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Summary

Because plants cannot run away from their attackeove to more favourable locations or
hide, they have to be able to tolerate, adapt am#fend themselves. Plants have evolved an
enormous array of mechanical and chemical defeaga#st herbivores. One can distinguish
three types of defence strategies: direct defetiwsdirectly affect the herbivores, indirect
defences that attract the enemies of the herbivamestolerance, whicheduces the fitness
consequences of herbivore damatieis unlikely that direct and indirect defencest ac
independently in plants. Natural enemies of thebiweres (the indirect defence) can be
negatively affected when attacking larvae whichdfea plants defended by high levels of
allelochemicals (direct defence), causing potentraompatibility between host plant
resistance and biological control. On the otherdhdrerbivores feeding on plants with high
levels of allelochemicals may develop more slowtyg dave an impaired immune function,
leading to longer exposure of vulnerable stagepamasitism and predation and causing
potential synergism between host plant resistancé hiological control. Studies of
interactions between direct and indirect defencesabmost exclusively based on studies with
crop species. It has frequently been observeddbatesticated plants have lower levels of
defensive chemicals than their wild relatives

In this study | used a natural plant-herbivoreas#aoid complex. The main focus in
this thesis is the effect of direct defence chemigathe plant on higher trophic levels in the
system, to detect if there is potential for a dehfbetween direct chemical defence and
indirect defence of the plant.

Natural enemies of herbivores are a potential ofcndirect defences for a plant. Plants
can attract these enemies by providing shelter &ia); food or signalling them with
volatiles. The efficiency of these indirect defemdepends on the effect of the natural enemy
on the herbivore. Parasitoids often have an optimesk instar in which to parasitize their
hosts. In this optimal instar they develop fastat/ar grow bigger and have higher survival.
In chapter 21 examined this optimal host size for a gener&lshobiont tissue-feeding larval
endoparasitoidHyposoter didymator, and two of its natural host§podoptera exigua and
Chrysodeixis chalcites. Koinobiont parasitoids attack hosts that contifeegling and growing
during parasitism. In contrast with hemolymph-fegdi koinobionts, tissue-feeding
koinobionts face not only a minimum host size foiceessful development, but also a
maximum host size, since consumption of the erftost is often necessary for successful
egression. | hypothesized that the range of hasaiig suitable for successful parasitisntby
didymator would be much more restricted in the large l@sthalcites than in the smalles.
exigua. In contrast with our prediction€, chalcites was qualitatively superior t8. exigua in
terms of the survival of parasitized hosts, the bemof parasitoids able to complete
development and adult parasitoid size. Howeverboth hosts the proportion of mature
parasitoid larvae that successfully developed autolts was low at the largest host sizes. Our
results suggest that qualitative, as well as qtaive factors are important in the success of
tissue-feeding parasitoids.

One of the direct defence mechanisms of plantssiglaerbivores is the production of
allelochemicals. However, the effects of these miedecompounds is not necessarily restricted
to herbivores but can extend to higher trophicleuethe food chain, including the predators
and parasitoids of herbivores. ¢hapter 3 | examined the effects of two defence chemicals
of Plantago lanceolata, the iridoid glycosides (IGs) aucubin and catglpol the performance



Summary

of two generalist and two specialist herbivores &meir endoparasitoids. Furthermore, |
studied the sequestration of these chemical congsoumthe herbivore-parasitoid complex of
the specialist herbivorklelitaea cinxia. In general, the performance of generalist hengiso
was negatively correlated with the levels of 1Gg bifects on the performance of their
parasitoids were less apparent. Moreover, becaerigvbres developed more slowly on high
IG plants, instars vulnerable to parasitism sutfea@ increased period of exposure to the
parasitoids. On the other hand, effects on spetiadirbivores differed betwe&h cinxia and
the other specialist herbivorgynonia coenia. The development ak coenia was slower when
feeding on plants containing high IG levels, wherd# pattern was reversedNh cinxia.
Similarly, development ofCotesia melitaearum, a gregarious endoparasitoid BF. cinxia
caterpillars, benefited when it developed in larvaared onP. lanceolata genotypes with
high levels of IGs. Iridoid glycosides were detelate all tissues of the specialist herbivide
cinxia, in its endoparasitoids and in two of their hy@egsitoids. In pupae and adults, the
fraction of catalpol, the more toxic of the two |@screased with trophic level.

