pollen grains from the male to
the female reproductive organs of the plants, is of major importance for plant
reproductive success: animals are estimated to pollinate 87.5% of the world’s
angiosperms (Ollerton et al.,, 2011) and 75% of the main food crops rely at least to
some extent on animal pollination (Klein et al., 2007). Most animal pollination
services are provided by insects. With a diet that depends almost exclusively on
floral resources, such as nectar and pollen, bees are at the top of the pollinators’
list, which also includes hoverflies, butterflies, moths, flies, beetles and vertebrates
(Kearns et al., 1998). Plant-pollinator interactions are considered to be at risk due
to multiple drivers of global change, such as climate change and land-use
intensification (Vanbergen et al., 2013). Global change is modifying plant-pollinator
interactions by reducing the abundance and diversity of pollinators (Byers, 2017;
IPBES, 2016; Powney et al., 2019), by introducing phenological mismatches between
the players (Burkle et al.,, 2013; Byers, 2017; Memmott et al., 2007; Visser and
Gienapp, 2019) or by decreasing the attractiveness of the plants to the pollinators
(Burkle and Runyon, 2017; Dotterl et al.,, 2016; Farre-Armengol et al., 2015; Girling
et al., 2013; Lusebrink et al., 2015; Riffell et al., 2014). Air pollution in general, and
ozone in particular, have received little attention in the context of plant-pollinator
interactions, but should not be disregarded as a threat.

In spite of the efforts to reduce pollutant emissions in some parts of the world
(EPA, 1990; EU, 2008; The Chinese State Council, 2013) air pollution is still an
important component of global change. Out of all air pollutants, ozone has the
strongest negative impacts on vegetation, due to its high oxidation potential. It is
a secondary pollutant, formed by the reaction between nitrogen oxides and volatile
organic compounds (VOCs) in the presence of sunlight. Therefore, tropospheric
ozone concentrations are highly dependent both on precursor emissions and
climate/weather conditions. Control of precursor emissions has contributed to a
considerable decrease in tropospheric ozone concentrations in Europe and North
America (Lin et al.,, 2017; Yan et al., 2019), while in China ozone concentrations are
still witnessing a rapid increase (Lu et al., 2020). In fact, modelling approaches
predict an increase in exposure to ozone (Fuhrer et al.,, 2016) and an increase in the

number of high ozone episodes (Lei et al., 2012) in many parts of the world in the
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coming years. Controlling emissions is not being as successful in reducing
tropospheric ozone concentrations as desired, due both to long-range transport of
its precursors (Lin et al.,, 2017) and to the changing climate (Lin et al., 2020).
Nitrogen oxides are often transported from urban to rural areas. Here, the VOCs
needed for ozone production are supplied by the vegetation and are not a limiting
factor, making ozone concentrations typically higher in rural areas (Fitzky et al.,
2019; Yan et al., 2018). On the other hand, vegetation also acts as a sink for ozone,
removing it from the troposphere through stomatal uptake or dry deposition on
leaf surfaces (Fitzky et al., 2019).

The process of ozone removal by vegetation is, however, detrimental to
plants. The most commonly reported effect of tropospheric ozone on plants is the
presence of visible injury symptoms, mainly chlorotic/necrotic spots on the leaves,
but other effects may be of higher importance, such as the reduction of biomass
(Mills et al., 2011). A recent study on the impacts of tropospheric ozone on crops
estimates that at the ozone levels observed in 2010-2012 the global yield losses
due to ozone added up to 7.1 % for wheat, 12.4 % for soybean, 4.4 % for rice and
6.1 % for maize (Mills et al.,, 2018). Assuming that the current legislation scenario
will be fully implemented by 2030, further losses are to be expected (Van Dingenen
et al., 2009). Besides the direct effects on plants, ozone has the potential to affect
interactions of plants with insects. Studies on plant-herbivore interactions have
shown that herbivores avoid laying eggs and caterpillars take longer to hatch on
ozone-exposed plants (Duque et al.,, 2019), and that caterpillars grow slower or
lighter on ozone-exposed plants, due to their lower nutritional value (Couture et
al., 2012; Duque et al., 2019; Jondrup et al., 2002; Khaling et al., 2015; Peltonen et
al., 2010).

Although there is now ample evidence that ozone can affect plant interactions
with antagonists, such as insect herbivores, we still largely lack understanding on
how ozone affects interactions of plants with mutualists, such as pollinators.
Exposure to ozone changes the bouquet of flower scents that pollinators use while
searching for food sources, which can affect the attractiveness of plants to
pollinators. Ozone can either modulate the mixture of floral volatiles emitted by
the plants (Saunier and Blande, 2019) or react with these chemical compounds so
that the floral blend is altered in the atmosphere (Farre-Armengol et al.,, 2016).

Plant-pollinator interactions may also be affected because ozone has the potential
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to change the quality and quantity of floral rewards (pollen and nectar) (Stabler,
2016). Exposure to ozone can also alter flowering phenology, with studies reporting
accelerated (Drogoudi and Ashmore, 2000; Hayes et al., 2012) or delayed flowering
(Amundson et al., 1986; Ramo et al., 2007), and reduced number of flowers (Hayes
et al., 2012; Ramo et al., 2007), but responses of flower visitors and effects on plant
reproduction are mainly unknown. Pollinators show preferences for a given floral
bouquet to the detriment of others and this behaviour is pollinator species-specific
(Larue et al., 2016). Similarly, when it comes to nectar quality, pollinators also differ
in their preferences and requirements (Petanidou, 2005). Therefore, it is reasonable
to assume that the response of pollinators to ozone-exposed plants may also differ
among pollinators.

In this study, we aim to assess whether exposure of wild mustard (Sinapis
arvensis) plants to ozone affects plant phenology, the interactions between the
plants and their pollinators, and ultimately the plants’ reproductive success. Wild
mustard, is an important weed of field crops, common to most temperate regions
of the world (Warwick et al., 2000). It is an annual plant with indeterminate growth
habit, continuing to produce flowers when the reproductive success is low (Warwick
et al., 2000). It is self-incompatible, depending on a wide range of insects for
pollination (Mulligan and Bailey, 1975). It is a pollinator generalist, visited mostly
by bees (both social and solitary), hoverflies, but also by some butterflies, beetles
and other flies (Fogg, 1950). In a set of 4 greenhouse experiments, we exposed wild
mustard plants to 120 ppb ozone for 6 hours/day over a period of 5 days and,
subsequently, measured responses of four different pollinator species. We
specifically addressed the following research questions: 1) Does ozone affect the
flowering and vegetative patterns of the plant? 2) Does a prior exposure of plants
to ozone affect the foraging behaviour of the pollinators, and does proximity in
time to the exposure alter this effect? 3) Is the reproduction of wild mustard plants

affected by exposure to ozone?

Material and methods

In four separate experiments performed between April and December 2019,
we tested the response of one of four pollinator species to plants previously

exposed to a high level of ozone. In each of the experiments we assessed how plant
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phenological development, pollinator behaviour and plant reproductive success are

affected by ozone (Figure IIl.1; Table SIII.1).

* Number of
flowers/reproductive sites?

« Fruit set?

= Seeds per fruit?

= Seed weight?

= \egetative plant mass?

*Plant phenology?
+ Polinator
behavior?

5 days 7 days . .
» (6 hrs/day) (5 min, 2x day) Until fruit ripening

Figure I1l.1 = Scheme of the experiments

«Sowing | |+ Repotting + Fumigation « Harvesting

Plant material

Wild type Sinapis arvensis seeds were provided by the Botanical Garden of
Konstanz, Germany. The plants were grown in an insect-proof greenhouse chamber
in 18x18 ¢cm pots with a 2:1 mixture of peat-based substrate (Einheits Erde CL ED
73) and sand (Hamann Filtersand 0,7-1,25 mm). High-pressure sodium lamps were
on, between 5:00 and 21:00 CET, whenever the light intensity outside the
greenhouse dropped below 20 kLux. The greenhouse conditions were set to: 1)
temperature - 23°C/18°C and 2) relative humidity - 50%/80% during light/dark
periods respectively. However, the greenhouse does not possess an effective
cooling system, meaning that in warm, sunny days the temperature can raise above
the set values. During these experiments, a maximum of 35.5 °C was reached during
the day.

In a preliminary greenhouse experiment, we subjected flowering plants of the
same population used for this study to three different treatments: hand cross-
pollination, hand self-pollination and no pollination. The percentage of flowers
setting fruit in each treatment (52%, 6% and 2% respectively) revealed that the
reproduction of this wild mustard population is highly dependent on cross-

pollination.

Plant fumigation

Fumigation was performed in a customized ozone-exposure system with two

fumigation chambers (Duque et al., 2019). Fumigation started when the plants were
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four weeks old and had started flower bud development. Because of delayed
development, the plants in the last round were fumigated when they were 4 weeks
and 3 days old. The fumigation treatment consisted of exposing the plants to either
1) 0 ppb of ozone (clean air or control) or 2) 120 ppb of ozone, for 6 hours/day
(11:00-17:00 CET) and to clean air the rest of the day (Table SIlII.1). Fumigation
lasted for 5 days. This level of exposure is known to cause damage on plants and
affect plant-herbivore interactions (Duque et al., 2019). 120 ppb is considered a
hazardous tropospheric ozone concentration that is sometimes exceeded during
high ozone episodes (Lei et al.,, 2012). For each fumigation round, eight plants were
introduced in each chamber. Two fumigation rounds were performed for each

pollinator species, in a total of 16 plants x treatment x pollinator.

Pollinators

Four separate experiments were performed with four different pollinators to
assess if plant exposure to ozone affected the pollinators’ foraging behaviour.
Pollinator species were chosen on the basis of covering a spectrum of different life-
styles/behaviours and for their accessibility. We used a solitary bee, the mason bee
Osmia bicornis; two social bees: the honeybee Apis mellifera and the bumblebee
Bombus terrestris; and a hoverfly, Eristalis tenax.

The Department of Animal Ecology and Tropical Biology of the University of
Wirzburg maintains an outdoors area with trap-nesting solitary bee populations
and honey bee colonies. In the beginning of April 2019 O. bicornis cocoons were
retrieved from nests and stored at 4°C until they were moved to ambient
temperature for emergence. The mason bees were gradually released in the
greenhouse chamber, with 118 bees in total. One small colony of A. mellifera with
two brood combs was placed in the greenhouse. We used a mini colony of B.
terrestris (Biobest, Belgium) with ~30 workers. Since the bumblebees were visibly
destroying some flowers likely due to food stress, in the first days, they were only
allowed to pollinate during the periods when we monitored the flower visitation. E.
tenax pupae (Polyfly S.L., Spain) emerged in an insect-rearing tent and were fed
sugar, water and a pollen mixture, before being gradually released in the

greenhouse, with 128 hoverflies in total.
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Flower visitation

Following each fumigation round, the plants were moved to a separate
greenhouse chamber and plants from each treatment were placed alternately, with
80 cm between plants.

Flower visitation was observed separately for each plant during the 7 days
following fumigation, in 2 periods of 5 minutes per day (one in the morning and a
second one in the beginning of the afternoon). After this 7-day period, a second
round of fumigated plants was introduced in the same greenhouse chamber for
flower visitation observations. The pollinators remained in the greenhouse
chambers beyond the periods of observations, until circa 90% of the plants had
finished flowering, so that virtually all flowers had the opportunity of being
pollinated.

During the flower visitation observations we recorded the number of visitors,
the number of flowers visited per pollinator and, when possible, the duration of
visits. Pollinators, particularly hoverflies, often sat inactive on the plants. Only the
periods of time when pollinators were active on the flowers were included in the
duration of the visits. 923 visits were observed during the monitoring period. We
recorded the duration of 548 of those visits. In the four cases when the number of
flowers visited by a pollinator was not possible to count, this number was estimated

based on the other visits performed in the same time period.

Plant phenology and reproduction

During the flower-visitation observation period, the number of open flowers
in each plant was counted daily. After ripening of pods, the plants were left to dry
in a dry greenhouse compartment. The shoot of the dry plants was cut and weighed.
All reproductive sites were counted, distinguishing those that did not set fruit from
those that did and those that were produced in the terminal inflorescence from
those produced by the rest of the plant. With these data we calculated reproductive
success rate = number of reproductive sites that set fruit / (number of reproductive
sites that set fruit + number of reproductive sites that did not set fruit). We
randomly sampled 20 pods (whenever possible) from each plant (10 from the

terminal inflorescence and 10 from the rest of the plant). The seeds produced per
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pod were counted and 100 seeds (whenever possible) were weighed. Total number
of seeds produced per plant and total seed weight were estimated as follows: total
number of seeds per plant = number of pods produced per plant x average number
of seeds per pod; total seed weight = estimated total number of seeds per plant x
average seed weight. To get the vegetative dry mass of each plant, the estimated

total seed weight was subtracted to the dry weight of the plant.

