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ABSTRACT

Plants form the first trophic level in terrestrial ecosystems and provide energy and
nutrients to higher trophic levels. Herbivores, frugivores or fungal endophytes use
plants directly, while predators consume plants indirectly by consuming herbivores.
However, species are often simultaneously interacting with antagonistic and
mutualistic partners at various trophic levels. For this reason, the outcomes of species
interactions can indirectly affect other species in the community. The aim of my thesis
was to study tritrophic interactions between plants, their antagonists, such as insect or
avian herbivores, and mutualists such as insectivorous or frugivorous birds and
symbiotic endophyte fungus.

In Chapters I-III I concentrated on the interactions among plants, herbivores
and protective plant mutualists. In the first two Chapters, | investigated whether birds
use volatile organic compounds or changes in visual properties of leaves from
herbivore-damaged trees as foraging cues. I found that trees respond to herbivore
damage both locally and systemically, but the olfactory foraging cue hypothesis was
not supported. Instead, herbivory affected visual properties of leaves viewed by birds,
although these changes may be in the limit of detection to them. In addition, my results
indicate that cryptically coloured herbivores may have slightly better camouflage when
on herbivore-damaged trees, although the herbivores are discriminable to birds against
the leaves of the host plant regardless of the treatment (Chapter II). In Chapter III |
studied the relationship between plants and protective fungal symbiont by testing
whether systemic endophyte fungi can protect grasses against wild avian grazers. In
this study I used two grass species, red fescues and tall fescues, which differ in texture.
Both species have naturally both endophytic and non-endophytic individuals. I found
that softer red fescue was preferred over coarse tall fescue, regardless of the endophyte
status.

In Chapter IV I studied the interaction between plants, herbivores and seed-
dispersing mutualists. I tested whether insect herbivory causes allocation cost to fleshy
fruiting plants by affecting ripening or chemical composition of berries. 1 also
investigated potential ecological cost of herbivory measured as probability for ripe
berries to be removed by frugivorous birds. I found that berries in undamaged ramets
neighbouring herbivore-damaged conspecifics had lower probability to be removed by
frugivores, although herbivory did not affect ripening or chemical composition of
berries. This indicates that in clonal plants, herbivore damage may cause priming effect
on neighbouring ramets, which can affect plant mutualists.

The results of this thesis extend current knowledge about plant responses to
herbivory, and also how these responses affect plant mutualists. In addition, my thesis
provides information about the foraging behaviour of herbivores and plant mutualists.
This kind of knowledge is essential for biological control and agricultural procedures,
as well as on the planning of urban grass areas.
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TIIVISTELMA

Kasvit muodostavat ensimmdiisen ravintoketjun tason eli trofiatason maaeko-
systeemeissd, ja ndin ollen toimivat ravinnon ja energianldhteind ylemmille
trofiatasoille. Kasvinsydjét eli herbivorit, hedelménsydjat eli frugivorit ja symbionttiset
endofyyttisienet ovat suoraan riippuvaisia kasveista, kun taas herbivoreja syovien
petojen riippuvuus kasveista on epdsuoraa. Eri trofiatasoilla olevat lajit ovatkin
jatkuvassa vuorovaikutuksessa keskenddn, minkd vuoksi kahden lajin viliset
vuorovaikutussuhteet voivat vaikuttaa myods muihin lajeihin. VAitoskirjassani olen
tarkastellut usean trofiatason vélisid yhteyksid kasvien ja niille haitallisten ja
hyodyllisten elididen, eli antagonistien ja mutualistien, vélilld. Esimerkkeina
antagonisteista kdytin hydnteis- ja lintuherbivoreja, kun taas mutualisteina kaytin
hyonteissydjdlintuja, endofyyttisienid ja siementenlevittdjalintuja.

Tutkimuksissa I-II tutkin herbivorian aiheuttamien kasvista haihtuvien
yhdisteiden, ja lehdissd tapahtuvien visuaalisten muutosten vaikutusta hyonteis-
sydjalintujen ravinnonhankintakdyttdytymiseen. Kasvit reagoivat sekd paikallisesti ettéd
kokonaisvaltaisesti herbivorian aiheuttamiin vaurioihin. En kuitenkaan 16ytényt selvia
tukea sille, ettd haihtuvat yhdisteet toimisivat hajuvihjeind linnuille. Sen sijaan sain
selville, ettd kasvinsydjien aiheuttamat vauriot voivat vaikuttaa kasvin vahingoit-
tumattomien lehtien ulkondkodn, joskin ndmd muutokset voivat olla lintujen
visuaalisen erotuskyvyn rajoilla. Herbivorian aiheuttamat muutokset kasvissa voivat
liséksi tehdd kryptisestd herbivorista vdhemmén ndkyvén linnuille, vaikka linnut
todennékdisesti erottavatkin herbivorin lehtid vasten riippumatta siitd onko kasvia
vahingoitettu vai ei (II). Tutkimuksessa III tutkin voivatko endofyyttisienet suojella
heinid hanhien laidunnukselta. Téssd tutkimuksessa kdytin kahta heinélajia, jotka eroat
karkeudeltaan. Molemmilla lajeilla osa yksildistd oli luontaisesti endofyytillisid ja osa
endofyytittomid. Tulokseni osoittavat, ettd hanhet suosivat pehmedmpédd ruoholajia
karkean ruohon sijaan riippumatta endofyyttisienen ldsnéolosta.

Tutkimuksessa IV testasin aiheuttaako hyonteisherbivoria allokaatiokustannuksia
kasville vaikuttamalla marjojen kypsymiseen tai biokemialliseen koostumukseen.
Tutkin my0s mahdollisia herbivorian aiheuttamia ekologisia kustannuksia kasville,
joita mittasin marjojen todenndkdisyytend tulla siementenlevittdjien sydmiksi.
Tulokseni osoittavat, ettd marjoilla, jotka kasvoivat varvuissa ldhelld herbivorien
vaurioittamia varpuja, oli pienempi todennékdisyys tulla siementenlevittdjien syomiksi.
Herbivoria ei vaikuttanut marjojen kypsymiseen tai biokemialliseen koostumukseen.
Tdami viittaa siihen, ettd klonaalisilla kasveilla herbivoria voi aiheuttaa
puolustusreaktion vahingoittumattomissa naapurikasveissa, mikd voi vaikuttaa myos
kasvien mutualisteihin.

Tamén viitoskirjan tutkimukset syventdvit ymmaérrystimme siitd, miten kasvit
reagoivat herbivoriaan, ja miten niméa reaktiot vaikuttavat kasvien mutualisteihin.
Tutkimukseni lisddvit myds tietoa herbivorien ja kasvien mutualistien ravinnon-
hankintakdyttdymisestd. Téllainen tieto on oleellista niin biologisen torjunnan kuin
maataloudenkin kannalta, ja sitd voidaan soveltaa myos viheralueiden suunnittelussa.
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1. INTRODUCTION

As primary producers, plants form the first trophic level in terrestrial ecosystems,
providing energy and nutrients to higher trophic levels. Herbivores, frugivores or
symbiotic fungal endophytes, i.e. the second level, are directly dependent on plants as
they consume leaves, fruits or absorb nutrients from plant tissues. Predators, i.e. the
third level, are indirectly dependent on plants because predators feed on the herbivores.
These feeding relationships are referred as food chains (Elton 1927).

The relationships existing among species can also be described based on the
outcome of the interactions. The two of the most intuitive types of interactions are
likely antagonism and mutualism. In antagonism, one species benefits by causing
negative effects on the other, while in mutualism both partners benefit from the
interaction (Herrera and Pellmyr 2002). Good examples of antagonism are plant—
herbivore and predator—prey interactions where one species is consumed by the other.
Likewise, a classical example of mutualism can be found in a symbiotic relationship
between plants and systemic micro-organisms, such as vertically (via seeds)
transmitted endophytic fungus (Saikkonen ef al. 2010). In this relationship, the fungus
lives intercellularly inside the plant and repels herbivores by producing secondary
chemicals (Clay and Schardl 2002; Saikkonen et al. 2013). Another good example of
mutualism is the plant—frugivore relationship where the plant’s seeds are dispersed by
fruit-consuming animals. In addition, predators can indirectly benefit plants by
consuming the herbivores.

Species are often interacting simultaneously with antagonistic and mutualistic
partners at various trophic levels. For example, plants can be under an antagonist
interaction from leaf-feeding herbivores while being in a mutualistic interaction with
seed dispersers, the natural enemies of the herbivores or symbiotic micro-organisms.
Due to this complexity, the outcomes of between-species interactions can indirectly
affect other species in the community. For example, insect herbivory may affect plant
fitness due to investments in defence, which can result in allocation or ecological costs
(Heil 2002; Strauss et al. 2002; Bronstein et al. 2007). This can occur if herbivory
causes allocation costs to plants due to resource limitation, or if the defence or
tolerance response of the plant physiologically compete with processes related to the
attraction of mutualists. For example, plants may have fewer resources to invest in the
number and nutritional quality of fruits, or the defence response can affect their
palatability due to pleiotropy (Eriksson and Ehrlén 1998; Adler 2000; Adler et al.
2006; Irwin and Adler 2006; Treadwell and Cuda 2007; Whitehead and Poveda 2011).
This can further affect foraging choices of frugivores. On the other hand, antagonistic
interactions between two species can have a positive effect on the third interactive
partner. For example, the predator-prey relationship between natural enemies and
herbivores can benefit plants via reduced herbivore abundance. In the case of plant-
fungus symbiosis, the negative effects of fungal alkaloids on herbivores benefit both
the plant and the symbiotic fungus via reduced grazing damage.

These complex relationships existing among plants and species at higher trophic
levels, especially between plants and insects, are one of the major forces that have
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driven the diversification of life we see today (Herrera and Pellmyr 2002). Because the
between-species interactions determine dynamics among trophic levels, food webs, and
ultimately ecological networks, it is important to investigate the relationships existing
among multiple trophic levels. In my thesis I have examined tritrophic interactions by
studying antagonistic interactions between plants and herbivorous insect- or avian
grazers, as well as mutualistic interactions between plants and protective or seed-
dispersing organisms.

1.1. Tritrophic interactions among plants, herbivores and protective
plant mutualists

Because herbivory can drastically decrease plant performance and reproduction (e.g.
Louda 1984; Marquis 1984; Puentes and Agren 2012), plants have evolved several
mechanisms to tolerate herbivory. For example, grasses have good regrowth capacity,
underground storages and silicon-based physical defence (Vicari and Bazely 1993;
Huitu et al. 2014; Rudall et al. 2014), which make them tolerant to herbivory. Plants
can also reduce herbivore damage via constantly present constitutive defences, and/or
by induced defences that are activated when needed (Herrera and Pellmyr 2002; War et
al. 2012). These defence strategies can also be categorized to direct and indirect ones
based on whether the plant is actively defending itself or whether it is relying on
mutualists (Howe and Jander 2008). Direct defences generally affect herbivore
performance, such as in the case of structural defences (trichomes, hairs, etc.) and
production of lethal or development-disturbing secondary chemicals (reviewed in War
et al. 2012). Indirect defences can also vary from harmful to lethal from a herbivore
perspective, as this line of defence includes the attraction of natural enemies of the
herbivores as well as production of toxic or unpalatable secondary chemicals by plant
symbionts. Consequently, studying the defence response of plants and their protective
mutualist not only gives valuable knowledge about trophic interactions but also about
biological pest control.

1.1.1. Natural enemies of herbivores

The attraction of natural enemies of herbivores is considered as an indirect and induced
defence of plants, and there are many examples of this plant-predator mutualism. For
example, the lima bean plant (Phaseolus lunatus L.) can benefit from predatory mites
that reduce herbivore mite infestation (Dicke 1986), and Arabidopsis thaliana (L)
Heynh. benefits from Cotesia rubecula Marshall parasitoid which reduces the damage
caused by Pieris rapae L (Lepidoptera: Pieridae) caterpillars (van Loon et al. 2000).
Although natural enemies of herbivores may use direct cues, e.g. chewing damage in
leaves to locate their prey, it is well known that herbivore-mediated systemic changes
in plant metabolism attract these carnivores. For example, volatile organic compounds,
VOCs from herbivore-damaged plants attract invertebrate predators and parasitoids
(Turlings et al. 1990; Takabayashi and Dicke 1996; Hilker et al. 2002; van Wijk et al.
2008). Herbivory also inflicts systemic changes in the photosynthetic activity and/or
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light reflectance of plants (Oleksyn et al. 1998; Zangerl et al. 2002; Retuerto et al.
2004; Mintyla et al. 2008a, b; 2017; Amo et al. 2013; Hussain et al. 2014), which may
also serve as visual foraging cues to predators.

The attraction of natural enemies to herbivore-damaged plants is largely studied
in invertebrates, but little is known how vertebrate predators respond to herbivore-
mediated changes in plants. It has been shown that insectivorous birds can detect
systemic changes in plants (Méntyld et al. 2004; 2008a, b; 2014; Amo et al. 2013), but
the cues used are still unclear. Consequently, there is an urgent need for further studies
that investigate the indirect defence of plants via vertebrate predators. For example,
knowledge about the exact mechanism behind the attraction of birds to herbivore-
damaged trees can have applications on biological pest management, because birds
improve plant performance both in natural and agricultural environments (Marquis and
Whelan 1994; Mols and Visser 2007; Van Bael et al. 2008; Mintyla et al. 2011).

1.1.2. Plant symbionts

Many organisms from plants to vertebrates have mutualistic micro-organisms, which
help, e.g. in nutrient acquisition, digestion and tolerance against abiotic stress. In
return, these symbionts rely on the host for energy, shelter and even reproduction. For
example, the above-ground parts of many temperate grasses are inhabited by systemic,
vertically transmitted endophytic Epichloé fungi (Clay and Schardl 2002; Saikkonen et
al. 2013; Helander et al. 2016), which can increase hardiness, growth, drought
resistance and the competitive ability of the plants (Arachevaleta et al. 1989; Clay
1990; West et al. 1993; Clay and Holah 1999). The systemic fungal endophytes are
often obligatory, i.e. they do not survive without the host. Plants also harbour
facultative fungal symbionts, such as horizontally (via sexual spores) transmitted
endophytes, to which the host is not necessary (Isaac 1992; Sapp 1994; Saikkonen et
al. 2010). However, I concentrate on the systemic fungal endophytes, as these are more
likely to act as plant mutualists (Saikkonen et al. 2006).

Symbiotic micro-organisms can also protect the host against antagonists. For
example, the facultative bacterial symbiont Hamiltonella defensa increases the
resistance of pea aphids (Acyrthosiphon pisum Harris) against parasitoid wasps (Oliver
et al. 2005). In grasses, the Epichloé fungus protects the plant by producing secondary
chemicals, which repel both invertebrate and vertebrate herbivores (reviewed in
Schardl et al. 2013). These negative effects of endophytic grasses on herbivores have
been demonstrated in numerous studies (Porter and Thompson 1992; Clement et al.
1997; Saikkonen et al. 2006; 2010; Huitu et al. 2014), but the focus has mainly been
on agricultural species and mammalian livestock. Consequently, not much is known
about the repellent effects of endophytes on other vertebrate herbivores. However,
fungal endophytes have been detected in all plant species studied today (Cambell et al.
2008) and can thus affect a wide range of herbivores. Negative effects of endophytes
on wild herbivores could also be considered in the planning of urban areas, because
geese and other grazers decrease the aesthetics of the areas due to defecations, and
because they also can cause safety hazards at airports (Conover and Chasko 1985;
Dolbeer et al. 2000; Dolbeer 2009; Little and Sutton 2013).
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1.2. Tritrophic interactions among plants, herbivores and frugivores

Seed dispersal by animals has evolved independently in many seed plant lineages. In
general, most of the seed dispersal is mediated by vertebrates, and thus it is not
surprising that frugivory and associated seed dispersal have evolved several times in
vertebrate phylogeny (Herrera and Pellmyr 2002). Foraging choices of especially
frugivorous birds and mammals have great impact on plants, because they are the most
common seed-dispersers (Herrera and Pellmyr 2002).

Herbivory can negatively affect plant reproduction due to allocation costs (Heil
2002; Strauss et al. 2002; Bronstein et al. 2007), because damaged plants allocate
resources to defence or compensatory growth leaving less resources for other
functions. Investments in defence can also result in ecological costs (Heil 2002; Strauss
et al. 2002; Bronstein et al. 2007) by affecting plant mutualists, such as frugivores.
This can occur, for example, if induced defence against herbivory in vegetative tissues
results in the accumulation of secondary metabolites also to reproductive tissues
(Eriksson and Ehrlén 1998; Adler 2000; Adler et al. 2006; Irwin and Adler 2006;
McArt et al. 2013). For example, in Hamelia patens Jacq. (Rubiaceae) insect herbivory
negatively affects foraging choices of seed-dispersing birds by altering the palatability
and developmental time of fruits (Whitehead and Poveda 2011). Many avian frugivores
are sensitive to changes in the biochemical composition of fruits: some birds are able to
discriminate between varying anthocyanin or lipid concentrations based on the colour
of the fruit (Catoni et al. 2008; Schaefer ef al. 2008; 2014; Alan et al. 2013; Bolser et
al. 2013), while some birds detect very small differences in sugar concentration of the
fruits (Levey 1987; Schaefer et al. 2003). Because the differences in plant
characteristics and frugivore preferences likely lead to differences in seed dispersal
success, it is important to understand factors affecting fruit production and
attractiveness of plants to frugivores.
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2.  AIMS OF THE THESIS

In Chapters I-Il 1 examined the mutualistic relationships between plants and
insectivorous birds as a particular group of natural enemies of herbivores. In these
chapters, I investigated the mechanism how birds detect herbivore-mediated systemic
changes in plants. Although birds are traditionally considered anosmics, they can use
olfaction in different contexts, such as foraging (Kelly and Marples 2004; Nevitt and
Bonadonna 2005; Cunningham et al. 2009). It has been suggested that similarly to
many invertebrate carnivores, birds may also use VOCs as olfactory foraging cues to
detect herbivore-damaged plants (Méntyla et al. 2008a; 2014; 2017; Amo et al. 2013).
This is referred to as the olfactory cue hypothesis. On the other hand, herbivory also
inflicts systemic changes in the photosynthetic activity and/or light reflectance of
plants (Oleksyn et al. 1998; Zangerl et al. 2002; Retuerto et al. 2004; Méantyla et al.
2008a, b; 2017; Amo et al. 2013; 2016; Hussain et al. 2014), which may also serve as
visual foraging cues to predators. Birds likely see far more shades of colour than
humans, because they have four cone types dedicated to colour vision (UV sensitive:
UVS, short wave sensitive: SWS, medium wave sensitive: MWS and long wave
sensitive: LWS). In comparison, mammals are mono- or dichromatic (apart from
primates that are trichromatic). Furthermore, the cone spectral sensitivities of birds are
further tuned by oil droplets that filter light before it enters the visual pigment, and
luminance (lightness) vision of birds is based on double cones (Endler and Mielke
2005; Cuthill 2006; Stevens 2013). Thus, the attraction of birds to herbivore-damaged
trees may also be due to changes in light reflectance of leaves, as the results from
Mintylé et al. (2008b) suggest. In Chapter I, I examined the olfactory cue hypothesis
by using three experimental tests. In Chapter II I tested how birds see the herbivore-
mediated changes in leaves by using experimental herbivore manipulation and avian
vision modelling. In addition, in Chapter II I also tested how these changes in the
visual properties of leaves affect the camouflage of a cryptic herbivore. This was based
on a new ‘disruption of camouflage’ hypothesis, which predicts that changes in the
visual properties of the background (i.e. leaves) can potentially reduce the
effectiveness of the camouflage of the herbivores.

In Chapter III I focused on another type of protective mutualist of plants, by
using a systemic endophyte fungus. I tested the grazing preferences of freely foraging
geese between endophytic and non-endophytic grasses by using two grass species: red
fescue and tall fescue. Both endophytic and non-endophytic individuals are common in
natural populations of the grass species studied. These grass species were also known
to differ due to their alkaloid content and texture with the tall fescue being coarser than
softer red fescue. I was also interested in whether endophytic grasses or selected grass
species would be less attractive to the geese, because such plants could be sown in
recreational areas to reduce human-goose conflict (Conover and Chasko 1985;
Conover 1991; Niemi et al. 2007; Washburn ef al. 2007; Pennell et al. 2010; Washburn
and Seamans 2012).

In Chapter IV I tested how herbivore damage affects plant reproduction
measured as the ripening and chemical composition of bird dispersed berries of
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bilberry (Vaccinium myrtillus L). 1 also studied how this plant-herbivore interaction
affects plant mutualists measured as the probability of the berries to be foraged by
birds. Although the purpose of potentially unpalatable secondary metabolites in fleshy
fruits and their possible effects on seed dispersers has long been of interest (reviewed
in Herrera 1982; Cipollini and Levey 1997; Eriksson and Ehrlén 1998), the effects of
herbivory on other biochemical characteristics, such as sugar or anthocyanin
concentrations, are poorly known. However, because removal of leaf tissue can
negatively affect anthocyanin and sugar concentration as well as the pH of fruits
(Casierra-Posada et al. 2013; Pastore et al. 2013), I expected the herbivore damage to
affect berry quality, and thus the probability of berries to become foraged by
frugivores. However, because the study plant is clonal, herbivory may induce systemic
resistance in other interconnected ramets (i.e. functionally autonomous clones) (Gémez
and Stuefer 2006; Goémez et al. 2007; 2010; Chen et al. 2011). Consequently, I
surveyed the development and removal of berries not only from herbivore-damaged
and control ramets but also from undamaged ramets neighbouring herbivore-damaged
conspecifics.