Statistical analysis

All statistical analyses were performed using R (version 4.0.1)(R Core Team,
2020). To test all our research questions we fitted (generalized) linear mixed effects
models using the glmmTMB function in the glmmTMB package (version 1.0.1)
(Brooks et al., 2017), that can deal with zero-inflated data whenever necessary (see
supplementary materials, Fitted models and Results tables, for details on the
models tested and their results). We used the Dharma package (version
0.3.1)(Hartig, 2020) to evaluate the fit of the models. Type 2 anova test results were
obtained for all our models using the car package (version 3.0.8) (Fox and Weisberg,
2019). We used the package emmeans (version 1.4.7)(Lenth, 2020b) to perform a
post-hoc test to disentangle a significant interaction between treatment and
experiment on the plants’ flowering patterns (supplementary materials table S3).

When testing whether ozone affects the flowering patterns and the vegetative
development of the plants, we included the experiment as a possible explanatory
variable because we suspected that the conditions observed during the different
experiments, particularly in terms of the amount of photosynthetically active
radiation, could have an impact on flowering phenology. Since this was the case,
subsequent analyses were performed separately for each experiment. Plants that
did not start to flower before the end of the flower visitation observation period
were only included for the purposes of testing the onset of flowering and were

excluded from further analysis.

Results

The onset of flowering was accelerated by ozone (x?>=13.1,df = 1, p < 0.001,

Fig. lIl.2A, Table SIIl.2) and differed between experiments (x> = 98.0, df = 3, p <
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0.001, Fig. IIl.2A). A treatment x experiment interaction (x> = 19.4, df = 3, p < 0.001,
Fig. I11.2A) reveals that acceleration of the onset of flowering by ozone only
occurred in the two autumn experiments (t-ratio= 5.478, p < 0.001 and t-ration =
1.976, p = 0.049, for experiments 3 and 4 respectively, Table SIIl.3). Therefore, in
those experiments, the number of flowering plants was over-represented by ozone-
exposed plants during the flower visitation observation period. Amongst the plants
that were flowering, the number of open flowers increased during the period of
observations (x? = 307.5, df = 1, p < 0.001, Fig. II1.2B) and differed between
experiments (x% = 43.7, df = 3, p < 0.001, Fig. SIII.1), but was not affected by ozone
(x2=1.9,df =1, p = 0.165, Fig. I11.2B). Overall, each plant produced 1246 + 535
flowers and this number was not affected by ozone (x> = 2.6, df = 1, p = 0.110, Fig.
I11.3A, Table SIll.4). However, exposure to ozone resulted in a modest decrease in
the above-ground vegetative plant mass (x2 = 3.0, df = 1, p = 0.084, Fig. I11.3B,
Table SIIl.4). The plants’ investment in vegetative mass and in reproductive
structures (flowers) was different between experiments (x?> = 166.2, df = 3, p < 0.001
and x2=121.2, df = 3, p < 0.001, respectively, Fig. I11.3).

The number of flower visits increased with time as a response to the
increasing number of open flowers (Fig. l11.4, Table SIII.5). Bumblebees tended to
perform more flower visits during the 10-minute observation periods on ozone-
exposed plants than on control plants (x> = 2.9, df = 1, p = 0.088). However, when
correcting for the absolute number of open flowers and its proportional abundance
within each time period, there were no differences in pollinator visitation as
measured by the number of flower visits per plant (Table SIII.6, Fig. SIlI.2) or the
number of visitors received per plant (Table SI11.7), revealing that the positive effect
of ozone on bumblebee flower visitation was in fact an indirect effect of ozone
exposure. Ozone had no effect on the number of visits performed by the other
pollinators (Tables SIII.5-SI11.8).

Hoverflies spent 10.8 £+ 7.5 s per flower, while honeybees spent 3.4 + 2.3s, the
mason bees spent 3.3 £ 2.0 s and the bumblebees 2.6 + 2.0 s. Honeybees spent
more time per flower on ozone-exposed plants than on control plants (x*> = 7.7, df
=1, p = 0.010, Fig. Ill.5), while for the other pollinators there was no effect of the

ozone treatment on the time spent per flower (Table SII1.9).
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Figure 111.2 — The flowering patterns of plants, in the 7 days after fumigation, as affected
by ozone. A) Ozone exposure accelerated the flowering onset but B) the number of flowers
in the flowering plants was not affected. P-values are presented for all the fixed variables
included in the 2 components of the model tested: A) the zero-inflation model and B) the
conditional model. A) shows the means and standard errors and B) shows the regression
lines of the conditional model tested and the data points. Data points were jittered to
improve visualization.
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Fig. 6- The effect of ozone on the fruit set of the terminal inflorescence of plants pollinated
by four different pollinators. The dots are the data points and the lines represent the
regression lines of the models tested. The effect of ozone on fruit set was only significant
for the plants pollinated by the hoverflies (p = 0.009).

Ozone exposure reduced the number of flowers developing fruits and the
reproductive success rate of the hoverfly-pollinated plants (x> = 4.8, df = 1, p
=0.029 and x2 = 2.8, df = 1, p =0.092, respectively, Tables SIl11.10 and SIlI.11). The
effects of ozone were stronger when considering only the terminal inflorescence
(x2=6.9, df =1, p=0.009 and x? = 5.2, df = 1, p =0.022, for fruit set and success
rate respectively, Fig. I11.6). The effect of ozone on these parameters of plant
reproduction was not significant for plants pollinated by the other 3 species. Each
of the fruits produced by the plants had between 1 and 20 seeds (median 11) and
this was not affected by ozone (Table SIIl.12). The average seed weight of
honeybee-pollinated plants was lower in plants exposed to ozone than in control
plants both for the terminal inflorescence (x?> = 3.2, df = 1, p = 0.075) and for the
rest of the plant (x2 = 8.7, df = 1, p = 0.003). Ozone had no effect on the individual
seed weight of plants pollinated by the other species (Table SIII.11). Plant fitness
as measured by the estimated total number of seeds produced was only affected

by ozone for plants pollinated by hoverflies (x> = 5.3 df = 1, p = 0.021, Table SIl1.11).
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Discussion

Exposure of wild mustard plants to a high ozone level during the flower
formation stage resulted in an acceleration of flowering, increasing the
representation of open flowers on ozone-exposed plants in the beginning of the
flowering period. Moreover, ozone did not substantially affect flower visitation, but
bumblebees visited more flowers on ozone-exposed plants, which was likely driven
by the fact that these plants had more flowers available for pollination. Honeybees
spent more time per flower on plants exposed to ozone. Acceleration of flowering
and the behavioural responses of pollinators to ozone-exposed plants resulted in
retained reproductive success of plants pollinated by bumblebees, honeybees and
mason bees. On the other hand, hoverfly-pollinated plants exposed to ozone
showed reduced fruit and seed set, resulting in reduced reproductive success under
ozone exposure.

Although exposure to ozone accelerated the onset of flowering, it did not
affect the overall number of flowers produced by the plants. Induction or
acceleration of flowering in response to stress has been described before
(Pashalidou et al.,, 2013; Takeno, 2016), but there is a very limited amount of
information on the effects of ozone stress on flowering patterns. Hayes et al. (2012)
observed that the time to reach peak flowering of Lotus corniculatus was reduced
by 6 days as the exposure to ozone increased from a concentration of 30 to 70 ppb,
but the number of open flowers during peak flowering was not affected. In the
same study, they found an overall lower number of flowers with increasing ozone
concentration in Campanula rotundifolia and Scabiosa columbaria plants. Ramo et
al. (2007) also observed a reduction in the number of C. rotundifolia flowers
produced, in response to ozone, but in this case coupled with a delay in flowering.
Changing the flowering patterns may have consequences for both the plant and its
pollinators. Shifting the onset of flowering may lead to desynchronization between
plant and pollinator activity, reducing both plant and pollinator fitness (Schenk et
al., 2018) Climate change is considered a threat for pollination because it may result
in mismatches between plants and pollinators (Byers, 2017). Some studies have
reported that plants tend to accelerate their phenology more in response to
warming than pollinators (Forrest and Thomson, 2011; Kudo and Ida, 2013) and

ozone may add to the mismatch by further advancing flowering and leaving the
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plants without interaction partners for longer periods, reducing their fitness. The
general direction, however, seems to be of a faster acceleration of insect phenology
than plant phenology in response to warming (Thackeray et al.,, 2016), in which
case, ozone may counteract temperature effects and re-establish synchronization.
In addition, pollinators themselves may be able to induce the onset of flowering
when faced with low availability of pollen resources and increase synchronisation
of flowering time with pollinator presence (Pashalidou et al., 2020). Plant-pollinator
temporal mismatches are of particular concern for highly specialized plant-
pollinator interactions, for plants and pollinators that have a reduced activity
period and for plants and pollinators that are active in the extremes of the
pollinating season (Burkle et al., 2013; Forrest and Thomson, 2011). Being a
pollinator generalist that blooms in the middle of the pollinating season and has a
flowering period that lasts for a few weeks, wild mustard is unlikely to be at risk of
desynchronization with its pollinators. Other costs of acceleration of flowering,
which may have consequences for reproduction, are reduced allocation of resources
to vegetative growth and to defense. In this study, the acceleration of flowering in
response to ozone was particularly observed for the experiments that were
performed in autumn, when flowering was overall delayed. Light quantity, quality
and duration, as well as temperature, are usual cues that induce flowering (McClung
et al., 2016). In the absence of these cues, stress factors may step in and act as
flowering inducers (Takeno, 2016). Therefore, the lack of a strong light and/or
temperature cue is possibly at the root of the acceleration of the onset of flowering
by ozone observed in this study.

In the bumblebee experiment, there was a moderately higher number of
flower visits to ozone-exposed plants than to control plants, which was driven by a
higher number of open flowers in those plants. Flowering earlier may have
conferred an advantage to ozone-exposed plants by reducing the competition in
the beginning of flowering, when flowering plants were dominantly ozone-exposed
plants. We expected that exposure of the plants to ozone would affect the
attractiveness of the plants to pollinators, by altering the floral bouquet that is
emitted by the plants and used by pollinators as olfactory cues. However, this does
not seem to be the case. Recent work from Saunier and Blande (2019) assessed that
wild mustard plants do not show effects of ozone, either on the floral volatile

emission rates or on the floral blend composition. The plants may, however, have
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altered other floral traits in response to ozone, such as flower size, number of
pollen grains, and nectar volume and concentration, as occurs with other stresses
(Descamps et al., 2020; Rusman et al., 2019a; Rusman et al., 2019b). In fact, besides
olfactory cues, pollinators are also attracted to flowers by visual cues (Chittka and
Raine, 2006) and at least some pollinators favour visual cues over scent (Barragan-
Fonseca et al., 2020). Therefore, an alternative explanation to the absence of effect
of ozone on flower attractiveness is that in our experimental set-up, the use of
visual cues was favoured in detriment of the chemical cues. Also, we should
consider that the number of pollinators introduced in the greenhouse may have
been too high, leading to a high demand/supply ratio for food resources. In a
situation of low food supply, pollinators cannot afford to favour some plants over
others, instead they forage to whatever they find.

The strongest effect of ozone in pollinator behaviour was the increase in the
average time honeybees spent per flower. We hypothesize that this increase is due
to changes in the quantity or quality of nectar produced by the flowers. Flowers of
broad bean plants that grew under high ozone conditions and were transferred to
ozone-clean conditions at flowering, produced a higher volume of nectar and this
nectar had a higher concentration of sucrose and amino-acids compared to the
flowers of plants that were permanently kept in ozone-clean conditions (Stabler,
2016). The fact that we only observed this effect in the honeybee experiment may
be due to ozone x temperature interactions, since the honeybee experiment was
performed in the warmest conditions and high temperatures were shown to have
interactive effects with ozone (Duque et al., 2019). Alternatively, pollinator
response to stress-induced plants may be species-specific, as shown in studies of
Brassica nigra plants infested by herbivores (Bruinsma et al., 2014; Rusman et al.,
2018), highlighting the importance of considering each pollinator separately.

Interestingly, ozone exposure only affected reproduction of the plants
pollinated by the hoverflies. In the hoverfly experiment, there was a tendency for
reduced total flower numbers, reduced vegetative plant mass, and reduced flower
visitation in response to ozone. Although none of these effects was particularly
important, collectively they lead to a reduction in the reproductive success rate of
flowers, the number of fruits set and the total number of seeds produced by ozone-

exposed plants, indicating that the effects of ozone accumulate. The observed
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reduced reproductive fitness may also come from decreased ovule viability

following ozone exposure, as observed by Gillespie et al. (2015).