The research questions were:

1) Can insectivorous birds use volatile organic compounds from herbivore-
damaged plants as olfactory foraging cues? (Chapter I)

2) Does herbivore damage cause changes in the visual properties of leaves and act
as visual foraging cues to insectivorous birds? Can these changes in leaves
reduce the camouflage of a background matching herbivore, making it more
visible to birds? (Chapter II)

3) Can systemic fungal endophyte fungus protect plants against avian grazers?
Are there differences in geese preference between two grass species that differ
in texture and alkaloid content? (Chapter I1I)

4) Can insect herbivory cause: a) allocation costs to bilberry by the affecting the
ripening and chemical composition of berries and b) an ecological cost by
affecting the probability of ripe berries to be removed by frugivorous birds?
(Chapter 1V)

The tritrophic interactions investigated in this thesis are presented in Figure 1.
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Figure 1. Tritrophic interactions. Blue double-ended arrows represent mutualistic interactions,
red curved arrows represent a negative effect of herbivores on plants, and red straight arrows
represent negative interactions between herbivores and plant mutualists. A) Insectivorous birds
can be considered plant mutualists as they reduce herbivore damage via predation (Chapters I-
II). B) Fungal endophytes can protect the host grass from herbivore grazing by causing negative
effects on herbivores (Chapter III). C) Frugivorous animals benefit plants by dispersing seeds.
However, herbivory may negatively affect fruit production or attractiveness of fruits to seed
dispersers and thus affect the plants and their mutualists (Chapter IV).
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3. METHODS

3.1. Study species and areas

In all chapters, the Botanical Garden of the University of Turku, Finland or the forests
in Ruissalo Island, Finland were used as study areas. These sites were selected because
of the availability of birds or trees for the experiments (Chapter I-III), a high
abundance of bilberries (Chapter 1V), and the availability of greenhouses or other
facilities (Chapters I and III). Part of the experiments conducted in Chapter I1I took
place also in the Helsinki Zoo due to high abundancy of barnacle geese (Branta
leucopsis Bechstein). Some of the experiments in Chapter I were conducted in Kevo,
in northernmost Finnish Lapland (69°450°N, 27°010°E) and in Maaria, Turku in south-
western Finland (60°270°N, 22°160°E). These two sites were compared to control for
possible background herbivory, because natural herbivory in birch trees increases
along a latitudinal gradient from north to south in Fennoscandia (Kozlov 2008).

In Chapters I-11, I used mountain birches (Betula pubescens ssp. czerepanovii N.
L. Orlova), silver birch (B. pendula Roth) or European white birch (B. pubescens Ehrh),
because they are the most common deciduous trees in Finland and are hosts to several
insect species (Koponen 1983; Heimonen et al. 2015). The autumnal moth larvae
(Epirrita autumnata Borkhausen) were used as defoliators in all the experiments where
manipulation of herbivore damage was used (Chapters I, II and IV), because this
species feeds on the used tree species and bilberry (Silvonen et al. 2014). In addition,
autumnal moth larvae have been used as defoliators in previous studies (Mintyla et al.
2008a, b; 2014). In Chapter III I used red fescue (Festuca rubra L) and tall fescue
(Schedonorus phoenix Scop) as plant species. These grasses grow naturally in Finland
(seeds collected form Kevo and Aland Island in Chapter III) and often harbour
systemic fungal Epichloé endophytes. These grasses are also commercially used in
several countries, e.g. as pasture or turf grasses (Hoveland 1993; Kvalbein and Aamlid
2012). Red fescue and tall fescue also differ in texture, with red fescue being a soft and
likely more attractive species for grazers compared to coarse tall fescue. In Chapter
IV, 1 used bilberry as a model plant, because it produces sweet-tasting, animal
dispersed berries with high concentrations of anthocyanins (Ritchie 1956; Kalt et al.
1999; Honkavaara et al. 2007; Rithinen et al. 2008; Laaksonen et al. 2010; Pato and
Obeso 2012).

In Chapters I-II I used three of the most common insectivorous species: pied
flycatcher (Ficedula hypoleuca Pallas), great tit (Parus major L) and blue tit
(Cyanistes caeruleus L) to study the mechanisms behind the attraction of birds to
herbivore-damaged trees. These species also nest in the nest boxes (60°26" N, 22°10’
E) on the island of Ruissalo, which makes them easy to capture (Chapter I). The
foraging behaviour of freely foraging wild birds was observed indirectly from peck
marks in plasticine larvae in Chapter I, from grazing damage of grasses in Chapter
III, and from the disappearance of bilberries in Chapter IV. In Chapter III the
barnacle goose was selected as avian grazer, because due to its increased population
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size (Viisédnen et al. 1998; Véininen et al. 2010; 2011) it causes littering problems in
many recreational areas of Finland (Niemi ef a/. 2007; Vuorisalo 2016). Although the
barnacle goose does not nest on the main island of Ruissalo (study area in Chapter
III), but in the small islets around it, it causes littering problems also in Ruissalo
(Vuorisalo 2016; Emma Kosonen, City of Turku, Environmental protection, personal
communication). However, the grazing pressure and littering are less intense in the
Botanical Garden of University of Turku compared to the Helsinki Zoo (the other
study area in Chapter III), where ca. 150-200 pairs breed in the Zoo’s 22 ha area or in
its vicinity (Ville Vepséldinen, Helsinki Zoo, personal communication).

3.2. Attraction of natural enemies of herbivores: VOCs as olfactory
foraging cues for birds

Chapter I consists of three experimental tests where birds were allowed to choose
between VOC blends of herbivore-damaged trees and undamaged control trees in an
aviary and in the wild. In the first and second experiment, I used data where the
laboratory made VOC blends: a) terpene blend (diluted in hexane) partially mimicked
the blend of volatiles released by herbivore-damaged mountain birches, b) a green leaf
volatile (GLV) blend or c) a control solution (100 % hexane) were used. In the first
experiment, the VOC blends were applied to artificial trees in aviaries, where the
responses of adult pied flycatchers (10 males and 10 females were used in total with
each aviary having a male-female pair with their juveniles) were tested for two one-
hour trials over 2 days. The terpene blend vs control was tested on the first day, and the
terpene blend vs GLV blend was tested on the following day. The preference of birds
was measured as the first choice (the first landing site) and number of visits in trees.

In the second experiment, the same VOC blends were applied to living natural
trees in wild, in Kevo (northern location) and in Turku (southern location). In addition,
dead trees (cut tree branches which were left to dry) were used to control VOC natural
emissions, because plants release VOCs as a by-product of their metabolism. In
addition to VOC blends, artificial larvae (plasticine) were attached to trees to monitor
foraging behaviour of wild birds from the pecking marks on larvae.

In the third experiment, I defoliated 20 silver birch saplings with autumnal moth
larvae and used 20 undamaged saplings as controls. Before the behavioural
experiment, defoliated branches and corresponding number of branches from control
trees were removed to minimise visual cues (e.g. chewing damage, droppings). The
trees were covered with black mesh bags, and placed on the opposite ends of a large
plywood aviary (ca. 3 x 2.5 m). Plastic trees were placed next to real ones to provide
perches for the birds. Great tits and blue tits (123 individuals in total) were captured
from their nest boxes and released individually into a small booth (height 18.5 cm,
depth 28 cm, width 18.5 cm) from which the bird had free access to the experimental
aviary. An individual test took 10 min, starting from when the bird was released into
the booth. Each landing was counted as a choice, and the preference of birds was
observed as the first choice (i.e. first landing) and by the number of visits. In addition
to behavioural tests, locally induced VOCs were collected with a headspace sampling
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system (Méntyld ef al. 2008a; 2014; Giron-Calva et al. 2014). These measurements
were taken from the defoliated branches and corresponding control branches from
seven tree pairs. The measurements were conducted four—eight days after the onset of
defoliation and ca. two—twenty hours before the trees were used in the aviary
experiment.

3.3. Attraction of natural enemies of the herbivores: changes in the
visual properties of plants as foraging cues for birds

In Chapter II I studied how herbivore-mediated changes in plant metabolism affect
the visual properties of leaves, and how these changes are perceived in an avian visual
system. In addition, I tested whether herbivore-mediated changes affect the background
matching of the cryptically coloured insect herbivores. The idea behind this was a new
‘reduction in camouflage’ hypothesis predicting that herbivore-mediated changes in the
visual properties of leaves would reduce the background matching of the herbivore. To
answer these questions, I used data where herbivore-manipulation (i.e. autumnal moth
larvae) was used to induce systemic changes in 16 silver birch trees, while 16 trees
were left as controls. The herbivore-mediated changes were measured from chlorophyll
and leaf water content, photosynthetic activity and light transmission of leaves from
undamaged leaves of both treatments. To enable the conversion of the leaves and
larvae to avian vision, two photographs were taken from every leaf and larvae: a ‘UV
photograph’ was taken with UV-pass filter (Baader U; 310-400 nm transmittance) and
a ‘human visible’ photo was taken with a filter blocking UV and infrared lens (Baader
UV/IR Cut; 400—700 nm transmittance). The camera was also equipped with an UV
transmitting lens (Coastal Optical Systems) as well as an image sensor sensitive to UV
and "human-visible light’ (ca. 400-700 nm). The photographs were taken under a light
bulb emitting visible and UV wavelengths (Arcadia Fluorescent Bird Compact Lamp).
A grey standard (Labsphere Spectralon diffuse reflectance standard), which reflected
50 % of all light across the avian visual spectrum, was included in every photo.

3.3.1. Avian vision models

I used Image Calibration and Analysis Toolbox (Troscianko and Stevens 2015) in
Image] (Schneider ef al. 2012) to combine corresponding ‘human visible’ and UV
photographs for leaves and larvae. With this Toolbox, I also normalized and linearized
the photographs against the grey standard. After this, I selected a ca. 3 mm x 3 mm
patch (region of interest, hereafter referred as ROI) from an area where the leaf
appeared dark green in the ‘human vision’ photograph (in visible wavelengths) or dark
in a UV photograph (n = 122 leaves). This was done in order to avoid areas where light
reflected brightly back from the wax layer of the leaf. From the larvae photographs (n
= 45), I took the ROI (2-3 segments long) from the dorsal side of the lateral line of
each larva. This section of the larvae is green with thin yellow stripes in ‘human-
visible’ photograph and appears dark in UV photograph. I did not include yellow
lateral line of a larva in the ROI, but the thinner yellow lines could not be excluded.
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I also used the Image Calibration and Analysis Toolbox to convert ROIs to the
predicted photoreceptor responses of single and double cone types of a blue tit (Hart et
al. 2000; Hart 2001; Troscianko and Stevens 2015). The Toolbox contains a mapping
function which converts the image data from camera colour space to the predicted cone
response data of a focal visual system, i.e. to a cone catch data. From this cone catch
data, I wanted to describe the colour properties of the leaves by calculating the hue of
leaves by deriving a colour channel that best explained variation in colour (e.g.
Komdeur et al. 2005; Evans et al. 2010; Spottiswoode and Stevens 2011; Stevens et al.
2014). For this, I used principal component analysis on a covariance matrix of the
standardised (transformed to proportions) single cone catch values of blue tit (e.g.
Spottiswoode and Stevens 2011). The extracted principal component scores provided a
calculation of hue of leaves by using the formula (MWS+LWS) / (UVS+SWS). This is
broadly based on the idea that colour perception in animals stems from antagonistic
opponent colour channels that are frequently represented by a ratio (e.g. in humans, the
red-green colour channel is LWS / MWS) (Lovell et al. 2005). In this hue formula, an
increase in score values above 1 means that leaves have a shift to longer wavelengths,
i.e. are more green or yellow, whereas values smaller than one suggest a shift towards
more blue-UV colours. In addition, to allow comparison of achromatic properties of
leaves among treatments and to compare the leaves to larvae, I calculated standardised
contrast from the double cone values for each leaf and larvae. For this I used the
formula: contrast = luminance standard deviation (SD) / luminance mean (Troscianko
et al. 2016). The difference in contrast between larvae and leaves was calculated with a
formula [i.e. (luminance SD/luminance mean of a larva) — (luminance SD/luminance
mean of a leaf)].

To test how well blue tits may discriminate (1) between the leaves of control and
herbivore-damaged silver birch trees and (2) between autumnal moth larvae and leaves,
I used colour and luminance discrimination models (Vorobyev and Osorio 1998) for
the cone-catch data. The discrimination model is based on the idea that receptor noise
limits discrimination, and the model uses units of ‘just noticeable differences’
(hereafter, JNDs). Values <1 to 3 indicate that the two colours are likely
indistinguishable by the given visual system under optimal light conditions and values
>3 indicate that two objects are likely discriminable (Siddiqi et al. 2004). By using
these models, I compared all control leaves against all leaves from defoliated trees, and
every leaf against every larva to test whether they are discriminable in avian vision
based on chromatic or achromatic differences.

3.3.2. Chlorophyll concertation, fluorescence, leaf water content and light
transmission of leaves

I analysed herbivore-mediated changes from leaves by using concentrations of
chlorophyll a and b, photosynthetic activity, water content and light transmission
measurements. The chlorophyll concentration was measured from dark-adapted leaves
following the method of Inskeep and Bloom (1985). Chlorophyll a fluorescence
induction curves were measured from the same leaves with a PAM-101 fluorometer
(Heinz Walz, Effeltrich, Germany). These results were used to calculate the
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photosynthetic activity of leaves, indicating general health and lack of significant stress
of the photosynthesis machinery of the plant (Krause and Weis 1991; Takahashi and
Murata 2008; Tyystjarvi 2008). The relative water content (7.e. mass of water divided
by fresh weight) of 15-20 leaves per tree was determined by weighing the fresh leaves,
and weighing them again after 48 hours of freeze-drying. In addition, one or two leaves
per tree (28 trees in total) were placed on top of a light source for transillumination and
photographed from above. The same grey standard as used in the photographs of leaves
and larvae for avian vision models was also included in every photo, and the photos
were converted to black and white images. The mean grey value of each leaf and the
grey standard were recorded in the Imagel] program. Based on these, I calculated the
standardised light transmission by subtracting the average grey value of a tree
(calculated from one or two leaves) from the mean value of the grey standard.

3.4. Protective plant symbionts: fungal endophytes in grasses and
herbivorous geese

In this experiment, I investigated how fungal endophytes affect freely foraging
barnacle geese at two sites differing in the grazing pressure by the geese. I used red
fescues and tall fescues at the high grazing pressure site of the Helsinki Zoo (referred
as Helsinki experiment), while only tall fescue was used in the low grazing pressure
site in the Botanical Garden of University of Turku (referred as Turku experiment).
The grasses used in the Helsinki experiment were first grown in pots in a greenhouse,
cut to 3-4 cm tall to attract geese (Summers and Critchley 1990; Hassall et al. 2001;
Durant et al. 2003), and then the pots were dug at ground level in eight areas. The
grasses were regularly cut if they exceeded this height. In each area, there were two tall
fescue and red fescue patches: ten E+ pots or E- tall fescue pots formed a patch (ca. 20
x 50 ¢cm), while six E+ or E- red fescue pots formed a 10 x 24 cm patch. The distance
between conspecific patches was 3 meters, while the distance between closest tall
fescue and red fescue patch was 5 m within an area.

In the Turku experiment, I sowed tall fescue seeds (E+ or E-) into ten 1 m x 1.2
m plots. The distance between the plots was 2.5 m, and the plots formed an alignment
close to a pond where ca. 40 barnacle geese were observed foraging earlier in the
spring. Before the experiment, the grass was cut to 6-7 cm height and kept at this
height during the experiment. In both experiments, I measured the preference of geese
as proportion of area eaten, length of eaten grass and number of goose droppings. To
exclude the effect of cutting and growth of new tillers, the grass was considered eaten
when the height was under threshold value (2.8 cm in Helsinki experiment and 5.8 cm
in Turku experiment). The length of eaten grass was calculated by subtracting the
measured grass height from the threshold value.
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3.5. Plants, herbivores and frugivores: effects of herbivory on berry
production and seed-dispersing mutualists

In this study I manipulated the herbivore damage in bilberries to test how it effects
chemical composition and ripening of berries as well as the foraging behaviour of
frugivorous birds. I used 20 forest blocks in Ruissalo Island (in 2013 and 2014) and in
each block I had three control plots and three herbivore plots (each ca. 1-3 m?). In
herbivore plots, two bilberry ramets were defoliated by autumnal moth larvae by
covering ca. 25 % of a ramet with mesh bags containing the larvae. However, I
expected that undamaged ramets in the herbivore plots had rhizome or root connections
to defoliated ramets, because ramets belonging to the same clone tend to be closely
associated (Ritchie 1956; Albert et al. 2003). Furthermore, because clonal plants can
induce resistance in the neighbouring ramets (Goémez et al. 2007; 2010; Gémez and
Stuefer 2006; Chen et al. 2011), I considered two undamaged ramets in herbivore plots
as the ‘rhizome signalling’ treatment. Similarly, in control plots, I applied empty mesh
bags to two ramets (referred as methodological control ramets) to control the possible
effect of the bag (e.g. due to shading or reduced evaporation), while two ramets within
the plot were left as non-bagged controls. After 7 to 21 days the mesh bags were
removed. I calculated the number of flowers and raw berries at the beginning of the
experiment and surveyed the ramets 11-12 times to calculate the number of ripened
berries and how many of them disappeared (interpreted as eaten by frugivorous birds).

I also collected berries from one bagged and one non-bagged ramet per plot for
analyses of anthocyanins, sugars and organic acids. The total content of anthocyanins
(mg/g of dry weight, DW) was determined by spectrophotometer ascyanidin-3-O-
galactoside (Extrasynthese, Genay, France) equivalents at 530 nm. In addition, the
anthocyanin profiles were determined with ultra-high performance liquid
chromatograph with a diode array detector (UHPLC-DAD). The most common
anthocyanins of bilberries were identified based on the UV-Vis spectra and literature
(Laaksonen et al. 2010), and the proportions of individual anthocyanins in each sample
were defined by their shares in the HPLC chromatograms. Based on this information,
the contents of each anthocyanin in all samples were calculated. Concentrations of
sugars and organic acids were analysed as Trimethylsilyl (TMS) derivatives by using
gas chromatograph with a flame ionization detector (GCFID). The peaks of the TMS
derivatives of sugars and acids were identified by comparing their retention times with
the retention times of external standards (for acids: ascorbic, citric acid malic and
quinic acids, and for sugars: sucrose, glucose, fructose, myo-inositol and xylose).
Quantifications (mg/g DW) were made in relation to the area of the internal standards
(which were sorbitol for sugars and tartaric acid for acids).

3.6. Statistical analyses

For all statistical analyses, I applied linear (LMM) and generalized linear mixed
models (GLMM) with the specific error distribution and link function chosen
according to the dependent variable in question. To test hypotheses provided in Aims 2
in the Aims of the Thesis in the previous chapter, experimental manipulations formed
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the most interesting fixed explanatory factors in the models. Other fixed factors were
selected based on their biological relevance for the question studied. In all models, the
dependency structures among the observations were taken into account as random
factors. All models were run using the SAS statistical software, primarily using the
procedure GLIMMIX (Stroup 2013). However, in Chapter I the locally induced
VOCs from control and herbivore-damaged trees were analysed with a nonparametric
Mann—Whitney U-test due to large variation and skewed distribution of the data. In
addition, the association between the average hue of a tree (calculated from hue values
of individual leaves) and the average chlorophyll concentration of a tree (calculated
from chlorophyll a and b values of individual leaves) were analysed with Pearson’s
product-moment correlation coefficients in Chapter II. More detailed descriptions
about the statistical methods are described in my original publications used for this
thesis (Chapters I-1V).



RESULTS AND DISCUSSION 21

4. RESULTS AND DISCUSSION

4.1. VOC:s as olfactory foraging cues for birds

In Chapter I, I studied tritrophic interaction among plants, insect herbivores and
protective plant mutualists by testing the mechanism behind the attraction of birds to
insect-damaged trees. In the third experiment I found that the silver birches were
responding to herbivore-damage by increasing local VOC production, as 22
compounds out of 39 had higher emission rates in defoliated trees compared to control
trees. However, I did not find supporting evidence for the olfactory cue hypothesis in
the three experiments conducted, as there was no clear difference in the first choice,
number of visits of birds or predation rate on plasticine larvae. Although in the first
experiment birds visited terpene scented trees more often than GLV trees, this
difference was likely due to two very active individuals in the aviary experiment, and
this observed preference was not found when the same VOC blends were applied in
wild conditions.

From the bird’s point of view, it would likely be beneficial to be able to smell
herbivore-induced VOCs, because they are considered to be reliable signals of the
presence and identity of herbivores (Vet et al. 1991; Vet and Dicke 1992; Dicke 1999;
Halitschke et al. 2001; Hilker et al. 2002; Gosset et al. 2009). However, the odour and
volatility of VOCs may change shortly after plants have released them due to some
VOCs diffusing very quickly in the atmosphere, while others may become less volatile
when reacting with other compounds (Kroll and Seinfeld 2008; Holopainen and Blande
2013). It is important to note that although the compounds of the laboratory made VOC
blends were partly mimicking the blend of volatiles released by defoliated mountain
birches, artificial VOC blends cannot fully mimic the complexity of natural VOC
blends. In addition, the birds in my aviary experiments were not habituated to forage in
an aviary or trained to associate olfactory cues to food. By contrast, in the experiment
by Amo et al. (2013) where support for the olfactory cue hypothesis was found, the
hand-reared birds were habituated to foraging in an aviary on several occasions.
However, wild and non-trained birds were also used by Méntyld et al. (2004; 2008b),
where birds showed preference for herbivore-damaged trees. My results from these
three experiments indicate that for prey-searching insectivorous passerines VOC-based
olfactory foraging cues may not be completely necessary or the only foraging cues.