Conclusions

Reproduction is the ultimate goal of plants. In the presence of ozone, plants
shifted their investment from vegetative growth to reproduction, by accelerating
the onset of flowering. Exposure to ozone did not seem to have a strong effect on
pollinator preference, but honeybees spent more time per flower on ozone-exposed
plants, maybe due to higher nectar contents. Nevertheless, the plants’ mechanisms
to cope with ozone stress were not always enough to offset the effects of ozone:
in one of our experiments, plants that had been exposed to ozone had decreased
reproduction. Furthermore, it should be considered, that acceleration of flowering
in a natural setting may lead to desynchronization between plant and pollinator
activity and therefore to stronger indirect effects of ozone on plant reproduction
than those observed here. Future studies on the effects of ozone on plant-
pollinator interactions should take this into account. Additionally, attention should
be directed to the interactive effects of ozone with other co-occurring global
change drivers, such as increased temperature, increased drought episodes, and
higher carbon dioxide concentrations, since they may either exacerbate or

counterbalance the effects of ozone.
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Supplementary material to chapter Il

Table SIlI.1 — Details on the periods the experiments were performed and the conditions in
the ozone chamber during the fumigation period (ozone concentration, temperature and
relative humidity (mean * standard deviation), as well as accumulated ozone exposure
(AOT40))

bperiment TWIIT oung feied el [t te AT o wiy istoon
observations

1 osmia 1 043/82%0’19 114.62 + 12.18 2238 275+ 1.4 544 % 41 1133/5320’19
bicornis 2 11%@20'19 116.08 + 7.34 2283 253+ 45 480+ 26 181/32320'19

i Apis 1 0532330'19 113.95 + 13.71 2218 293+ 16 51.7+22 08%/6320'19
mellifera 2 10‘;2/6320'19 120.07 + 9.49 2402 295+ 1.7 458+ 22 17};2‘;20‘19

; Eristalis 1 201/22320’19 116.54 + 7.31 2296 27.0 £ 1.1 442 % 2.1 27%@30’19
tenax 2 27‘7}3/9330'19 116.28 + 9.15 2289 29.1+ 1.1 452 +28 04‘3%330'19

\ Bombus 1 113:6}20’19 116.13 + 7.99 2285 275+ 13 555+ 32 181/%1/20’19
terrestrts 2 211/:{)1/20'19 114.09 + 8.17 2223 284+ 1.7 61.1+43 28‘3%1/(;0'19

Fitted models

Model 1. Number of open flowers per plant ~ Treatment x Time + Treatment
x Experiment + random (Experiment/Round)
Zero-inflation model: ~ Treatment x Time + Treatment x Experiment
Dispersion model: ~Time

Family = truncated_nbinom1

Model 2. Number of total flowers produced ~ Treatment x Experiment +
random (Experiment/Round)

Family = nbinom?2

Model 3. Plant vegetative mass ~ Treatment x Experiment + random
(Experiment/Round)

Family = gaussian



Plant-mediated effects of ozone on plant-pollinator interactions

Models 4. Number of flower visits performed per plant in 10 minutes (with
and without offsetting for the absolute number of open flower and their relative

numbers at any given period)

Model 4.1. Number of flower visits in 10 min ~Treatment x Time +
random(Plant)
Zero-inflation: ~1

Family = nbinom1

Model 4.2. Number of flower visits in 10 min ~ Treatment x Time +
offset(log(Number of open flowers)) + offset(Relative abundance of open flowers)
+ random(Plant)

Zero-inflation: ~1

Family = genpois

Models 5. Number of visitors received in 10 minutes (with and without
offsetting for the absolute number of open flower and their relative numbers at

any given period)

Model 5.1. Number of visitors received in 10 min ~Treatment x Time +
random(Plant)
Zero-inflation:~1

Family = nbinom1

Model 5.2. Number of visitors received in 10 min ~Treatment x Time +
offset(log(Number of open flowers)) + offset(Relative abundance of open flowers)
+ random(Plant)

Zero-inflation:~1

Family = genpois

Model 6. log(Average time spent per flower) ~Treatment x Time +
random(Plant)

Family = gaussian
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Model 7. Fruits produced ~ Treatment + Number of total flowers produced +
random(Round)

Family = gaussian

Model 8. Success rate of the flowers ~ Treatment + random(Round)

Family = betabinomial

Model 9. Individual seed weight ~ Treatment + random(Round)

Family = gaussian

Model 10. Seeds produced per pod ~ Treatment + random (Round/Plant)

Family = gaussian

Model 11. log(Estimated total seeds produced) ~ Treatment + random(Round)

Family = gaussian

Model 12. Estimated total seed weight ~ Treatment + random(Round)

Family = gaussian

Results tables

Table SIIl.2 — Effects of ozone on the number of open flowers during the 7 days following
fumigation

Conditional model Zero-inflation model

Explanatory variable Chisq Df P-value Chisq Df P-value

Treatment (Control vs Ozone) 1.9 1 0.165 13.1 1 <0.001
Time (Days after fumigation) 307.5 1 <0.001 60.9 1 <0.001
Experiment 43.7 3 <0.001 98.0 3 <0.001

Treatment x time 1.5 1 0.218 0.9 1 0.337
Treatment x Experiment 4.9 3 0.181 19.4 3 <0.001
N = 896
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Table SIIl.3 — Effect of ozone on the flowering onset within each experiment

Experiment T-ratio P-value
1 -0.481 0.631
2 -0.052 0.959
3 5.478 < 0.001
4 1.976 0.049

Table SIIl.4 — Effects of ozone on the plants’ reproductive and vegetative investment

Number of total flowers

produced Plant vegetative mass

Explanatory variable  Chisq Df P-value Chisq Df P-value

Treatment (Control vs

Ozone) 56 1 0.110 3.0 1 0.084

Experiment 121.2 3 <0.001 166.2 3 <0.001

Treatment x Experiment 1.0 3 0.813 4.0 3 0.256
N = 107 N = 107

Table SIIl.5 — Effects of ozone on the number of flower visits a plant receives in 10-min
observations by 4 different pollinators, without correcting for the amount of open flowers

Apis mellifera Bombus terrestris Eristalis tenax Osmia bicornis

Explanatory

variable Chisq Df P-value Chisq Df P-value Chisq Df P-value Chisq Df P-value

Treatment (Control

0.8 1 0.373 2.9 1 0.088 0.9 1 0.333 1.5 1 0.222
vs Ozone)

Time (Days after

S 524 1 <0.001 147 1 <0.001 4.9 1 0.027 0.8 1 0.365
fumigation)

Treatment x time 1.9 1 0.171 1.3 1 0.250 0.1 1 0.744 2.5 1 0.117

N = 205 N =112 N =135 N =178
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Table SIIl.6 — Effects of ozone on the number of flower visits a plant receives in 10-min
observations by 4 different pollinators, corrected for the amount of open flowers.

Apis mellifera Bombus terrestris Eristalis tenax Osmia bicornis

Explanatory

variable Chisq Df P-value Chisq Df P-value Chisq Df P-value Chisq Df P-value

Treatment (Control

0.9 1 0.354 0.0 1 0.978 1.9 1 0.165 1.2 1 0.277
vs Ozone)

Time (Days after

A 0.1 1 0.823 0.2 1 0.664 7.9 1 0.005 17.1 1 <0.001
fumigation)

Treatment x time 2.5 1 0.113 2.5 1 0.116 0.0 1 0.955 0.2 1 0.677

N = 205 N =112 N =135 N =178

Table SIII.7 - Effects of ozone on the number of visitors a plant receives in 10-min
observations during the week following fumigation (corrected for the amount of open
flowers).

Apis mellifera Bombus terrestris Eristalis tenax Osmia bicornis

Explanatory variable Chisq Df P-value Chisq Df P-value Chisq Df P-value Chisq Df P-value

Treatment (Control 5\ (4905 04 1 0530 04 1 0426 02 1 0685
vs Ozone)

Time (Days after

M 8.7 1 0.003 1.1 1 0.301 16.1 1 <0.001 15.1 1 <0.001
fumigation)

Treatment x time 3.2 1 0.073 0.6 1 0.433 0.2 1 0.640 0.0 1 0.981

N = 205 N =112 N = 135 N =178

Table SIII.8 - Effects of ozone on the number of visitors a plant receives in 10-min
observations during the week following fumigation (not corrected for the amount of open
flowers).

Apis mellifera Bombus terrestris Eristalis tenax Osmia bicornis

Explanatory variable Chisq Df P-value Chisq Df P-value Chisq Df P-value Chisq Df P-value

Treatment (Control

0.9 1 0.356 2.3 1 0.130 0.6 1 0.435 0.4 1 0.519
vs Ozone)

Time (Days after ) .+ _5001 146 1 <0.001 09 1 035 07 1 0.390
fumigation)

Treatment x time 2.9 1 0.090 0.6 1 0.423 1.6 1 0.210 0.9 1 0.330

N = 205 N =112 N =135 N =178
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Table SIII.9 — Effects of ozone on the average time a pollinator spends per flower

Apis mellifera Bombus terrestris Eristalis tenax Osmia bicornis

Explanatory variable Chisq Df P-value Chisq Df P-value Chisq Df P-value Chisq Df P-value

Treatment (Control
vs Ozone) 7.7 1 0.010 0.0 1 0.991 0.0 1 0.968 0.2 1 0.664

Time (Days after
fumigation) 3.2 1 0.073 0.0 1 0.844 1.1 1 0.302 0.7 1 0.416

Treatment x time 0.0 1 0.943 0.7 1 0.393 0.1 1 0.764 0.6 1 0.440

N = 300 N =175 N = 105 N = 155

Table SIII.10 — Effects of ozone on fruit set of the entire plant and separately for the
terminal inflorescence

Apis mellifera Bombus terrestris Eristalis tenax Osmia bicornis

Explanatory

variable Chisq Df P-value Chisq Df P-value Chisq Df P-value Chisq Df P-value

Treatment (Control

1.7 1 0.191 0.5 1 0.478 4.8 1 0.029 1.2 1 0.269
vs Ozone)
Plant

Numberoftotal ..\ 5401 762 1 <0001 296 1 <0.001 284 1 <0.001
flowers

Treatment (Control

0.2 1 0.679 0.3 1 0.581 6.9 1 0.009 1.0 1 0.320
vs Ozone)

Terminal
inflorescence Number of total

26.2 1 <0.001 14.12 1 <0.001 33.3 1 <0.001 1039 1 <0.001
flowers

N =32 N=22 N =23 N =30
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Table SIII.11 - Effects of ozone on reproductive success rate, average seed weight,
estimated total seed weight and estimated total number of seeds, for the entire plant and
separately for the terminal inflorescence

Apis mellifera Bombus terrestris Eristalis tenax Osmia bicornis

Response variable Chisq Df P-value Chisq Df P-value Chisq Df P-value Chisq Df P-value

Reproductive

1.9 1 0.165 0.8 1 0.370 2.8 1 0.092 0.3 1 0.602
success rate

Average seed oo 4 5003 27 1 0103 16 1 0207 05 1  0.476
weight
Plant
Estimated total

. 0.0 1 0.847 0.0 1 0.908 2.7 1 0.099 1.7 1 0.195
seed weight

Estimated total

1.9 1 0.169 0.7 1 0.397 5.3 1 0.021 0.6 1 0.443
number of seeds

Reproductive

0.0 1 0.973 0.5 1 0.473 5.2 1 0.022 0.3 1 0.571
success rate

Average seed
Terminal weight
inflorescence

3.2 1 0.075 1.1 1 0.286 0.0 1 0.967 1.3 1 0.253

Estimated total

. 0.0 1 0.891 1.1 1 0.286 2.6 1 0.106 0.0 1 0.898
seed weight

Estimated total

0.5 1 0.482 1.5 1 0.216 3.1 1 0.079 0.4 1 0.512
number of seeds

N =32 N =22 N =23 N =30

Table SIII.12 - Effects of ozone on the number of seeds produced per pod in the entire
plant and separately for the terminal inflorescence

Apis mellifera Bombus terrestris Eristalis tenax Osmia bicornis

Chisq Df P-value Chisq Df P-value Chisq Df P-value Chisq Df P-value

Plant 2.0 1 0.158 0.2 1 0.627 0.1 1 0.794 0.3 1 0.592

_Terminal 4504 9307 22 1 0140 0.6 1 0447 0.6 1 0455
inflorescence

N =320 N =220 N =230 N = 300
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Supplementary figures
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Figure SlIl.1 — The flowering patterns of plants, in the 7 days after fumigation, differed
between experiments. P-values are presented for all the fixed variables of the conditional
model. The dots are the data points and the lines represent the regression model tested.
Data points were jittered to improve visualization.
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Figure SI1.2 — The effect of ozone on the number of flower visits a plant receives in 10-min
periods on the 7 days following fumigation for four different pollinators. Models were
corrected for the amount of open flowers available for pollination. The lines represent the
regression lines of the models tested and the dots are the data points. Data points were
jittered to improve visualization. P-values are presented for all fixed factors included in
the model.
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xposure of plants to environmental stressors can modify their

metabolism, interactions with other organisms and reproductive

success. Tropospheric ozone is a source of plant stress. We
investigated how an acute exposure to ozone at different times of plant
development affects reproductive performance, as well as the flowering patterns
and the interactions with pollinators and herbivores, of wild mustard plants. The
number of open flowers was higher on plants exposed to ozone at earlier ages than
on the respective controls, while plants exposed at later ages showed a tendency
for decreased number of open flowers. The changes in the number of flowers
provided a good explanation for the ozone-induced effects on reproductive
performance and on pollinator visitation. Ozone exposure at earlier ages also led
to either earlier or extended flowering periods. Moreover, ozone tended to increase
herbivore abundance, with responses depending on herbivore taxa and the plant
age at the time of ozone exposure. These results suggest that the effects of ozone
exposure depend on the developmental stage of the plant, affecting the flowering
patterns in different directions, with consequences for pollination and reproduction

of annual crops and wild species.