4.2. Changes in the visual properties of plants as foraging cues for
birds

In Chapter II I further studied the mechanism behind the attraction of insectivorous
birds to insect-damaged trees. I found that silver birches had a systemic response to
herbivore damage as the intact leaves of herbivore-damaged trees had a significantly
lower concentration of chlorophyll a. In addition, the hue of leaves of herbivore-
damaged trees was shifted to longer wavelengths, and they also had higher achromatic
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contrast. [ also found a negative correlation between concentrations of chlorophyll a
and the hue of the leaves of both undamaged and damaged trees. Because both hue and
contrast calculations were based on spectral sensitivities of the blue tit, my results
indicate that herbivore-damaged trees may appear ‘greener or more yellowish’ to birds,
and that changes in chromatic and achromatic properties of the leaves may act as visual
foraging cues to birds. However, based on the discrimination models, these changes in
the chromatic and achromatic properties of leaves are not obvious, and may offer
limited detection to insectivorous birds.

In Chapter 11, I also investigated the relationship among plants, herbivores and
insectivorous birds from the herbivore’s perspective. I did not find support for the
‘reduction in camouflage’ hypothesis, as herbivore-mediated changes in leaves did not
reduce the background matching of the cryptic herbivore. Instead, the colour JND
values and difference in contrast between larvae and leaves were higher when larvae
were tested against control trees. This indicates that larvae may be less conspicuous
when on damaged trees, although these perceptual differences are likely small.
Nevertheless, although to human eyes the autumnal moth larvae closely resemble the
colour of leaves, the larvae should be detectable for birds on leaves on both control and
herbivore-damaged trees. This is in accordance with findings by Stobbe et al. (2009)
that insectivorous birds can use both chromatic and achromatic cues in detection of

cryptic prey.

4.3. Fungal endophytes in grasses and herbivorous geese

In Chapter III I studied the tritrophic interactions among plants, herbivores and
protective mutualists, using a grass-endophyte-avian grazer system. I found only minor
differences between E+ and E- grasses in high grazing intensity site (in the Helsinki
experiment) indicating a slight avoidance of E+ grasses. Nevertheless, I do not relate
these subtle differences to be caused by fungal alkaloids, but rather to be explained by
better recovering capacity of E+ grasses and/or their higher silicon content
(Arachevaleta et al. 1989; Clay 1990; West et al. 1993; Clay and Holah 1999). In
accordance to my predictions, I found that barnacle geese preferred red fescues over
tall fescues when the two grass species were simultaneously available for birds. This
result is consistent with previous studies showing that tall fescue is not preferred
foraging species to herbivorous geese (Smith er al. 1999; Pennell ef al. 2010;
Washburn and Seamans 2012). The reason for this is likely the fact that tall fescue is
coarse and has a high tensile strength making it more difficult to forage (Owen et al.
1977; Conover 1991). In low grazing intensity site (in the Turku experiment) where
only tall fescue was used, I found that the tiller density at the beginning of the
experiment negatively affected the foraging activity of the geese. In addition, the
proportion of area eaten in the low grazing intensity, tall fescue plots declined after
beginning of the experiment. Because previous studies have shown that increasing
standing crop and the cover of forage can limit the foraging efficiency of herbivores
(van de Koppel et al. 1996; van der Wal et al. 1998), my results support the idea that
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when the tall fescue plots grew denser during the experiment, they likely became more
difficult or less attractive for the geese to forage.

4.4. Effects of insect herbivory on berry production and seed-
dispersing mutualists

In Chapter IV I investigated the interactions among plants, insect herbivores and seed-
dispersing plant mutualists. My results indicate that the herbivory treatment indirectly
affected the probability for berries to be foraged, because the undamaged ramets in
herbivore plots were least-favoured by seed-dispersers. I suspect that herbivore-
damage likely caused priming effect in these ramets, because they were rhizome or
root connected to the herbivore-damaged ramets (Ritchie 1956; Albert et al. 2003) and
because interconnected ramets are likely able to induce systemic resistance upon insect
herbivory (Gomez and Stuefer 2006; Gomez et al. 2007; 2010; Chen et al. 2011). In
addition, VOC mediated plant-plant signalling has been identified in several plant
species (e.g. Karban ef al. 2003; Engelberth et al. 2004; Goémez and Stuefer 2006; Ton
et al. 2007; Gomez et al. 2007; 2010; Chen et al. 2011). This potential priming effect
may have affected the attractiveness of berries by affecting their contrasts against
leaves, because in some plants systemic defence induction affects light reflectance
and/or photosynthetic activity of leaves (Zangerl et al. 2002; Mantyld et al. 2008a, b;
Amo et al. 2013). In addition, induced defence response may affect attractiveness of
the plants by affecting the palatability of fruits (Whitehead and Poveda 2011).

I also found that berries in ramets with a high fruit yield had higher probability
to be foraged compared to berries in ramets with lower fruit yield, which is in
accordance with previous studies (Sallabanks 1993; Ortiz-Pulido et al. 2007,
Blendinger et al. 2008). The likely reason for this is that by favouring plants with high
fruit yield frugivores likely maximize their foraging efficiency or minimize search and
travel time (Martin 1985; Sallabanks 1993). In addition, the large fruit display is likely
more conspicuous (Howe and Estabrook 1977; Denslow et al. 1986; Sallabanks 1993).
However, in contrast with some previous studies (Obeso 1993; Koptur et al. 1996;
Thalmann et al. 2003), I did not find an allocation cost between defence and
reproduction, as herbivory did not affect the ripening or the concentrations of
anthocyanin, sugar or acid of bilberries. However, my findings are similar to Primack
and Hall (1990), as they found that pink lady’s slipper orchids (Cypripedium acaule
Aiton) were able to mature their fruits despite defoliation. In addition, Obeso and
Grubb (1993) did not find an effect of defoliation on fruit production during the year of
damage. Storages, for example carbohydrates and nitrogen in roots or rhizomes, are the
most obvious reason for the lack of effect of herbivore damage, and some clonal plants
also transport resources among interconnected ramets (Loescher et al. 1990;
Lahdesmaéki et al. 1990; Alpert 1991; Evans 1992; Kaur et al. 2012). It is also possible
that plants may have increased their photosynthetic capacity, or that bilberry is
moderately tolerant to vegetative damage (Tolvanen 1994; Tolvanen et al. 1994;
Tolvanen and Laine 1997).
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S. CONCLUSIONS

In this thesis I investigated tritrophic interactions among plants, herbivores and
protective or seed-dispersing plant mutualists. My results provide information about
plant responses to herbivory, as they demonstrate that plants can respond to herbivore
damage both locally (i.e. increased VOC emissions form damaged site found in
Chapter I) and systemically (i.e. decreased chlorophyll a, changes in hue and contrasts
found in Chapter II). I also found that these plant responses to herbivore damage can
affect natural enemies of herbivores via changes in visual properties of leaves, because
herbivore-mediated systemic changes in leaves may be visible, although likely not
obvious to birds (Chapter II). In addition, these changes may make cryptic herbivores
slightly less detectable to birds when on herbivore-damaged plants, although
herbivores can still be discriminable to birds against the leaves of both the undamaged
and damaged host plant (Chapter II). However, I did not find that VOCs released due
to herbivore damage would attract insectivorous birds (Chapter I). Whether changes
in visual properties of leaves affect foraging behaviour of birds and whether birds can
combine olfactory and visual cues during foraging require further studies involving
behavioural tests and visual modelling.

Herbivore-mediated changes in plants may also have an ecological cost to plants
by affecting seed-dispersing mutualists, because I found that herbivore damage in
clonal plants may lower the probability for berries to be foraged from undamaged
neighbouring plants (Chapter 1V). Foraging behaviour of animals can also be affected
by the abundance of resources and by how much effort is required to obtain these
resources. For example, a high abundancy of plant-provided resources, such as berries
(Chapter 1V), can attract plant mutualists. In addition, the coarseness of the plant can
make it more difficult for plant antagonists to forage, and thus, coarse species such as
tall fescues should be used to reduce the attractiveness of recreational areas to wild
geese (Chapter I1I).

In summary, the results of this thesis advance our understanding about the effects
of antagonist and mutualist relationships among plants and species at other trophic
levels. These results also provide knowledge about plant responses to herbivory,
indirect defences as well as of the foraging behaviour of frugivores and grazers. The
results from tritrophic interactions among plants, herbivores and protective mutualists
also provide information relevant for biological pest management as well as for
planning urban grass areas.



ACKNOWLEDGEMENTS 25

ACKNOWLEDGEMENTS

I am grateful for my supervisors Tero Klemola, Toni Laaksonen and Péivi Sirkid for
their guidance, expertise and support. Tero, Toni, Péivi, I have been lucky to have the
three of you as supervisors and I admire you all. Without you it would have been
impossible to conduct this thesis. Tero, you have been my main supervisor since my
master’s thesis. You have always been so nice and found the time (and patience)
whenever I have had questions. I have always felt that [ can could to you when I have
questions or problems, and that you know almost everything worth knowing. Perhaps
for those reasons you are the first person I turn to for advice. Toni, you have not only
guided my Master’s thesis and this PhD, but you have also guided me in the more
informal, yet equally important aspects of a scientist life: arranging and participating
congresses, networking, VERG meetings etc. Thank you for all that. To my delight, we
also share a love for metal music. Piivi, you fill the room with warmth and
friendliness, and I have always felt you are not only my supervisor but also my friend.
Perhaps because of that, you had been the victim of my endless cat stories during field
work. Tero, Toni and Péivi, all of you three have helped me pursue my dream to
become a scientist and [ am forever grateful for that.

I have also been lucky to work with several co-authors who have introduced me
to new and interesting methods and provided their knowledge and help with the
manuscripts. All of them have inspired me with interesting research questions and
techniques. I thank James, Tao, Sarai and Jarmo for their help with VOC-related
experiments. Thank you Marika, Heikki, Baoru and Kaisa for analysing anthocyanins,
sugars and acids from bilberry samples, as well as for fun meetings. I am also very
grateful for Carita, Martin and Jolyon for their expertise and guidance with avian visual
models and Kari for biochemical analyses. Thank you Marjo and Kari for your
expertise and help with the endophyte fungus experiments and special thanks for fun
conversations. Thank you Liisa, Suvi and Elina not only for your contribution to
experiments and/or data but also for fun moments together during the experiments
and/or in congresses. Thanks to also all the people helping me with the field
experiments and/or lab work: Ina-Sabrina, Jenni, Matias, Hanna, Tuija, Miika, Serdar,
Miia, Anna, Maija, Otto and Meri. I thank people in the Botanical Garden of
University of Turku and Helsinki Zoo for their help with the experiments.

I would also like to acknowledge all co-workers in the section of Ecology for
providing inspiring working atmosphere. Thank you Katrine, Mari, Pablo, Camilla,
Sari and Karen for sharing office spaces, your knowledge and even having a friendship
with me. Thank you Satu for being my mentor in the mentoring program and guiding
me through the big, baffling questions of life such as what to do after PhD and how.
I’m also happy to be part of Vertebrate Ecology Research Group, VERG, which is full
of fun and very skilful people who have inspired me by presenting their research.
Thanks to Riikka, Barbara, Simon, Tytti and Gabriel for helping me to prepare for the
doctoral dissertation by being my practise opponents. I am thankful for University of
Turku Graduate School for funding this thesis as well as several organizations for
funding the experiments: Finnish Cultural Foundation, University of Turku (Research



26 ACKNOWLEDGEMENTS

Grant), University of Turku Foundation, Academy of Finland, Emil Aaltonen
Foundation, and the Jenny and Antti Wihuri Foundation. Robert M. Badeau, PhD is
acknowledged for providing the English language editing service of this thesis.