This chapter is published as Duque, L., Poelman, E.H., Steffan-Dewenter, I,
2021. Plant age at the time of ozone exposure affects flowering patterns, biotic

interactions and reproduction of wild mustard. Scientific Reports 11, 10.
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Introduction

Air pollution is an anthropogenic driver affecting the health of both humans
and terrestrial ecosystems (Agathokleous et al.,, 2020; Grulke and Heath, 2020;
Manisalidis et al., 2020). Tropospheric ozone is a highly oxidative atmospheric
pollutant that has the potential to change a plant’'s metabolism and therefore its
interactions with other organisms (Agathokleous et al., 2020).

The formation and removal of tropospheric ozone is complex and it is in a
constant balance that depends on pollutant emissions as well as climate and
meteorology (Fitzky et al.,, 2019). Tropospheric ozone is a secondary pollutant,
formed by the reaction of primary pollutants, namely nitrogen oxides (NOx) and
volatile organic compounds in the presence of sunlight. It can be removed by NO
(nitric oxide) titration, photolysis, deposition on surfaces and uptake by plants
(Fitzky et al., 2019). Tropospheric ozone concentrations have greatly increased
since pre-industrial times (Young et al., 2013). While the effort to reduce precursor
emissions has led to a reduction of tropospheric ozone levels in some parts of the
world (Lin et al., 2017; Yan et al.,, 2018), globally, ozone concentrations are still
increasing (Ziemke et al., 2019), and in places like China, it is now an issue of major
concern (Lu et al.,, 2020). Due to the highly complex balance of production and
removal, ozone concentrations can increase even when air pollution in general
decreases, as was the case during the first COVID-19 lockdown in some cities in
Europe and China (Sicard et al., 2020) and can be higher away from the places
where the majority of the primary pollutants are emitted, like rural areas (Fitzky et
al., 2019; Yan et al., 2018), where it can affect vegetation.

In an ozone-polluted atmosphere, a plant’s susceptibility and reaction to
ozone may determine its competitiveness and therefore its persistence as part of a
given plant community (Hayes et al., 2007; Martinez-Ghersa et al., 2017; Wedlich et
al., 2012). Ozone pollution also alters root exudation, modifying soil microbial
communities (Changey et al., 2018; Wang et al., 2017); it alters the nutritional value
of plants, affecting the development of herbivores feeding on ozone exposed plant
tissues (Couture and Lindroth, 2012; Couture et al., 2012; Duque et al., 2019;
Khaling et al., 2015); and it changes plant volatiles, potentially altering plant
attractiveness or repellence to insects (Giron-Calva et al., 2016, 2017; Li et al., 2016;

McFrederick et al.,, 2009; Saunier and Blande, 2019).
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Reproductive performance depends not only on the plant and its capability
to react to a multitude of abiotic environmental factors (Dolferus et al., 2011;
Leisner and Ainsworth, 2012; Zinta et al.,, 2016), but also on the interactions of the
plant with other organisms in its ecosystem (Grass et al., 2018). Tropospheric ozone
can reduce plant reproductive performance, as measured by the number of seeds
produced by the plant, in a wide range of species (Leisner and Ainsworth, 2012;
Singh et al., 2014). Some of the proposed mechanisms by which ozone might affect
reproductive performance include 1) decreased photosynthesis by means of a)
reduced photosynthetically active leaf area due to cell death or accelerated
senescence or b) decreased Rubisco activity, 2) inhibition of assimilate
translocation and 3) effects on reproductive processes such as decreased pollen
germination, decreased pollen tube growth and abscission of reproductive sites
(Fiscus et al., 2005; Leisner and Ainsworth, 2012). However, other factors should be
taken into consideration, such as plant phenology, as well as interactions of plants
with other organisms, namely their pollinators and herbivores. Ozone has been
shown to alter the timing of the onset of flowering (Duque et al.,, 2021; Hayes et
al.,, 2012; Ramo et al.,, 2007) and to decrease the number of flowers (Hayes et al.,
2012; Ramo et al., 2007), which may alter reproductive success. For entomophilous
plants (i.e. plants that depend mainly on insects for pollination) interaction with
pollinators is key to their reproductive performance (Bommarco et al., 2012;
Webber et al., 2020). Ozone can affect the floral volatiles that the plant emits to
attract pollinators (Saunier and Blande, 2019), or posteriorly react with those
volatiles in the atmosphere (Farre-Armengol et al.,, 2016). These changes in floral
volatiles render the floral scent less attractive for naive pollinators, but the
pollinators may have the ability to learn these new scents (Cook et al.,, 2020a).
However, few studies have addressed the subject of the impact of ozone on the
interaction between plants and their pollinators from an empirical point of view.
Another group of organisms that may strongly affect a plant's performance are
herbivores, either by feeding on the plant vegetative parts and reducing plant
photosynthesis, or by directly destroying reproductive organs or fruits. Most
studies that assessed the effects of tropospheric ozone on plant-herbivore
interactions have focused their attention on the effects of the modified interactions
from the perspective of the herbivores (Couture and Lindroth, 2012; Couture et al.,,

2012; Duque et al.,, 2019; Khaling et al.,, 2015; Peltonen et al., 2010), while the
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consequences for plant reproduction are little explored. Since Lee et al. (1988)
suggested that sensitivity of plants to ozone depended on the timing of exposure,
a handful of studies assessed the effects of plant age/phenological stage during
exposure on reproduction and other plant parameters (Lyons and Barnes, 1998;
Pleijel et al., 1998; Reiling and Davison, 1992, 1994) and this factor was included in
some ozone-exposure indexes (Mills et al., 2017). However, no single study tried to
assess the effects of the timing of exposure to ozone on plant-insect interactions
and the consequences for the reproductive performance of the plants.

In the present study, we exposed wild mustard (Sinapis arvensis L.) plants, in
fumigation chambers, to an acute ozone exposure in four different periods of their
life cycle. These plants were subsequently grown in a field where they were
accessible for both pollinators and herbivores. We aimed to answer the following
research questions: 1) Does an exposure to enhanced levels of ozone alter the
reproductive performance of wild mustard plants and does this depend on the plant
age at the time of exposure? 2) When reproductive performance is affected, is this
due to compensatory responses in the plant's phenology? 3) Is this due to altered
interactions between the plant and its pollinators? 4) Is this due to altered

interactions between the plant and its herbivores?

Material and methods

This experiment was performed between April and October 2017. Wild
mustard (Sinapis arvensis L.) plants were exposed to a target level of 120 ppb of
ozone in a fumigation system placed in a greenhouse. Plants were exposed at
different ages (Fig. IV.1). Following exposure, plants were placed outdoors to be
openly exposed to pollinators and herbivores. Plant reproductive performance was
assessed. All methods were performed in accordance with the relevant guidelines

and regulations.

Plant material

Native to Europe, the Middle East and Western Asia, wild mustard is now
widespread through most of the temperate regions of the world, where it is

considered a weed (Warwick et al., 2000). It is an annual entomophilous plant with
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an indeterminate growth habit (i.e. it continues to produce flowers when the
reproductive success is low) (Mulligan and Bailey, 1975; Warwick et al., 2000). As a
plant whose germination starts mainly in early spring (Fogg, 1950), wild mustard is
at risk of increased ozone exposure, as the timing of maximum exposure to ozone

is shifting from Summer to Spring (Neufeld et al., 2019).
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Figure IV.1 — Chronology of the experiment

For this study, wild mustard seeds were provided by the Botanical Garden of
Konstanz, Germany. The seeds were sown in seed trays and repotted 2 weeks later
into 18 x 18 cm pots. A 2:1-mixture of peat based substrate (Einheits Erde CL ED
73) and sand (Hamann Filtersand 0,7-1,25 mm) was used both in the seed trays and
in the pots. The plants were watered throughout the experiment according to their
needs and no fertilizer was added. 3 cohorts of plants were sown on the 26" April,
14t June and 12" July 2017. 32 plants were used per cohort. The 15t cohort was
kept in a greenhouse at all times until after fumigation. This cohort of plants was
found to be very tender, breaking easily when put outside after fumigation.
Therefore, for the 2"¥ and 3 cohorts, the plants were often taken outside of the
greenhouse before fumigation, during daylight hours, for hardening off.

To test whether the effects of ozone are dependent on plant age at the time
of fumigation, plants were fumigated at different ages, with plant age being
counted from the day of sowing. Hence, each week since the plants were 3 weeks
old up until when they were 6 weeks old, 8 plants (4 per treatment level) were
chosen for fumigation. Plant selection and assignment of fumigation treatment
were random, except that it was made sure all plants in one round of fumigation
were in the same phenological stage. Plants from the first cohort developed more

slowly, presumably due to the meteorological conditions observed, therefore plant

89



The effect of plant age at the time of ozone exposure on plant-insect interactions

age and plant phenological stage at the beginning of the fumigation treatment are

mostly overlapping but do not totally coincide for all cohorts (Table SIV.1).

Ozone fumigation

Fumigation took place in a fumigation system with 2 glass chambers placed
in a greenhouse (Duque et al.,, 2019). In this fumigation system, the air is supplied
by a compressed air system and passes through an activated charcoal filter and a
particle filter before it reaches the chambers. To increase the ozone level, a small
portion of the incoming air diverges from this main stream and passes through an
air dryer (AIRdyer3.1, INNOTEC) and a customized ozone generator (INNOTEC high
engineering GmbH) before it reaches one of the chambers. To attain the desired
ozone-enhancement, the ozone generator is regulated by a controller connected
to an ozone analyser (APOA-370, Horiba Ltd). The air comes into the chambers
through an opening at the top of the door frames and leaves the chambers
passively through an opening at the bottom of the door frames. The air that is
analyzed derives from two different points at different heights in the chambers.
When the air is not being ozone-enhanced, the ozone concentration is below 1 ppb.

The fumigation treatment consisted of exposing plants to 2 different levels of
ozone: ozone-clean and ozone-enhanced. The chambers were randomly assigned
an ozone level before each fumigation round. The ozone-enhanced level
(henceforward called ozone) consisted of exposing the plants to a target ozone
concentration of 120 ppb of ozone for 6 hours/day from 11:00 to 17:00 CEST and
to < 1 ppb of ozone for the rest of the day. Due to some technical problems, the
ozone concentration during the fumigation was very variable, particularly for the
first plant cohort (table S1). In the ozone-clean level (henceforward called control)
the plants were exposed to < 1 ppb of ozone all day long. The fumigation
treatments lasted 7 consecutive days.

120 ppb ozone is a very high tropospheric ozone concentration, but one that
is sometimes exceeded during high ozone episodes in the current times and is
expected to occur more often in the future in the developing regions of the world
(Lei et al.,, 2012). However, these exact conditions are unlikely to occur, as in nature,
ozone concentration will not rise from < 1 ppb to ~ 120 ppb in a matter of minutes

or drop againto < 1 ppbin ashort period. On the other hand, the control treatment



Chapter IV

does not represent the ambient ozone levels currently observed in the troposphere,

but the absence of ozone.

Pollination and herbivory

At the end of each fumigation, the plants were placed outside in an
experimental garden. The plants were kept in the pots and the pots were ~80%
buried in the ground. The plants from each cohort were randomly positioned in an
8-row rectangular design with 2 m distance between plants.

During flowering, plants were observed for 4-min periods, ~3 times per week,
for flower visits. We did 19 = 5 observations per plant for a total of 1588 4-min
observations. The sequence of plants observed on each day was randomized.
During these observations, we recorded the number of flower visitors, the visitor
guild (wild bee, honeybee, bumblebee, syrphid fly, other flies, butterflies and
others), and, when possible, the number of flowers visited. Ants and rape pollen
beetles were also found on the flowers, but they were disregarded, for our purpose
was to assess possible pollinator visitation and they are not expected to provide
pollination services. In more than 90% of the observation periods, the number of
open flowers per plant was also counted. Missing data on the number of open
flowers was predicted by fitting a flowering curve for each plant using the gam
function (mgcv package version 1.8-31 (Wood, 2003)) in R.

The plants were observed 1-2 times per week for the presence of herbivores
and predators (abundance) or signs of herbivory (percentage of leaf tissue
damaged by chewing herbivores). When abundance of herbivores was above circa
200 (this was the case for aphids only), abundance was estimated by considering
the area occupied by a subset of herbivores. Percentage of leaf tissue damaged by
chewing herbivores, henceforward referred to as herbivore damage, did not include

leaf mining.

Reproductive success

At fruit maturity, the number of seeds produced per pod was counted for a
set of 20 pods per plant (when possible) and 100 seeds per plant (when possible)

were weighed. The plants were collected and the total number of fruits produced
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per plant, as well as the total number of reproductive sites that did not set fruit,
were counted. Using the data collected, we estimated the total number of seeds (=
number of fruits produced x average number of seeds per pod) and the total seed
weight (= estimated total number of seeds x average weight of one seed) produced
by the plant. The 10 plants that produced an estimated number of seeds lower than
100 were not considered in the statistical analysis of this study, because we
considered they had an abnormal development (number of seeds per plant was

4778 + 2477 (mean % sd)).

Statistical analysis

All statistical analyses were performed in R version 4.0.1 (R Core Team, 2020).
To answer our research questions, we fitted (generalized) mixed effects models
using the glmmTMB function from the glmmTMB package version 1.0.1 (Brooks et
al., 2017). The fit of the models was tested using the Dharma package version 0.3.1
(Hartig, 2020). For all models, we used the factors treatment (control vs ozone),
plant age at the time of exposure and their interactions as fixed factors and plant
cohort as a random factor. Other variables were only included when they improved
the fit of the models (see table S2 for further details on the models). Furthermore,
we used AlCc (Akaike Information Criterion, corrected for small sample sizes) to
select the best model predicting the number of seeds produced per plant. Post-hoc
tests were performed to assess at what plant age exposure to ozone is relevant.
Post-hoc tests as well as model predictions presented in the graphs, were obtained
using the emmeans and emtrends functions in the emmeans package version 1.4.7

(Lenth, 2020a).

Results

Wild mustard plants were affected by ozone differently in their reproductive
performance depending on the age of the plant at the beginning of the fumigation
period (Treatment x Plant age: p = 0.006, p < 0.001 and p = 0.003, for the number
of fruits, number of seeds and total seed weight produced, respectively, Fig. IV.2,
Table SIV.3). Reproductive performance of control plants differed between plants

exposed at different ages likely due to the different amounts of time they were
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kept in the more favorable greenhouse conditions. In 3-week old plants, ozone
exposure improved the reproductive performance of plants: they produced 1.7
times more fruits, 2.4 times more seeds and 2.4 times higher total seed weight than
the respective control plants (p = 0.004, 0.002 and 0.006, respectively, Table SIV.3).
The plants showed a tendency to have reduced reproductive performance when
fumigated at later ages, particularly when fumigated at age 5 and 6 weeks. This
tendency was only significant for the total seed weight of plants exposed at 5
weeks, when the yield of ozone-exposed plants was only 58 % of the control plants
(p = 0.035). The results from flowering phenology, plant-pollinator and plant-
herbivore interactions provide possible explanations for these plant age-dependent

responses to ozone stress.
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Figure IV.2 — The effect of exposure to ozone at different plant ages on the reproductive
performance of individual plants. The dots are data points and the error bars represent the
means and standard deviations as provided by the models tested. The asterisks represent
significant effects of ozone exposure within plant age (* 0.05 > p = 0.01; ** 0.01 > p 2
0.001).

Flowering phenology

Ozone exposure affected the flowering patterns of the plants differently
according to plant age (Treatment x Plant age, p = 0.027; Treatment x Plant age x
DAS (Days after sowing), p < 0.001, Fig. IV.3, Table SIV.4). Plants that were exposed
to ozone when they were 3 weeks old had, on average, more open flowers on the
observation days than control plants (p = 0.008, Table SIV.5). In addition, exposure
to ozone modified the flowering curve of plants exposed when they were 3 and 4-

weeks old (p < 0.001, Fig. IV.3, Table SIV.5). Ozone exposure led to earlier flowering
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of plants exposed at 3 weeks, while plants exposed when they were 4 weeks old
started flowering at the same time as control plants but reached peak flowering
later and prolonged the flowering period (Fig. IV.3). There was no significant effect
of ozone on the flowering patterns of plants fumigated at later ages, but we
observed a tendency for a decrease in the number of open flowers (p = 0.285 and
p = 0.062 for plants fumigated at ages 5 and 6 weeks respectively, Table SIV.5, Fig.
V.3).

Plant age at the beginning of the fumigation period (weeks)

Number of open flowers

20 40 60 80 20 40 60 80
Days after sowing

Treatment

== (Control == Ozone

Figure IV.3 — The effect of exposure to ozone at different plant ages on the flowering
patterns of individual plants. The dots are data points and the curves are the regression
lines as provided by the model.

Plant-pollinator interactions

Of the registered 3150 flower visits, 90% were performed by bees and syrphids
(69 and 20%, respectively). The other flower visitors were flies (7%), butterflies (1%)
and other insects (2%). Amongst bees, 66% were honeybees and 34% were wild
bees, while the representation of bumblebees was lower than 1%. The response of
the flower visitors to the ozone treatment depended on the plant age at the
beginning of the fumigation period (Treatment x Plant age: p < 0.001, Table SIV.6).
In general, there was a tendency for plants that were fumigated with ozone at
earlier ages to have more flower visits than the respective controls, while this
tendency was reverted for plants fumigated at later stages (Table SIV.6 and Fig.
SIV.1). However, the response varies with the pollinator guild considered, with bees
showing this pattern more clearly than syrphids or the overall visitors (Table SIV.6

and Fig. SIV.1). When refitting the models tested by correcting for the number of
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open flowers, no effects of ozone on the number of visitors were observed, except
for the group of large syrphids, that still showed a positive effect of ozone exposure
at the 3 weeks stage on flower visitation (p = 0.021, Table SIV.7). This indicates that
the effects of ozone on the number of flower visitors were mainly due to the
changes in the number of open flowers. The number of flowers visited by a single
visitor in a 4-minute interval was not affected by ozone (Treatment: p = 0.726),
independently of the timing of exposure to ozone (Treatment x Plant age: p =

0.462).

Plant-herbivore interactions

Several herbivores and predators were observed on the plants after they were
placed in the field. Although we often observed butterfly eggs of the species Pieris
rapae and Pieris brassicae, we rarely saw any caterpillars, indicating high predation
rates or plant resistance to insect eggs. The most abundant herbivores were aphids,
especially of the species Brevicorine brassicae and Myzus persicae. Other insects
that we observed in greater numbers on the plants included Lygus pratensis bugs
and larvae of the aphid midget Aphidoletes aphidimyza. Although ozone did not
have a strong effect on the level of damage by chewing herbivores (Treatment: p =
0.127, Treatment x Plant age: p = 0.263, Table SIV.8), the damage tended to be
higher on plants fumigated with ozone at plant age 6 weeks than on control plants
(p = 0.015, Table SIV.8, Fig. SIV.2). Also, on the rare occasions when ozone had an
effect on insect abundance, the effect was positive for herbivores and negative for
predators (Table SIV.8, Fig. SIV.2). The number of aphids was higher on plants
fumigated with ozone at plant age 4 weeks (p = 0.041), the number of Lygus
pratensis bugs was higher on plants fumigated with ozone at plant age 3 weeks (p
= 0.049), but the number of aphid midget larva was lower on plants fumigated with
ozone at plant age 6 weeks (p = 0.015), than on the respective controls.

Including herbivory (average number of aphids and average herbivore
damage), pollination (average visitation rate) and average number of open flowers
as predictor variables in the model predicting the number of seeds produced by
the plants improved the model fit, while adding only the average number of open
flowers provided the best model (Table SIV.9). The number of seeds produced by

the plant increased with increased number of open flowers on the plants (p < 0.001,
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Table SIV.9, Fig. IV.4). Including the average number of open flowers in the model
resulted in a weaker pattern of the direct effects of ozone on the number of seeds
produced (Treatment x Plant age: p = 0.018, Table SIV.9), while still showing a
strong positive effect of ozone exposure on plants fumigated when they were 3
weeks old (p = 0.003, Table SIV.9, Fig. IV.4). This indicates positive effects of ozone
on the number of seeds produced that go beyond the increase in the number of

flowers.

Plant age at the beginning of the fumigation period (weeks)

10000 1
7500+
5000+
2500 1

Number of seeds

o
1

100 200 O 100 200 C 100 200

Average number of open flowers

Treatment

== Control == Ozone

Figure IV.4 — The effect of ozone exposure at different plant ages on the number of seeds
produced by the plants in relation to the average number of open flowers recorded during
observations days. The lines represent the best model tested (lowest AlCc) for predicting
the number of seeds. Regression lines are provided by the emmeans package. P-values are
presented for the effect of ozone when p < 0.05.

Discussion

Subjecting wild mustard plants to an acute ozone exposure at different stages
of their life revealed that ozone had opposite effects on plant reproductive
performance depending on plant age at the time of exposure. While younger plants
tended to overcompensate, meaning they responded to ozone stress by increasing
reproductive performance, older plants were less plastic in their responses and
tended to show reduced reproductive performance. By analyzing possible
underlying mechanisms that led to these differences, we could reveal that 1) the
effects of ozone on the flowering patterns of the plants depended on plant age
during exposure, 2) the number of pollinators visiting the plants depended on plant
age during exposure and was mostly driven by the different number of flowers open
for pollination, 3) ozone stress tended to increase herbivory, particularly the

abundance of sucking herbivores, but variation among taxa was large, 4) the higher
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reproductive performance of plants exposed in early ages was mostly driven by
increased production of flowers.

Plant reproduction was affected by ozone, but the direction of the effects
depended on the age of the plants at the time of exposure. Number of fruits,
number of seeds and total seed weight produced by the plants was higher on plants
exposed to ozone when they were 3 weeks old than on the respective controls,
while exposing plants to ozone later in their life cycle tended to have the opposite
effect. Studies reporting positive effects of acute ozone exposure on plant
reproduction are uncommon (Leisner and Ainsworth, 2012). Previous studies that
assessed the influence of plant age/developmental stage on the effects of ozone
on Plantago major showed only negative effects of ozone on reproduction and only
when exposure occurred during the early stages of flowering (Lyons and Barnes,
1998; Pleijel et al., 1998). Here, we observed a reduction of total seed weight of
plants that were exposed to ozone when they were 5 weeks old. These plants were
in the inflorescence emergence stage at the beginning of fumigation, but before
the end of the fumigation period most of the plants had started flowering. This
shows that plant reproductive sensitivity to ozone is the highest in the beginning
of flowering also in wild mustard. However, it is possible that the age-dependent
effects of ozone on plant reproduction are not only related to plant phenological
stage during exposure but also to the changing conditions in the canopy as plants
grow. We registered an increase in mean air relative humidity in the fumigation
chambers as plants were fumigated at increasingly older ages (Table SIV.1). This is
likely a result of increased transpiration due to increased leaf area index (Hardwick
et al., 2015), which in turn is related to plant growth/age. In conditions of increased
relative humidity, plants tend to open the stomata, increasing stomatal
conductance and therefore ozone uptake (Gong et al., 2021). Increased ozone
uptake is associated with stronger negative effects of ozone on vegetation
(Emberson et al., 2018). Thus, ozone uptake would be higher when plants are
fumigated at older ages, which would explain the tendency for negative effects of
ozone on the reproduction of plants fumigated at older ages.