Tytti + Jussi, Suvi + Joonas and Riikka, we have known for many years and you
have always been there for me, even when I have lost some people dear to me. I know I
can always count on you. Thank you for many game nights and parties, barbeques,
congresses, cries and laughs. Thank also to Jussi and Ines, Marja and Juha, Leila,
Juhani and Hanna for being my second family.

Mom, you used to say to me when I was a child that I am like a professor: |
would bump into a street light while walking and apologise to the lamp. I wish you
would still be with us to see that now I am a one step closer to that academic title, and
perhaps I will one day reach it. I will try to avoid hitting myself on too many street
lights on the way. Mom and Grandma, I miss your inner strength and positive attitude
towards challenges in life; that all the obstacles can be overcome. You will always be
in my heart. Grandma and Grandpa, thank you for telling me tales about bears, foxes
and other animals when [ was a child. Those tales have strengthened my love for
nature. Special thanks to Grandpa for reading bird books with me when I was a child; I
wish that I would still be able to identify every bird in the book. Mom, Grandma and
Grandpa, all of you have encouraged me to be curious and wonder about the world.
Thank you for that. Thank you to my big sister, Marjo-Sanna, for being the rock in my
life: I know I can always come to you when I need help or guidance. Thank you also
Marika, Mari, Tomi and Tommi for being my family and bringing laughter into my
life.

Antti, you (+ Siru and Koda) are the strength and joy of my life. You always
encourage and support me when everything feels hard in life. You always believe in
me even when I don’t. For many evenings we have laughed to our own stupid jokes,
and I find this to be the ultimate way of forgetting stress and troubles. Thank you for
being in my life.



CITATIONS 27

CITATIONS

Adler LS (2000) The ecological significance of toxic
nectar. Oikos 91: 409-420

Adler LS, Wink M, Distl M, Lentz AJ (2006) Leaf
herbivory and nutrients increase nectar alkaloids.
Ecol Lett 9: 960-967

Alan RR, McWilliams SR, McGraw KJ (2013) The
importance of antioxidants for avian fruit selection
during autumn migration. Wilson J Ornithol 125:
513-525

Albert T, Raspé O, Jacquemart AL (2003) Clonal
structure in Vaccinium myrtillus L. revealed by
RAPD and AFLP markers. Int J Plant Sci 164: 649—
655

Alpert P (1991) Nitrogen sharing among ramets
increases clonal growth in Fragaria chiloensis.
Ecology 72: 69-80

Amo L, Dicke M, Visser ME (2016) Are naive birds
attracted to herbivore-induced plant defences?
Behaviour 153: 353-366

Amo L, Jansen JJ, van Dam NM, Dicke M, Visser ME
(2013) Birds exploit herbivore-induced plant
volatiles to locate herbivorous prey. Ecol Lett 16:
1348-1355

Arachevaleta M, Bacon CW, Hoveland CS, Radcliffe DE
(1989) Effect of the tall fescue endophyte on plant
response to environmental stress. Agron J 81: 83-90

Blendinger PG, Loiselle BA, Blake JG (2008) Crop size,
plant aggregation, and microhabitat type affect fruit
removal by birds from individual melastome plants
in the Upper Amazon. Oecologia 158: 273-283

Bolser JA, Alan RR, Smith AD, Li LY, Seeram NP,
McWilliams SR (2013) Birds select fruits with
more anthocyanins and phenolic compounds
during autumn migration. Wilson J Ornithol 125:
97-108

Bronstein JL, Huxman TE, Davidowitz G (2007) Plant-
mediated effects linking herbivory and pollination.
Plant Mediation in Indirect Interaction Webs,
Ecological Communities, pp 79-103

Cambell NA, Reece JB, Urry LA, Cain ML, Wasserman
SA, Minorsky PV, Jackson RB (2008) Biology,
Eight edition, Pearson Benjamin Cummings

Casierra-Posada F, Torres ID, Blanke MM (2013) Fruit
quality and yield in partially defoliated strawberry
plants in the tropical highlands. Gesunde Pflanz 65:
107-112

Catoni C, Schaefer HM, Peters A (2008) Fruit for health:
the effect of flavonoids on humoral immune
response and food selection in a frugivorous bird.
Funct Ecol 22: 649-654

Chen JS, Lei NF, Liu Q (2011) Defense signaling among
interconnected ramets of a rhizomatous clonal plant,
induced by jasmonic-acid application. Acta Oecol
37:355-360

Cipollini ML, Levey DJ (1997) Secondary metabolites of
fleshy  vertebrate-dispersed  fruits:  Adaptive
hypotheses and implications for seed dispersal. Am
Nat 150: 346-372

Clay K (1990) Fungal endophytes of grasses. Annu Rev
Ecol Syst 21: 275-297

Clay K, Holah J (1999) Fungal endophyte symbiosis and
plant diversity in successional fields. Science 285:
1742-1744

Clay K, Schardl C (2002) Evolutionary origins and
ecological consequences of endophyte symbiosis
with grasses. Am Nat 160: S99-S127

Clement SL, Wilson AD, Lester DG, Davitt CM (1997)
Fungal endophytes of wild barley and their effects
on Diuraphis noxia population development.
Entomol Ex Appl 82: 275-281

Conover MR (1991) Herbivory by Canada geese: diet
selection and effect on lawns. Ecol Appl 1: 231-
236

Conover MR, Chasko GG (1985) Nuisance Canada
goose problems in the eastern United States.
Wildlife Soc B 13:228-233

Cunningham SJ, Castro I, Potter MA (2009) The relative
importance of olfaction and remote touch in prey
detection by North Island brown kiwis. Anim Behav
78: 899-905

Cuthill IC (2006) Color perception. In: Hill GE, McGraw
KJ (eds) Bird coloration, mechanisms and
measurements. Harvard University Press,
Cambridge (MA), pp 3-40

Denslow JS, Moermond TC, Levey DJ (1986) Spatial
components of fruit display in understory trees and
shrub. In: Estrada A, Fleming TH (eds) Frugivores
and seed dispersal. Dr.W. Junk, Boston,
Massachusetts, USA, pp 37-44

Dicke M (1986) Volatile spider-mite pheromone and
host-plant  kairomone, involved in spaced-out
gregariousness in the spider mite Tetranychus
urticae. Physiol Entomol 11: 251-262



28 CITATIONS

Dicke M (1999) Are herbivore-induced plant volatiles
reliable indicators of herbivore identity to foraging
carnivorous arthropods? Entomol Exp Appl 91:
131-142

Dolbeer RA (2009) Birds and aircraft — fighting for
space in ever more crowded skies. Human-Wildlife
Conflicts 3: 165-166

Dolbeer RA, Wright SE, Cleary EC (2000) Ranking the
hazard level of wildlife species to aviation. Wildlife
Soc B 28: 372-378

Durant D, Fritz H, Blais S, Duncan P (2003) The
functional response in three species of herbivorous
Anatidae: effects of sward height, body mass and
bill size. J Anim Ecol 72: 220-231

Elton C (1927) Animal Ecology. Macmillan Co, New
York

Endler JA, Mielke PW (2005) Comparing entire colour
patterns as birds see them. Biol J Linn Soc 86: 405—
431

Engelberth J, Alborn HT, Schmelz EA, Tumlinson JH
(2004) Airborne signals prime plants against insect
herbivore attack. P Natl Acad Sci USA 101: 1781—
785

Eriksson O, Ehrlén J (1998) Secondary metabolites in
fleshy fruits: are adaptive explanations needed? Am
Nat 152: 905-907

Evans JP (1992) The effect of local resource availability
and clonal integration on ramet functional
morphology in Hydrocotyle bonariensis. Oecologia
89:265-276

Evans SR, Hinks AE, Wilkin TA, Sheldon BC (2010)
Age, sex and beauty: methodological dependence of
age- and sex-dichromatism in the great tit Parus
major. Biol J Linn Soc 101: 777-796

Girén-Calva PS, Li T, Koski T-M, Klemola T,
Laaksonen T, Huttunen L, Blande JD (2014) A role
for volatiles in intra-and inter-plant interactions in
birch. J Chem Ecol 40: 1203-1211

Gomez S, Latzel V, Verhulst YM, Stuefer JF (2007)
Costs and benefits of induced resistance in a clonal
plant network. Oecologia 153: 921-930

Gomez S, Stuefer JF (2006) Members only: induced
systemic resistance to herbivory in a clonal plant
network. Oecologia 147: 461-468

Gomez S, van Dijk W, Stuefer JF (2010) Timing of
induced resistance in a clonal plant network. Plant
Biol 12: 512-517

Gosset V, Harmel N, Gobel C, Francis F, Haubruge E,
Wathelet JP, du Jardin P, Feussner I, Fauconnier ML
(2009) Attacks by a piercing-sucking insect (Myzus
persicae Sultzer) or a chewing insect (Leptinotarsa
decemlineata Say) on potato plants (Solanum
tuberosum L.) induce differential changes in volatile
compound release and oxylipin synthesis. J Exp Bot
60: 1231-1240

Halitschke R, Schittko U, Pohnert G, Boland W,
Baldwin IT (2001) Molecular interactions between
the  specialist  herbivore = Manduca  sexta
(Lepidoptera, Sphingidae) and its natural host
Nicotiana attenuata. 111. Fatty acid-amino acid
conjugates in herbivore oral secretions are necessary
and sufficient for herbivore-specific plant responses.
Plant Physiol 125: 711-717

Hart NS (2001) The visual ecology of avian
photoreceptors. Prog Retin Eye Res 20: 675-703

Hart NS, Partridge JC, Cuthill IC, Bennett ATD (2000)
Visual pigments, oil droplets, ocular media and cone
photoreceptor distribution in two species of
passerine bird: the blue tit (Parus caeruleus L.) and
the blackbird (Turdus merula L.). ] Comp Physiol A
186: 375-387

Hassall M, Riddington R, Helden A (2001) Foraging
behaviour of brent geese, Branta b. bernicla, on
grasslands: effects of sward length and nitrogen
content. Oecologia 127: 97-104

Heil M (2002) Ecological costs of induced resistance.
Curr Opin Plant Biol 5: 345-350

Heimonen K, Valtonen A, Kontunen-Soppela S, Keski-
Saari S, Rousi M, Oksanen E, Roininen H (2015)
Colonization of a host tree by herbivorous insects
undera changing climate. Oikos 124: 1013-1022

Helander M, PhillipsT, Faeth SH, Bush LP, McCulley R,
Saloniemi I, Saikkonen K (2016) Alkaloid quantities
in endophyte-infected tall fescue are affected by the
plant-fungus combination and environment. J Chem
Ecol 42: 118 126

Herrera CM (1982) Defense of ripe fruit from pests - its
significance  in  relation to  plant-disperser
interactions. Am Nat 120: 218-241