We further investigated what could be at the origin of the observed
differences in the response of plants exposed to ozone at different plant ages on
reproduction. Analyzing the flowering patterns of the plants, we observed that

plants exposed to ozone when they were 3 weeks old had more flowers than the
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respective controls, with a tendency for the direction of these effects to be reverted
as the plants were exposed at progressively older ages. Previous studies that
assessed the number of flowers of plants exposed to ozone showed that this
pollutant either did not change or reduced the number of flowers (Hayes et al.,,
2012; Ramo et al., 2007). In the light of our results, this could be due to the fact
that these observations were made on older plants. However, the ozone fumigation
in the referred studies corresponded to a long-term exposure of the plants and the
plants used were perennials, which do not necessarily show the same sensitivity to
ozone as annuals like wild mustard (Hayes et al., 2007; Leisner and Ainsworth, 2012).
Also, having an indeterminate growth habit, wild mustard may have higher chances
of compensating for negative effects of abiotic stresses than determinate plant
species (Black et al., 2000), although reproductive growth habit alone does not
explain the species-specific effects of ozone on the number of flowers (Leisner and
Ainsworth, 2012). In our study, 3-week-old exposed plants started flowering earlier
when fumigated with ozone, while 4-week-old exposed plants showed prolonged
flowering. In a previous study we had already observed that ozone promoted earlier
onset of flowering in wild mustard (Duque et al., 2021). Although in that study the
fumigation was performed when the plants were 4 weeks old, on average they were
likely in an earlier stage in their life cycle than in the present study due to the
observed conditions during their development. Earlier flowering onset is a common
phenomenon when plants are under abiotic stresses, such as poor nutrition,
drought, high salinity and high or low temperatures (Takeno, 2016), but it can also
be observed on plants exposed to biotic stresses, such as herbivory and damage
caused by pollinators (Pashalidou et al., 2020; Pashalidou et al., 2013). Together,
our results suggest that compensatory stress responses of young wild mustard
plants in the ozone treatment lead to higher investment in flower production,
together with earlier flowering or extended flowering times. In contrast, stress
responses of more mature annual plants and of perennial plants are less plastic and
cannot compensate for negative effects of ozone stress.

In our experiment, we were also interested in assessing other indirect effects
of ozone stress on plant reproductive performance, namely those related to
mutualistic and antagonistic plant-insect interactions. The ozone fumigation and
the timing of the exposure affected the number of flower visitors on the plants.

Although the results depended on the pollinator guild considered, there was an
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overall tendency for positive effects of ozone on the number of visitors received
by plants exposed at younger ages (3- and 4-week-old), but negative effects on
plants exposed at older ages (5- and 6-week-old). When correcting for the number
of open flowers, these effects were no longer detectable, suggesting that the
changes in the number of flower visitors was driven, in this experiment, by the
change in the number of open flowers (Duque et al., 2021). In the present study,
an exception was observed for the number of large syrphid flies visiting the plants,
which was still higher on plants exposed to ozone when they were 3 weeks old than
on the respective controls after the correction for the number of open flowers.
These large syrphid flies possibly used other floral traits besides flower number as
a cue for the quantity or quality of the rewards available in the plants. Stabler
(2016) showed that exposure of broad bean plants to ozone reduced the amount
of pollen produced and decreased its protein content, while the production of floral
nectar was increased by short-term exposures and the nectar had a higher
concentration of sucrose and amino acids when the exposure was interrupted at
flowering. Pollinator requirements are species-specific. Unlike bees, that need to
provide their offspring with enough resources to sustain them through the larval
stage and, therefore, need to forage for higher quantities of protein in the form of
pollen, syrphid flies, and especially large syrphid flies, consume pollen mainly for
the maturation of the reproductive organs, therefore foraging mostly for nectar,
their source of energy to fuel flight and increase longevity (Cook et al., 2020b).
Therefore, we consider that the possible effects of ozone on the quantity and
quality of nectar may have served as attractants to this group of foragers, possibly
by encouraging revisits of previously visited plants. While ozone was shown to
change the profile of floral scents emitted by the plants, this effect seems to be
absent in wild mustard, that maintains both its floral volatile blend composition
and rate of emission (Saunier and Blande, 2019), which might explain the absence
of stronger plant-mediated effects of ozone on flower visitation.

The plant-mediated effects of ozone on herbivory were less clear than those
on flower visitation, but in the few situations where effects were observed, they
were positive, meaning ozone increased herbivory in exposed plants. This seems
to contradict most studies on effects of ozone on the oviposition preference of
herbivores, which report a reduced preference for ozone-exposed plants (Cui et al.,

2014; Duque et al., 2019; Jones and Coleman, 1988; Kopper and Lindroth, 2003).
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However, several studies refer to a reduction in the nutritional quality of leaves of
plants exposed to elevated levels of ozone (Couture and Lindroth, 2012; Couture et
al., 2012; Khaling et al., 2015), which may lead to compensatory feeding
mechanisms, while other studies suggest an increase in leaf palatability (Abu ElEla
et al.,, 2018). In both cases there may be an increase in consumption of leaf material
(Abu EIEla et al.,, 2018; Bolsinger et al., 1992; Freiwald et al., 2008; Jones and
Coleman, 1988; Khaling et al., 2015), therefore increasing the damage by chewing
herbivores, a general tendency observed in this study that was only significant for
plants exposed to ozone at age 6-weeks. The plant-mediated effects of ozone on
the preference and performance of aphids are more ambiguous and depend on the
level of exposure and the age of the exposed plants (Holopainen, 2002). The latter
was the case in our study, with higher numbers of aphids on plants exposed when
they were 4 weeks old than the respective controls, but no difference being
observed when plants were exposed to ozone at other ages. Holopainen and Kdssi
(1998) observed that ozone can stimulate aphid population growth of aphids
feeding on spruce seedlings exposed to 80 ppb of ozone, but aphids are not
affected when the host plants are exposed to other levels of ozone or when the
exposure continues until shoot maturity. Other studies showed that aphids tolerate
well the plant-mediated effects of ozone and are not affected by the
exposure(Manninen et al., 2000; Peltonen et al.,, 2006; Telesnicki et al., 2018). We
also observed that the number of Lygus pratensis bugs was higher on plants
exposed to ozone when they were 3 weeks old. This contrasts with the results
obtained by Manninen et al. (2000) for another Lygus species (Lygus rugulipennis),
whose performance was reduced in ozone-exposed Scots pine seedlings. Except
for the study of Telesnicki et al. (2018) that used Triticum aestivum as the plant
species, all other studies mentioned above on sucking herbivores were performed
with perennial plant species, meaning that the longevity of the plant may influence
its ozone plant-mediated effects on the performance of the herbivores.

On the other hand, predation, as measured in this study by the number of
aphid midget larvae, followed the opposite trend of herbivory, with lower numbers
of these larvae being observed on plants exposed to ozone at plant age 6-weeks
than on the respective controls. Vuorinen et al. (2004) did not observe any changes
in attraction of predatory mites following plant exposure to ozone, since ozone-

exposed plants emitted volatiles were similar to those of plants infested with spider



Chapter IV

mites. Studies on the effects of ozone on multitrophic interactions focused mostly
on parasitism of insect herbivores and the potential of ozone to disrupt the
attraction of parasitoids due to chemical reactions with signaling volatiles in the
atmosphere (Khaling et al.,, 2016; Pinto et al.,, 2007), or the potential of ozone to
lead to plant volatiles emissions that are similar to those of herbivore-infested
plants (Cui et al.,, 2014). Studies on the plant-mediated effects of ozone on insect
herbivore predation are, however, largely missing and require further investment.

Including flowering, pollination and herbivory as potential co-variables in the
model predicting the number of seeds produced per plant demonstrated that the
number of flowers per plant is a key factor that shows indirect effects of ozone.
Furthermore, the increase in the number of open flowers that results from exposing
the plants to ozone at early ages is one way the plant reallocates its resources to
reproduction.

In nature, it is possible that plants will experience high ozone levels at several
points during their life cycle. Future studies should contemplate this hypothesis
and try to assess whether the flower-stimulating effects observed in plants exposed
at early ages would be counterbalanced when the plants would be exposed to a
second ozone episode later in their lives. Also, studies in a more natural setting
and studies including a wider variety of plant exposures to ozone (acute vs chronic)
should be performed in order to assess if comparable results are observed.

In this study, we used a stream of compressed air as the feed gas for the
ozone generator. Silent discharge ozone generators produce small amounts of
nitrogen oxides when using dry air as the feed gas, particularly N,Os (dinitrogen
pentoxide) (Kogelschatz and Eliasson, 2018). It could be argued that this way of
generating ozone produces confounding effects, making it hard to disentangle
whether the effects observed are related to the increase in ozone concentration or
to unwanted by-products of the ozone generation. However, the increase in
concentration of these by-products is kept two orders of magnitude below the
ozone concentration (Kogelschatz and Eliasson, 2018). Furthermore, there is little
evidence that the amount of N,Os produced would have strong effects on plants’
development and growth, although some effects on the amounts of leachable
nitrate and some other ions have been observed in Norway spruce needles when
using ozone concentrations 2.5 times higher than the one used in our study (Brown

and Roberts, 1988). However, to avoid the uncertainty of whether ozone generation
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by-products are interfering in the results, future studies should use pure oxygen as

the feed gas in silent discharge ozone generators.

Conclusions

Overall, our study shows that, along with ozone exposure levels, conditions
during exposure and susceptibility of plants, the plant age/ plant phenological
stage at the time of exposure is also key to understanding the effects of ozone on
reproductive performance. Plant age does not only affect the susceptibility of the
plants but also the direction of the effects of ozone. In this study, an acute exposure
to ozone at an earlier age resulted in higher reproductive performance of wild
mustard plants while plants exposed later showed a tendency for the opposite
effect. Also, the changes in the number of flowers provided a good explanation for
both the changes in reproductive performance and the changes in pollinator

visitation.
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Table SIV.1 — Plant phenological stage at the beginning of each fumigation round and
conditions in the ozone chamber between 11h00 and 17h00, during the treatment days, for
each fumigation round: average ozone concentration, accumulated exposure to ozone

Supplementary material to chapter IV

(AOT40), air temperature and relative humidity.

Plant Plant Plant. [Os] in the AQOT40 Air Air relative
cohort  aqe phenological ozone chamber (opb.h) temperature humidity (%)
. (o]
9 stage (ppb) bP (°C) Y
3 Vegetative 95.5 + 45.0 1872 28.6+1.9 46.0+2.4
4 Vegetative 97.5 + 40.5 1530 30.6+2.4 53.4+£1.6
1
g  Inflorescence 05, o¢ 791 29.8+1.9 55.6+2.9
emergence
6 Flowering 89.7 + 44.9 1361 28.0+1.7 69.0+2.9
3 Vegetative 113.9 + 11.9 2277 31.842.0 43.742.0
4  Inflorescence 55 510 2227 29.7+2.5 49.042.2
> emergence
g  Inflorescence .0\ 100 2309 29.6+3.0 57.2+4.3
emergence
6 Flowering 116.7 £+ 9.5 2298 29.4+2.5 58.5+4.3
3 Vegetative 116.3 + 11.4 2261 31.4+2.3 41.4+1.5
4 Inflorescence 10070 2310 28.7+2.1 48.6+1.7
3 emergence
g  Inflorescence .5, 44 2229 28.7+2.3 62.1+2.8
emergence
6 Flowering 116.0 + 8.7 2271 30.7+2.0 62.2+3.1
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Table SIV.3 — The effect of ozone exposure at different plant ages on the reproductive
performance of the plants. Cells shaded in green and red represent positive and negative

effects of ozone, respectively.

Pairwise post-hoc

Response Anova (type 1) (Control - Ozone)
iabl
varabie Predictor variable Chisq df p-value Plant age t-ratio p-value
Treatment 0.00 1 0.951 3 -2.97 0.004
Number Plant age 3.41 3 0.332 4 0.14 0.889
of fruits . .
produced Number of reproductive sites 3.66 1 0.056 5 0.45 0.652
Treatment x Plant age 12.47 3 0.006 6 1.86 0.067
Estimated Treatment 0.06 1 0.811 3 -3.31 0.002
number Plant age 6.46 0.091 4 -0.42 0.676
of seeds Treatment x Plant age 18.01 3  <0.001 5 1.82 0.073
produced 6 1.90  0.061
. Treatment 0.90 1 0.343 3 -2.82 0.006
Estimated
total Plant age 2.76 3 0.429 4 0.57 0.572
seed Treatment x Plant age 14.25 3 0.003 5 2.15 0.035
weight 6 150 0.138
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Table SIV.4 — The effect of ozone exposure at different plant ages on the flowering patterns

of the plants. DAS stands for Days After Sowing.

Response Anova (type 1)

variable Predictor variable Chisq df p-value
Treatment 0.06 1 0.799
Plant age 19.04 3 < 0.001
Number of poly (DAS,2) 2069.43 2 < 0.001
open Treatment x Plant age 9.18 3 0.027
flowers Treatment x poly (DAS,2) 0.16 2 0.921
Plant age x poly (DAS,2) 55.43 6 < 0.001
Treatment x Plant age x poly(DAS,2) 83.85 6 < 0.001
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Table SIV.5 — Pairwise comparisons of the flowering patterns of control and ozone-exposed
plants within each plant age at the beginning of the fumigation period. The emmeans test
analyses how the average number of flowers changes with the exposure to ozone, while
the emtrends test takes into account the three-way interaction and compares the slopes of
the flowering curves.