Herrera CM, Pellmyr O (2002) Plant-animal interactions:
an evolutionary approach. Blackwell, pp. 3-313

Hilker M, Kobs C, Varma M, Schrank K (2002) Insect
egg deposition induces Pinus sylvestris to attract egg
parasitoids. J Exp Biol 205: 455-461

Holopainen JK, Blande JD (2013) Where do herbivore-
induced plant volatiles go? Front Plant Sci 4: doi:
10.3389/fpls.2013.00185



CITATIONS 29

Honkavaara J, Siitari H, Saloranta V, Viitala J (2007)
Avian seed ingestion changes germination patterns
of bilberry, Vaccinium myrtillus. Ann Bot Fenn 44:
8-17

Howe HF, Estabrook GF (1977) Intraspecific
competition for avian dispersers in tropical trees.
Am Nat 111: 817-832

Howe GA, Jander G (2008) Plant immunity to insect
herbivores. Annu Rev Plant Biol pp. 41-66

Hoveland CS (1993) Importance and economic
significance of the Acremonium endophytes to
performance of animals and grass plant. Agr Ecosyst
Environ 44: 3—12

Huitu O, Forbes KM, Helander M, Julkunen-Tiitto R,
Lambin X, Saikkonen K, Stuart P, Sulkama S,
Hartley S (2014) Silicon, endophytes and secondary
metabolites as grass defenses against mammalian
herbivores. Front Plant Sci 5: 478

Hussain A, Razaq M, Shahzad W, Mahmood K, Khan
FZA (2014) Influence of aphid herbivory on the
photosynthetic parameters of Brassica campestris at
Multan, Punjab, Pakistan. Journal of Biodiversity
and Environmental Sciences 5: 410-416

Inskeep, WP and Bloom PR (1985) Extinction
coefficients of chlorophyll ¢ and b in NN-
dimethylformamide and 80 percent acetone. Plant
Physiol 77: 483485

Irwin RE, Adler LS (2006) Correlations among traits
associated with herbivore resistance and pollination:
implications for pollination and nectar robbing in a
distylous plant. Am J Bot 93: 64-72

Isaac S (1992) Fungal-plant interactions. New York,
Chapman and Hall

Kalt W, McDonald JE, Ricker RD, Lu X (1999)
Anthocyanin content and profile within and among
blueberry species. Can J Plant Sci 79: 617-623

Karban R, Maron J, Felton GW, Ervin G, Eichenseer H
(2003) Herbivore damage to sagebrush induces
resistance in  wild tobacco: evidence for
eavesdropping between plants. Oikos 100: 325-332

Kaur J, Percival D, Hainstock LJ, Privé JP (2012)
Seasonal growth dynamics and carbon allocation of
the wild blueberry plant (Vaccinium angustifolium
Ait.). Can J Plant Sci 92: 1145-1154

Kelly DJ, Marples NM (2004) The effects of novel odour
and colour cues on food acceptance by the zebra
finch, Taeniopygia guttata. Anim Behav 68: 1049—
1054

Komdeur J, Oorebeek M, van Overveld T, Cuthill IC
(2005) Mutual ornamentation, age, and reproductive
performance in the European starling. Behav Ecol
16: 805-817

Koponen S (1983) Phytophagous insects of birch foliage
in northernmost woodlands of Europe and eastern
North America. Nordicana 47: 165-176

Koptur S, Smith CL, Lawton JH (1996) Effects of
artificial defoliation on reproductive allocation in the
common  vetch, Vicia  sativa  (Fabaceae:
Papilionoideae). Am J Bot 83: 886—-889

Kozlov MV (2008) Losses of birch foliage due to insect
herbivory along geographical gradients in Europe: a
climate-driven pattern? Clim Change 87: 107-117

Krause GH, Weis E (1991) Chlorophyll fluorescence and
photosynthesis—the basics. Annu Rev Plant Phys 42:
313-349

Kroll JH, Seinfeld JH (2008) Chemistry of secondary
organic aerosol: formation and evolution of low-
volatility organics in the atmosphere. Atmos Environ
42:3593-3624

Kvalbein A, Aamlid TS (2012) Impact of mowing height
and late autumn fertilization on winter survival and
spring performance of golf greens in the Nordic
countries. Acta Agr Scand B-S P 62: 122-129

Laaksonen O, Sandell M, Kallio H (2010) Chemical
factors contributing to orosensory profiles of
bilberry (Vaccinium myrtillus) fractions. Eur Food
Res Technol 231: 271-285

Levey DJ (1987) Sugar-tasting ability and fruit selection
in tropical fruit-eating birds. Auk 104: 173-179

Little RM, Sutton JL (2013) Perceptions towards
Egyptian geese at the Steenberg Golf Estate, Cape
Town, South Africa. Ostrich 84: 85-87

Loescher WH, McCamant T, Keller JD (1990)
Carbohydrate reserves, translocation and storage in
woody plant-roots. Hortscience 25: 274-281

Louda SM (1984) Herbivore effect on stature, fruiting
and leaf dynamics of a native crucifer. Ecology 65:
1379-1386

Lovell PG, Tolhurst DJ, Parraga CA, Baddeley R,
Leonards U, Troscianko J (2005) Stability of the
color-opponent signals under changes of illuminant
in natural scenes. J Opt Soc Am A 22: 2060-2071

Léhdesmaiki P, Pakonen T, Saari E, Laine K, Tasanen L,
Havas P (1990) Changes in total nitrogen, protein,
amino- acids and NH,+ in tissues of bilberry,
Vaccinium myrtillus, during the growing season.
Holarctic Ecol 13: 31-38

Marquis RJ (1984) Leaf herbivores decrease fitness of a
tropical plant. Science 226: 537-539

Marquis RJ, Whelan CJ (1994) Insectivorous birds
increase growth of white oak through consumption
of leaf-chewing insects. Ecology 75: 2007-2014



30 CITATIONS

Martin TE (1985) Resource selection by tropical
frugivorous birds - integrating multiple interactions.
Oecologia 66: 563-573

McArt SH, Halitschke R, Salminen JP, Thaler JS
(2013) Leaf herbivory increases plant fitness via
induced resistance to seed predators. Ecology 94:
966-975

Mols CMM, Visser ME (2007) Great tits (Parus major)
reduce caterpillar damage in commercial apple
orchards. PLoS ONE 2: €202

Mintyla E, Alessio GA, Blande JD, Heijari J,
Holopainen JK, LaaksonenT, Piirtola P, Klemola T
(2008a) From plants to birds: higher avian predation
rates in trees responding to insect herbivory. PLoS
ONE 3: e2832

Mintyla E, Blande JD, Klemola T (2014) Does
application of methyl jasmonate to birch mimic
herbivory and attract insectivorous birds in nature?
Arthropod-Plant Inte 8: 143-153

Mintyld E, Kleier S, Kipper S, Hilker M (2017) The
attraction of insectivorous tit species to herbivore-
damaged Scots pines. J Ornithol 158: 479491

Mintyld E, Klemola T, Haukioja E (2004) Attraction of
willow warblers to sawfly-damaged mountain
birches: novel function of inducible plant defences?
Ecol Lett 7: 915-918

Maintyld E, Klemola T, Laaksonen T (2011) Birds help
plants: a meta-analysis of top-down trophic cascades
caused by avian predators. Oecologia, 165: 143—151

Mantyld E, Klemola T, Sirkid P, Laaksonen T (2008b)
Low light reflectance may explain the attraction of
birds to defoliated trees. Behav Ecol 19: 325-330

Nevitt GA, Bonadonna F (2005) Sensitivity to dimethyl
sulphide suggests a mechanism for olfactory
navigation by seabirds. Biol Letters 1: 303-305

Niemi M, Eronen V, Koivisto A, Koskinen P, Nummi P,
Vidndnen V-M (2007) Valkoposkihanhi péadkau-
punkiseudulla. Suomen Ympdristé 29: 1-39,
Ympéristoministerid, Ministry of the Environment,
Edita Prima Ltd. Helsinki

Obeso JR (1993) Selective fruit and seed maturation in
Asphodelus albus Miller (Liliaceae). Oecologia 93:
564-570

Obeso JR, Grubb PJ (1993) Fruit maturation in the shrub
Ligustrum vulgare (Oleaceae)- lack of defolation
effects. Oikos 68: 309-316

Oleksyn J, Karolewski P, Giertych MJ, Zytkowiak R,
Reich PB, Tjoelker MG (1998) Primary and
secondary host plants differ in leaf-level
photosynthetic response to herbivory: evidence from
Alnus and Betula grazed by the alder beetle,
Agelastica alni. New Phyl 140: 239-249

Oliver KM, Moran NA, Hunter MS (2005) Variation in
resistance to parasitism in aphids is due to symbionts
not host genotype. P Natl Acad Sci USA 102:
12795-12800

Ortiz-Pulido R, Albores-Barajas YV, Diaz SA (2007)
Fruit removal efficiency and success: influence of
crop size in a neotropical treelet. Plant Ecol 189:
147-154

Owen M, Nuget M, Davies N (1977) Discrimination
between grass species and nitrogen-fertilized
vegetation by young barnacle geese. Wildfowl 28:
21-26

Pastore C, Zenoni S, Fasoli M, Pezzotti M, Tornielli GB,
Filippetti I (2013) Selective defoliation affects plant
growth, fruit transcriptional ripening program and
flavonoid metabolism in grapevine. Bmc Plant Biol
13:30-45

Pato J, Obeso JR (2012) Fruit mass variability in
Vaccinium myrtillus as a response to altitude,
simulated herbivory and nutrient availability. Basic
Appl Ecol 13: 338-346

Pennell CGL, Rolston MP, De Bonth A, Simpson WR,
Hume DE (2010) Development of bird-deterrent
fungal endophyte in turf tall fescue. New Zeal J of
Agr Res 53: 145-150

Porter JK, Thompson FN (1992) Effects of fescue
toxicosis on reproduction in livestock. J Anim Sci
70: 1594-1603

Primack RB, Hall P (1990) Cost of reproduction in the
pink lady’s slipper orchid: a four-year experimental
study. Am Nat 136: 638-656

Puentes A, Agren J (2012) Additive and non-additive
effects of simulated leaf and inflorescence damage
on survival, growth and reproduction of the
perennial herb Arabidopsis lyrata. Oecologia 169:
1033-1042

Riihinen K, Jaakola L, Karenlampi S, Hohtola A (2008)
Organ-specific distribution of phenolic compounds
in bilberry (Vaccinium myrtillus) and 'northblue'
blueberry  (Vaccinium  corymbosum — x V
angustifolium). Food Chem 110: 156-160

Ritchie JC (1956) Vaccinium myrtillus L. J Ecol 44:
291-299

Retuerto R, Fernandez-Lema B, Rodriguez R, Obeso JR
(2004) Increased photosynthetic performance in
holly trees infested by scale insects. Funct Ecol 18:
664-669

Rudall PJ, Prychid CJ, Gregory T (2014) Epidermal
patterning and silica phytoliths in grasses: an
evolutionary history. Bot Rev 80: 59-71