Pairwise post-hoc

Response variable (Control - Ozone)
Plant age t-ratio p-value
Emmeans
3 -2.64 0.008
4 0.18 0.859
5 1.07 0.285
Number of open 6 1.87 0.062
flowers Emtrends
3 4.53 < 0.001
4 -5.53 < 0.001
5 1.02 0.310
6 0.03 0.979
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Table SIV.6 — The effects of ozone exposure at different plant ages on the number of flower
visitors a plant receives in 4-min observation periods. Results from the models that do not
consider the offset term for correcting for the number of open flowers. Cells shaded in
green and red represent positive and negative effects of ozone, respectively.

Not correcting for the number of open flowers

Number of
visitors in Pairwise post-hoc
4-min Anova (type 1) (Control - Ozone)
periods Predictor variable Chisq df p-value Plant age t-ratio p-value
Treatment 0.03 1 0.868 3 -3.27 0.001
Plant age 5.14 3 0.162 4 -1.64 0.102
All visitors
Treatment x Plant age 22.49 3 <0.001 5 1.74 0.082
6 2.45 0.014
Treatment 0.01 1 0.909 3 -3.49 <0.001
Bees and Plant age 5.25 3 0.154 4 -1.73 0.083
syrphids Treatment x Plant age 25.67 3  <0.001 5 2.16 0.031
6 2.39 0.017
Treatment 0.19 1 0.664 3 -2.96 0.003
Plant age 7.58 3 0.055 4 -2.04 0.042
Only bees
Treatment x Plant age 27.99 3 <0.001 5 2.62 0.009
6 2.88 0.004
Treatment 0.09 1 0.766 3 -3.14 0.002
Plant age 11.87 3 0.008 4 -1.39 0.166
Honeybees
Treatment x Plant age 22.39 3 <0.001 5 2.65 0.008
6 1.91 0.057
Treatment 0.20 1 0.657 3 -0.91 0.362
Plant age 2.23 3 0.527 4 -2.22 0.026
Wild bees
Treatment x Plant age 14.65 3 0.002 5 1.51 0.132
6 2.60 0.009
Treatment 0.36 1 0.547 3 -3.12 0.002
Only Plant age 3.43 3 0.330 4 0.35 0.723
syrphids Treatment x Plant age  10.18 3 0.017 5 0.77 0.440
6 0.26 0.794
Treatment 0.05 1 0.824 3 -1.66 0.098
Small Plant age 3.41 3 0.332 4 1.08 0.282
syrphids Treatment x Plant age  4.65 3 0.199 5 -0.02 0.983
6 0.89 0.372
Treatment 0.16 1 0.686 3 -3.42 <0.001
Large Plant age 1.07 3 0.783 4 0.19 0.846
syrphids Treatment x Plant age  12.93 3  0.005 5 1.12 0.265
6 -0.05 0.958
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Table SIV.7 — The effects of ozone exposure at different plant ages on the number of flower
visitors a plant receives in 4-min observation periods. Results from the models that correct
for the number of open flowers using an offset term. The cell shaded in green represent a

positive effect of ozone on the number of large syrphids visiting the flowers.

Correcting for the number of open flowers

Number of
visitors in Pairwise post-hoc (Control -
d-min Anova (type Il) Ozone)
periods Predictor variable Chisq df p-value Plant age t-ratio p-value
Treatment 0.03 1 0.871 3 -0.53 0.594
Plant age 12.53 3 0.006 4 -1.31 0.190
All visitors
Treatment x Plant age 4.25 3 0.235 5 0.99 0.321
6 1.12 0.261
Treatment 0.04 1 0.844 3 -0.90 0.369
Bees and Plant age 1142 3 0.010 4 -1.44 0.150
syrphids Treatment x Plant age  6.40 3 0.094 5 1.52 0.129
6 1.09 0.274
Treatment 0.90 1 0.344 3 -0.31 0.755
Plant age 9.55 3 0.023 4 -1.60 0.111
Only bees
Treatment x Plant age 8.82 3 0.032 5 1.92 0.055
6 1.83 0.068
Treatment 0.66 1 0.416 3 -0.96 0.337
Plant age 7.42 3 0.060 4 -0.94 0.350
Honeybees
Treatment x Plant age 6.64 3 0.084 5 1.91 0.056
6 1.34 0.181
Treatment 0.35 1 0.555 3 1.26 0.210
Plant age 1548 3 0.001 4 -1.72 0.085
Wild bees
Treatment x Plant age 5.95 3 0.114 5 0.82 0.411
6 1.06 0.292
Treatment 1.04 1 0.307 3 -1.57 0.116
Only Plant age 707 3 0.070 4 0.08 0.935
syrphids Treatment x Plant age  2.45 3 0.484 5 0.12 0.909
6 -1.00 0.315
Treatment 0.01 1 0.923 3 -0.53 0.599
Small Plant age 8.85 3 0.031 4 0.96 0.339
syrphids Treatment x Plant age  2.03 3 0.566 5 -0.87 0.384
6 0.31 0.761
Treatment 0.74 1 0.390 3 -2.31 0.021
Large Plant age 3.64 3 0.303 4 -0.25 0.799
syrphids Treatment x Plantage  6.07 3 0.108 5 0.77 0.444
6 -0.88 0.380
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Figure SIV.1 — The effects of ozone exposure at different plant ages on the number of
visitors received per plant in 4-min observation periods. The dots are the means and the
bars show the 95 % confidence intervals of the fitted models as provided by the emmeans
package. Asterisks represent significant differences between treatments within a plant age
(*-0.05>p 20.01; **-0.01 >p 20.001; *** - p <0.001).
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Chapter IV — Supplementary material

Table SIV.8 — The effects of ozone exposure at different plant ages on herbivory. Cells
shaded in green and red represent positive and negative effects of ozone, respectively.

DAS stands for Days After Sowing.

Pairwise post-hoc

Response Anova (type I1) (Control - Ozone)
variable . . . ;
Predictor variable Chisq df p-value Plant age  t-ratio p-value
Level of Treatment 2.32 1 0.127 3 -0.61 0.544
Samage Plant age 2.68 3 0.443 4 -0.17 0.869
cf)wlewing— poly(DAS,?2) 2.23 2 0.327 5 -0.08 0.937
herbivores  Treatment x Plant age 3.98 3 0.263 6 -2.43 0.015
Treatment 0.83 1 0.363 3 0.42 0.678
Plant age 16.78 3 <0.001 4 -2.05 0.041
Number
of aphids poly(DAS,2) 1.71 2 0.425 5 1.32 0.187
Treatment x Plant age 7.20 3 0.066 6 -1.40 0.161
Plant age x poly(DAS,2) 65.59 6 <0.001
Treatment 0.09 1 0.766 3 -1.98 0.049
Number Plant age 2.99 3 0.393 4 1.20 0.232
of Lygus
pratensis DAS 0.40 1 0.525 5 -1.04 0.299
Treatment x Plant age 7.16 3 0.067 6 0.97 0.335
Treatment 0.17 1 0.683 3 -0.59 0.555
Number Plant age 2.88 3 0.410 4 -0.16 0.870
of aphid Number of aphids 22.79 1 <0.001 5 0.80  0.424
midget
larva poly(DAS,2) 158.06 2 <0.001 6 2.44 0.015
Treatment x Plant age 6.81 3 0.078
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Plant age at the beginning of the fumigation period (weeks)
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Figure SIV.2 — The effects of ozone exposure at different plant ages on herbivore damage,
and the abundance of two herbivores (aphids and Lygus pratensis bugs) and a predator

(aphid midget larvae). The lines represent the fitted models as provided by the emmeans
package. P-values are presented when the effect of ozone in the post-hoc test was < 0.05.
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Table SIV.9 — Results of the models predicting the number of seeds produced per plant,
including and excluding herbivory, pollination and flowering parameters as predictor
variables. Cells shaded in green and red represent positive and negative effects of ozone,
respectively.

Anova (type I1) Pairwise post-hoc

Model AAICC (Control - Ozone)
Predictor variable Chisqg df p-value Plant age t-ratio p-value
Treatment 0.17 1 0.681 3 -2.96 0.004
Best Plant age 0.42 3 0.936 4 -0.05 0.962
model 0.00 Average number of open flowers  14.67 1  <0.001 5 1.21 0.232
Treatment x Plant age 10.09 3 0.018 6 0.75 0.455
Treatment 0.04 1 0.852 3 -3.03 0.003
Plant age 0.52 3 0.915 4 0.28 0.784
Including Average number of aphids 2.56 1 0.109 5 1.15 0.256
all . 5.55 Average herbivore damage 0.21 1 0.650 6 1.02 0.311
predictors
tested Average visitation rate 0.19 1 0.661

Average number of open flowers 12.99 1 <0.001

Treatment x Plant age 11.02 3 0.012
Including Treatment 0.06 1 0.811 3 -3.31 0.002
only
treatment 10.92 Plant age 6.46 3 0.091 4 -0.42 0.676
and plant ' Treatment x Plant age 18.01 3 <0.001 5 1.82 0.073
age as
predictors 6 1.90 0.061

113






Chapter V

c
e
w0
(%]
S
O
2
©
—
[ -
o
c
)
O







Chapter V

he highly oxidative potential of ozone makes tropospheric ozone one

of the most detrimental air pollutants. These damaging effects are not

only a concern for human health, but also for the health of ecosystems.
Using Sinapis arvensis as the model plant, | investigated how plant exposure to
ozone affects the interactions between plants and insects and ultimately plant
reproductive success. | assessed both plant-herbivore (chapters Il and IV) and
plant-pollinator (chapters Il and 1V) interactions. My research shows that ozone
exposure may confer an advantage to the reproductive success of plants when
exposure occurs early in their life cycle and a disadvantage when the plants are
exposed at later stages (chapter IV). Flowering phenology was changed by exposing
the plants to ozone and the direction of the effects depended on the age of the
plant at the time of the exposure (chapters Ill and IV). The number of flowers
revealed a key factor in determining the attractiveness of the plants to flower
visitors and, ultimately, the reproductive success of the plants (chapters Ill and IV).
Plants exposed to ozone tended to have higher levels of herbivory (chapter IV).
Furthermore, plant exposure to ozone affected the life cycle of the herbivore Pieris
brassicae and the effects depended on air temperature and the duration of the

exposure (chapter Il).
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Plant exposure to ozone and consequences for

plant reproduction

The success of an annual plant is measured by the number and fitness of its
offspring. Plant stress reduces the chances of success, while plant tolerance to
stress improves the chances of success. Reallocation of resources to reproduction
and alteration of the time of flowering are strategies that plants can use under
adverse conditions in order to maximize reproductive success (Kazan and Lyons,
2016). According to my research, ozone stress can be included in the plethora of
stresses that induce flowering. Plant exposure to ozone accelerated flowering of
plants that were lacking other flowering-inducing stimuli, such as light and
temperature (chapter Ill) and of plants that were exposed at an early age (chapter
V). Exposing plants closer to the natural time of onset of flowering did not result
in an acceleration of flowering (chapter IV). Ozone exposure also resulted in an
increased amount of open flowers on plants exposed early in their lives and a
tendency for a decreased amount of flowers as plants were exposed at progressively
later ages (chapter IV).

For entomophilous plants, an issue that may arise by accelerating flowering
is the creation of mismatches between the plants and their insect pollinators. In
other words, acceleration of flowering will only constitute an advantage to the
plants when this strategy allows for keeping synchronicity with their pollinators.
For Sinapis arvensis, a temporal mismatch with its pollinators is not a real issue,
since this plant is a pollinator generalist that blooms for a relatively long period in
the middle of the pollinating season. However, a temporal mismatch through
accelerated flowering is a risk for plants that have short flowering periods and that
bloom early in the pollinating season, especially if they are pollinator specialists.
In the face of climate change, insect phenology is expected to accelerate more than
plant phenology (Thackeray et al., 2016). In this case, plant exposure to ozone may
confer an advantage to plants, by increasing the extent of the phenological shift
and restoring synchronicity.

In my research, the increased investment in flowering came at the expenses
of decreased investment in vegetative mass (chapter Ill). Besides, plants exposed

to ozone had chlorotic/necrotic spots in their leaves (chapter Il). So, was the
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increased investment in reproduction enough to counterbalance the damaging
effects of ozone?

According to my studies, Sinapis arvensis plants may even overcompensate.
In plants that were grown in the field after fumigation, exposure to ozone resulted
in higher reproductive success of plants that were exposed early in their life (3
weeks after sowing), while a gradual tendency for the opposite effect was observed
as plants were exposed at later ages (chapter IV). On the other hand, in plants that
were keptin the greenhouse after fumigation and that were exposed to ozone when
they were 4 weeks old, only one of the four groups of plants showed decreased
reproductive success, while the others showed no effect (chapter Ill). In all cases,
the number of flowers in the plant were important factors influencing success.
Another factor that may have contributed to the observed differences, and
particularly to the negative effects of ozone, is the air relative humidity. As plants
grow, relative humidity in the plant canopy is expected to increase (Hardwick et al.,
2015), and so it happened in my research (chapter IV). High relative humidity
increases ozone uptake by the plants, which in turn correlates well with negative
effects of ozone (Emberson et al., 2018; Gong et al., 2021).

Reports of negative effects of ozone exposure on reproductive success are
common, while positive effects have rarely been reported (Leisner and Ainsworth,
2012). So, what is so special about Sinapis arvensis?

Sinapis arvensis is an indeterminate plant. Indeterminate plants prolong
flowering when the reproductive success is low and, therefore, have higher chances
of compensating for stress (Black et al., 2000). Also, plant age is key, and most
studies have not used plants as young as the ones used in my experiments.
However, it might be the case that the exposure to ozone, by accelerating
flowering, made the reproductive stage overlap with the best available weather
conditions for fertilization and fruit development, therefore increasing success by
chance.

An alternative reason for the differences in success observed in exposed and
non-exposed plants would be the changes in plant-insect interactions resulting
from plant exposure to ozone. However, that does not seem to be the case in my

studies.
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Plant exposure to ozone and herbivores

Plant exposure to ozone changed several parameters in the life cycle of Pieris
brassicae, a Brassicaceae herbivore specialist. Pieris brassicae butterflies preferred
plants that did not undergo ozone stress as oviposition sites. However, when eggs
were deposited on ozone-exposed plants they were more likely to get to caterpillar
stage. On the hand, they took longer to hatch and the growth of the caterpillars
was reduced.

The decrease in growth showed by the caterpillars may be a result of poorer
nutritional quality of the plants following exposure, as demonstrated for other
plants (Couture and Lindroth, 2012; Couture et al., 2012; Khaling et al., 2015;
Peltonen et al., 2010). In fact, the reduced nutritional quality may be the reason for
increased consumption shown in other studies (Abu ElEla et al.,, 2018; Jones and
Coleman, 1988). Increased consumption as a response to reduced quality may be
at the base of the increased plant damage by chewing herbivores that | observed
in the field in plants exposed to ozone (chapter IV).

While the preference of Pieris brassicae butterflies was rather clear, the effect
of plant exposure to ozone on the number of sucking herbivores was weaker, but
when differences existed, they showed that aphids and Lygus pratensis bugs do

rather well in ozone-exposed plants (chapter IV).

Plant exposure to ozone and pollination

Success of entomophilous plants is dependent on the services provided by
insect pollinators. Therefore, disrupted interactions between the plant and its
pollinators would strongly affect reproduction. In my research, whenever the
number of flower visits received by the plants was affected by exposure to ozone,
this was due to changes in the number of open flowers (chapters Ill and IV). More
flowers constituted a stronger attraction signal, while less flowers constituted a
weaker attraction signal. An exception to this pattern occurred for the number of
flower visits performed by large syrphid flies to young exposed plants, which was
higher on ozone-exposed plants than on the control plants regardless of flower
numbers (chapter IV). Also, honeybees spent more time in ozone-exposed plants

than on control plants (chapter Ill). This preference for ozone-exposed plants may
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be related to an increase in the amount and concentration of the nectar produced,
as observed for broad bean plants (Stabler, 2016).

A recent study showed that, unlike what happens to other plant species,
exposure to ozone does not have a strong effect on the emission of volatile organic
compounds (VOCs) of Sinapis arvensis (Saunier and Blande, 2019). A lack of a strong
effect on the emission of these VOCs would justify the absence of a stronger
response of the pollinators to ozone-exposed Sinapis arvensis plants. A different
outcome might be expected when ozone is present during the plant-pollinator
interaction, since the emitted VOCs could react with ozone in the atmosphere,
changing the chemical cues used by the pollinators, possibly disrupting the
communication. Also, the contact of the pollinators with ozone might affect their
olfactory detection and perception (Démares et al., 2022; Vanderplanck et al.,
2021), therefore changing their response to the chemical cues emitted by the

plants.

Factors influencing the effects of ozone

Duration of exposure

The dose of plant exposure to ozone may vary either by changing the
concentration of ozone or by changing the duration of the exposure. Previous
studies that addressed the plant-mediated effects of ozone on plant-insect
interactions have only considered the former (Fuentes et al., 2013; Jackson et al.,,
1999; Khaling et al.,, 2016; Khaling et al., 2015). In chapter Il, | showed that the
duration of the exposure is an important factor when considering the effects of
ozone. While exposing plants to 120 ppb of ozone for 5 days, 6 hours per day, had
effects on all parameters of the life cycle of Pieris brassicae studied, only the egg
stage (survival and duration of the stage) were affected when the plants were

exposed for only 1 day.
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Timing of exposure

It was suggested (Agathokleous et al., 2019b) and demonstrated for some
plant species (Agathokleous et al.,, 2019a) that plant response to ozone exposure
follows an hormetic model. This means that exposing plants to low doses of ozone
might have a stimulating effect, while increasing the dose of exposure beyond a
species-specific threshold, the effects would then be negative. Considering the
results shown in chapter IV, it can be argued that the direction of the effects may
not only depend on the dose of ozone exposure, but also on the timing of the
exposure. Keeping the dose of exposure to ozone constant (120 ppb, 6 hours/day,
7 consecutive days), but exposing plants at different points of their development,
a clear pattern emerged: the effects of the exposure were positive for young plants
and gradually tended to be negative for plants exposed at later ages. This was true
for both the change in the number of flowers and the change in reproductive
performance. This means that, at least for Sinapis arvensis, the threshold for

adverse effects may be dependent on the age of the plant.

Air temperature

In chapter Il, | showed that the effects of ozone were exacerbated when the
temperature was high. It is not clear whether this happens because high
temperatures following ozone exposure intensify the effects of ozone stress in the
plant, possibly changing its nutritional value, or because high temperatures
increase the growth rate of the caterpillars, therefore speeding up the divergence
of caterpillars fed plants with different nutritional values. Independently of the
reason, this is bad news, considering the current increase in global average
temperature.

Also, experiencing high temperatures before ozone exposure increases the
susceptibility of plants to ozone (Menser et al., 1963). Surprisingly, very few studies
have addressed the interactive effects of ozone and air temperature during
exposure, but they show that, when interactive effects occur, they are antagonistic

(Kasurinen et al., 2012; Maenpaa et al., 2011).



Chapter V

Research limitations

In the recent past, many studies on the effects of ozone on plants and plant-
insect interactions have used (compressed) air to generate ozone by electric
discharge (Cui et al., 2014; Guo et al,, 2018; Li et al.,, 2016; Mofikoya et al., 2018;
Telesnicki et al., 2018). Therefore, only towards the end of my research work, |
became aware that generating ozone by electric discharge using compressed air as
the feed gas produces oxides of nitrogen. This results in confounding effects on
ozone-exposed plants due to absorption of nitrogen. The production of most
nitrogen oxides seems to be negligible though. Of greater importance is the
production of higher oxides of nitrogen, namely N,Os. This compound seems to
increase considerably, but keeping two orders of magnitude below the ozone
concentration (Kogelschatz and Eliasson, 2018). Whether this amount of N;Os is
negligible or not is unknown, since there is very little evidence of the effects of this
oxide of nitrogen on plants.

In fact, in a study from Mortensen and Jorgensen (1996), the damaged leaf
dry weight of one of the spring wheat cultivars studied was higher in plants
fumigated with ozone produced by UV-lamps (that do not produce any NOx) than
in plants fumigated with ozone produced by an electric discharge generator fed
dry air. Therefore, there is no striking evidence that the amount of NOx produced
by electric discharge ozone generators running on air would have negative effects
on the plants.

However, to avoid creating confounding effects, two other methods for
enhancing the ozone concentration in the air would be preferable to the one used
in my research: 1) continue using compressed air as the feed gas for the ozone
generator but bubbling the resulting air through water to get rid of the nitrogen
oxides or 2) substitute the compressed air for pure oxygen, this way avoiding the

production of nitrogen oxides.

Future directions

Far from answering all the questions, research tends to raise additional

questions. In this section, | aim at specifying some areas of research on the effects
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of ozone exposure on plants and plant-insect interactions that | consider need

(further) investment:

. As mentioned before, acceleration of flowering by exposure to ozone may put
the pollination of plants at risk, by establishing mismatches with their
pollinators. Pollinator specialist plants and plants that bloom early in the
pollinating season are naturally at greater risk. The anticipation of the peak
of exposure to ozone from Summer to Spring (Neufeld et al., 2019) further
increases the threat to early bloomers. Future studies on the effects of ozone
on plant phenology should target these plants and assess whether

synchronicity with pollinators is disrupted by exposure to ozone.

) Despite the considerable amount of studies on the effects of tropospheric
ozone on plant reproduction and crop yield, little is known on the fitness of
the offspring of ozone-exposed plants. The few available studies report both
advantages and disadvantages of plant exposure to ozone on the germination
of their seeds, but in most cases plant exposure to ozone occurred also during
or after seed formation, making it impossible to distinguish between maternal
effects and direct effects on the seeds (Black et al., 2000; Bosac et al., 1998;
Darbah et al., 2008; Landesmann et al.,, 2013). Also important, but rarely
explored, is the vigour of the seedlings resulting from those seeds (Bosac et
al., 1998). Changes in the fitness of the offspring are one way ozone may shift
plant species dominance and alter the structure of plant communities (Grulke

and Heath, 2020; Martinez-Ghersa et al., 2017).

) The oxidative properties of ozone make it a very good anti-microbial agent.
Therefore, ozone treatment has been studied to be used to the advantage of
the agro and food industries, as a method for enhancing seed germination
(Pandiselvam et al., 2020) or extending shelf-life (Afonso et al., 2022; Meireles
et al., 2016). In my studies, ozone exposure had opposite consequences for
plant reproduction depending on the plant age at the time of exposure, with
advantages for plants exposed at early ages. Studies with other plant species

exposed at different ages are necessary to see if the same pattern observed
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here applies. If reproduction is also boosted in crop plants exposed to ozone

at early ages, this could open new doors in the field of horticulture.

. My research on the plant-mediated effects of ozone on the life of the
herbivore Pieris brassicae shows that the growth of caterpillars feeding on
ozone-exposed plants is reduced. However, the results do not show whether
this would translate in a longer caterpillar stage or in smaller pupae or both.
Following this last stage of development of the herbivore, as well as the fate
of the next generation would add important information to have a full picture

on the plant-mediated effects of ozone in the life of an herbivore.

. By altering the dominance of plants in a given community, ozone exposure
might also be affecting the structure of food webs (Martinez-Ghersa et al.,
2017). However, studies on the direct impact of ozone on insects is largely
missing. Is the diversity and dominance of the herbivores changed by direct
exposure of the herbivores to ozone? Is insect attraction to plants impaired

by ozone?

Conclusions

While there is no question that ozone can be highly detrimental to plants and
to their interactions with insects, | showed that this is not always the case. My
research shows that effects of ozone depend on the duration and timing of the
exposure and on temperature. The most detrimental effects were observed for
longer exposures and exposures occurring close or post beginning of flowering.
Higher temperature following exposure enhanced the negative effects of ozone. On
the other hand, exposing the plants earlier in their life cycle revealed advantageous
to the plants: they shifted their investment to reproduction, ending up with a higher
reproductive performance through overcompensation.

Also, the acceleration of flowering that occurred following exposure of young
plants to ozone may reveal being beneficial or detrimental to the plants depending
on their interactions with insect pollinators and how their pollinators will change

their phenology in response to climate change.
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General Discussion

In my studies, plant reproduction was not strongly affected by the changes in
the interactions with the insects. On the other hand, the performance of Pieris
brassicae was strongly affected by the changes produced by ozone in the plants.

Plant sensitivity to ozone is species-specific. By selectively affecting plants,
ozone may increase the competitiveness of some over others, changing the
structure of plant communities. By accelerating flowering, as shown in my research,
ozone may cause mismatches between plant and pollinator activities. By reducing
the performance of herbivores, ozone may lead to changes in the organization of
foods webs. Overall, this suggests that ecosystem disturbance by high levels of

tropospheric ozone may be a threaten to its stability.
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