CITATIONS 31

Saikkonen K, Gundel PE, Helander M (2013) Chemical
Ecology mediated by fungal endophytes in grasses. J
Chem Ecol 39: 962-968

Saikkonen K, Lehtonen P, Helander M, Koricheva J,
Faeth SH (2006) Model systems in ecology:
dissecting the endophyte-grass literature. Trends
Plant Sci 11: 428-433

Saikkonen K, Saari S, Helander M (2010) Defensive
mutualism between plants and endophytic fungi?
Fungal Divers 41: 101-113

Sallabanks R (1993) Hierarchical mechanisms of fruit
selection by an avian frugivore. Ecology 74: 1326—
1336

Sapp J (1994) Evolution by association: a history of
symbiosis. Oxford, Oxford University Press

Schaefer HM, McGraw K, Catoni C (2008) Birds use
fruit colour as honest signal of dietary antioxidant
rewards. Funct Ecol 22: 303-310

Schaefer HM, Schmidt V, Bairlein F (2003)
Discrimination abilities for nutrients: which
difference matters for choosy birds and why? Anim
Behav 65: 531-541

Schaefer HM, Valido A, Jordano P (2014) Birds see the
true colours of fruits to live off the fat of the land. P
Roy Soc B-Biol Sci 281: 20132516

Schardl CL, Florea S, Pan J, Nagabhyru P, Bec S, Calie
PJ (2013) The epichloae: alkaloid diversity and roles
in symbiosis with grasses. Curr Opin Plant Biol 16:
480488

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH
Image to Imagel: 25 years of image analysis. Nat
Methods 9: 671-675

Siddiqi A, Cronin TW, Loew ER, Vorobyev M,
Summers K (2004) Interspecific and intraspecific
views of color signals in the strawberry poison frog
Dendrobates pumilio. J Exp Biol 207: 2471-2485

Silvonen K, Top-Jensen M, Fibiger M (2014) Suomen
péivd-ja yoperhoset — maastokdsikirja (A field guide
to the butterflies and moths of Finland). Bugbook
Publishing, Oestermarie, Denmark

Smith AE, Craven SR, Curtis PD (1999) Managing
Canada geese in urban environments: a technical
quide. Jack Berryman Institute Publication 16, and
Cornell University Cooperative Extension, Ithaca,
N.Y.

Spottiswoode CN, Stevens M (2011) How to evade a
coevolving brood parasite: egg discrimination versus
egg variability as host defences. P Roy Soc B-Biol
Sci 278: 35663573

Stevens M (2013) Sensory ecology, behaviour and
evolution. Oxford University Press, First edition

Stevens M, Lown AE, Wood LE (2014) Colour change
and camouflage in juvenile shore crabs Carcinus
maenas. Front Ecol Evol 2: 4

Stobbe N, Dimitrova M, Merilaita S, Schaefer HM
(2009) Chromaticity in the UV/blue range facilitates
the search for achromatically background-matching
prey in birds. Philos T Roy Soc B 364: 511-517

Strauss SY, Rudgers JA, Lau JA, Irwin RE (2002) Direct
and ecological costs of resistance to herbivory.
Trends Ecol Evol 17: 278-285

Stroup WW (2013) Generalized Linear Mixed Models:
Modern Concepts, Methods and Applications, CRC
Press, Taylor & Francis Group, USA

Summers RW, Critchley CNR (1990) Use of grassland
and field selection by brent geese Branta bernicla. J
Appl Ecol 27: 834-846

Takabayashi J, Dicke M (1996) Plant-carnivore
mutualism through herbivore-induced carnivore
attractants. Trends Plant Sci. 1: 109 113

Takahashi S, Murata N (2008) How do environmental
stresses accelerate photoinhibition? Trends Plant Sci
13: 178-182

Thalmann C, Freise J, Heitland W, Bacher S (2003)
Effects of defoliation by horse chestnut leafminer
(Cameraria ohridella) on reproduction in Aesculus
hippocastanum. Trees-Struct Funct 17: 383-388

Tolvanen A (1994) Differences in recovery between a
deciduous and an evergreen ericaceous clonal dwarf
shrub after simulated aboveground herbivory and
belowground damage. Can J Bot 72: 853-859

Tolvanen A, Laine K (1997) Effects of reproduction and
artificial herbivory on vegetative growth and
resource levels in deciduous and evergreen dwarf
shrubs. Can J Bot 75: 656—-666

Tolvanen A, Laine K, Pakonen T, Saari E, Havas P
(1994) Responses of harvesting intensity in a clonal
dwarf shrub, the bilberry (Vaccinium myrtillus L.).
Vegetatio 110: 163—-169

Ton J, D'Alessandro M, Jourdie V, Jakab G, Karlen D,
Held M, Mauch-Mani B, Turlings TCJ (2007)
Priming by airborne signals boosts direct and
indirect resistance in maize. Plant J 49: 16-26

Treadwell LW, Cuda JP (2007) Effects of defoliation on
growth and reproduction of Brazilian peppertree
(Schinus terebinthifolius)Weed Sci 55: 137-142

Troscianko J, Stevens M (2015) Image calibration and
analysis toolbox - a free software suite for
objectively measuring reflectance, colour and
pattern. Methods Ecol Evol 6: 1320-1331

Troscianko J, Wilson-Aggarwal J, Stevens M,
Spottiswoode CN (2016) Camouflage predicts
survival in ground-nesting birds. Sci Rep 6: 8



32 CITATIONS

Turlings TCJ, Tumlinson JH, Lewis WIJ (1990)
Exploitation of herbivore-induced plant odors by
host-seeking parasitic wasps. Science 250: 1251-
1253

Tyystjarvi E (2008) Photoinhibition and photodamage of
the oxygen evolving manganese cluster. Coordin
Chem Rev 252: 361-376

Van Bael SA, Philpott SM, Greenberg R, Bichier P,
Barber NA, Mooney KA, Gruner DS (2008) Birds as
predators in tropical agroforestry systems. Ecology
89:928-934

van de Koppel J, Huisman J, van der Wal R, OIff H
(1996) Patterns of herbivory along a productivity
gradient: an empirical and theoretical investigation.
Ecology 77: 736745

van der Wal R, van de Koppel J, Sagel M (1998) On the
relation between herbivore foraging efficiency and
plant standing crop: an experiment with barnacle
geese. Oikos 82: 123-130

van Loon JJA, de Boer JG, Dicke M (2000) Parasitoid-
plant mutualism: parasitoid attack of herbivore
increases plant reproduction. Entomol Exp Appl 97:
219-227

van Wijk M, De Bruijn PJA, Sabelis MW (2008)
Predatory mite attraction to herbivore-induced plant
odors is not a consequence of attraction to individual
herbivore-induced plant volatiles. J Chem Ecol 34:
791-803

Vet LEM, Dicke M (1992) Ecology of infochemical use
by natural enemies in a tritrophic context. Annu Rev
Entomol 37: 141-172

Vet LEM, Wackers FL, Dicke M (1991) How to hunt for
hiding hosts - the reliability-detectability problem in
foraging parasitoids. Neth J Zool 41:202-213

Vicari M, Bazely DR (1993) Do grasses fight back - the
case for antiherbivore defences. Trends Ecol Evol 8:
137-141

Vorobyev M, Osorio D (1998) Receptor noise as a
determinant of colour thresholds P Roy Soc B-Biol
Sci 265: 351-358

Vuorisalo T (2016) Turun muuttuva kaupunkilinnusto —
kaupunkilinnustotutkimuksen motiiveja ja vaiheita.
Ukuli — Turun lintutieteellinen yhdistys RY, 47: 48—
54

Viisdnen RA, Lammi E, Koskimies P (1998) Muuttuva
pesimdlinnusto. Otava, Helsinki.

Viidndnen V-M, Laine J, Lammi E, Lehtiniemi T,
Luostarinen V-M, Mikkola-Roos M (2010) The
establishement of barnacle goose in Finland- rapod
growth rate and expansion of the breeding grounds.
Linnut vuosikirja 2009: 72-77 (in Finnish with
English summary).

Viidndnen V-M, Nurmi P, Lehtiniemi T, Luostarinen V-
M, Mikkola-Roos M (2011) Habitat
complementation in urban barnacle geese: from safe
nesting islands to productive foraging lawns. Boreal
Environ Res 16: 26-34

War AR, Paulraj MG, Ahmad T, Buhroo AA, Hussain B,
Ignacimuthu S, Sharma HC (2012) Mechanisms of
plant defense against insect herbivores. Plant Signal
Behav 7: 1306-1320

Washburn BE, Barras SC, Seamans TW (2007) Foraging
preferences of captive Canada geese related to
turfgrass mixtures. Human-Wildlife Conflicts 1:
214-223

Washburn  BE, Seamans TW (2012) Foraging
preferences of Canada geese among turfgrasses:
implications for reducing human-goose conflicts. J
Wildlife Manage 76: 600-607

West CP, Izekor E, Turner KE, Elmi AA (1993)
Endophyte effects on growth and persistence of tall
fescue along a water-supply gradient. Agron J 85:
264-270

Whitehead SR, Poveda K (2011) Herbivore-induced
changes in fruit-frugivore interactions. J Ecol 99:
964-969

Zangerl AR, Hamilton JG, Miller TJ, Crofts AR,
Oxborough K, Berenbaum MR, de Lucia EH (2002)
Impact of folivory on photosynthesis is greater than
the sum of its holes. Proc Natl Acad Sci USA 99:
1088-1091



ISBN 978-951-29-6898-5 (PRINT)
ISBN 978-951-29-6899-2 (PDF)

ISSN 0082-6979 (PRINT) | ISSN 2343-3183 (ONLINE)



	ABSTRACT
	TIIVISTELMÄ
	CONTENTS
	LIST OF ORIGINAL PUBLICATIONS
	1. INTRODUCTION
	1.1. Tritrophic interactions among plants, herbivores and protective plant mutualists
	1.1.1. Natural enemies of herbivores
	1.1.2. Plant symbionts

	1.2. Tritrophic interactions among plants, herbivores and frugivores

	2. AIMS OF THE THESIS
	3. METHODS
	3.1. Study species and areas
	3.2. Attraction of natural enemies of herbivores: VOCs as olfactory foraging cues for birds
	3.3. Attraction of natural enemies of the herbivores: changes in the visual properties of plants as foraging cues for birds
	3.3.1. Avian vision models
	3.3.2. Chlorophyll concertation, fluorescence, leaf water content and light transmission of leaves

	3.4. Protective plant symbionts: fungal endophytes in grasses and herbivorous geese
	3.5. Plants, herbivores and frugivores: effects of herbivory on berry production and seed-dispersing mutualists
	3.6. Statistical analyses

	4. RESULTS AND DISCUSSION
	4.1. VOCs as olfactory foraging cues for birds
	4.2. Changes in the visual properties of plants as foraging cues for birds
	4.3. Fungal endophytes in grasses and herbivorous geese
	4.4. Effects of insect herbivory on berry production and seed-dispersingmutualists

	5. CONCLUSIONS
	ACKNOWLEDGEMENTS
	CITATIONS