Another characteristic of IGs is that they canobgosition stimulants for specialist
herbivores and feeding stimulants for their lanesgnecially when their performance is better
on plants that contain 1Gs. bhapter 4 | studied the effect of IGs and aspects of plarng si
(mainly the number of leaves) of the host pnitanceolata, on the oviposition behaviour of
its specialist herbivoreM. cinxia. A previous study of the same species showed that
oviposition was associated with high levels of dmeun plants in the field, but it did not
distinguish whether the higher levels of aucubinrevéhe cause (active choice) or
consequence (induction) of oviposition. | conductedset of dual- and multiple-choice
experiments between plants with different level$Gxd, in cages and in the field. In the cages
| found a positive correlation between the pre-osipon level of aucubin and the number of
ovipositions, indicating an active oviposition dgan for plant with higher aucubin level,
rather than plant induction following ovipositioThe results also suggest a threshold
concentration below which females do not distinguasong levels of IGs. In contrast to the
cage experiment, in the field the size of the pkppeared to be a more important stimulus
than the IG concentrations, with bigger plants ingng more ovipositions than the smaller
ones, regardless of their secondary chemistry. €fbi, the predominant cues used for
oviposition may be dependent on environmental dard.

That not only plant chemicals play a role in owpion choice, is also clear from
chapter 5, in which | looked at the oviposition preferendebitat use and food plant
suitability of another specialist dh lanceolata, M.athalia. In a big cage experiment | studied
the oviposition choice of this butterfly. For theimosition experiment | used eight different
plant species, all containing IGs. The plant spethie females preferred for oviposition were
Veronica chamaedrys, V. spicata and P. lanceolata. All of these plants grow in open
meadows, which is where | also found the adultsndlymost frequent in the field. The
difference in host plant and habitat use betweemd\ Finland (where the field observations
where done) and other regions, may reflect locaptation to land use practices and geology
which maintain clusters of small open meadows. despe fact that the presence of IGs is
an important trait distinguishing host from non-hspecies used biyl. athalia, oviposition
preference within the group of (potential) hostcgee and among individual plants within
host species was largely independent of IG conagotr. Although the adult butterflies chose
specific plant species for oviposition, the immeeliaurrounding of these host species was
more important than the IG concentrations of thdaats. Plants in plots surrounded by bare
ground received significantly more egg batches hlants in plots surrounded by vegetation.
The larvae ofM. athalia did not profit from the oviposition choice of thenother. They
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performed equally well on all the 13 plant speaised for the performance experiment,
except forV. officinalis.

Many natural plant populations exhibit significgetnetic variation in their levels of chemical
defence against herbivores and pathogens?. Ilanceolata | also found variation in their
levels of IGs. One of the factors that could cdnité to the maintenance of this variation is
the presence of fitness costs of chemical defelmcehapter 6 | examined if there were
fithess costs of having higher levels of IGs. Twiuld imply that in the absence of natural
enemies, the production, transport, storage, stthxfication, activation and/or turnover of
secondary plant compounds results in lower plané$s as resources used for these processes
cannot be used for growth, survival or reproductibmthis chapter | describe a regrowth
experiment to investigate whether there are trdffetmetween resistance and one specific
aspect of tolerance, the ability to regrow aftefotiation. | let plants with different levels of
IGs grow under two nutrient conditions, poor andhri After 8 weeks | clipped the
aboveground biomass, and let the plants regroviiierweeks. The questions | asked were:
do high-IG plants (1) suffer allocation costs imnie of shoot and root growth, (2) have
reduced regrowth ability (tolerance) after defatiatand (3) are such costs more pronounced
under nutrient stress? | found that the total bissn@roduced by high-IG plants was not lower
than that of low-IG plants. However, high-IG plantsoduced fewer inflorescences (a
reproductive cost) and allocated less biomassdts than low-1G plants. After regrowth, root
mass of high-1G plants grown under nutrient-poardittons was significantly lower than that
of low-IG plants. | speculate therefore that if in@vould be repeated defoliation, high-IG
plants would eventually fail to maintain shoot @gth capacity and that trade-offs between
resistance (having high I1G levels) and tolerandhim system may not show up until repeated
defoliation events occur.

In chapter 7 | discuss the results of the effects of IGs onbiveres and their
parasitoids and whether these observed patterrier ciinong generalist and specialist
herbivore-parasitoid combinations. | conclude tHadw direct and indirect defence
mechanisms interact depends on the combinatiorpefiass involved. A possible conflict
between these two defence strategies may aribe iplants that are most attractive to natural
enemies also possess strong direct chemical desféinaeexhibit clear negative effects on the
performance of predators and parasitoids, or wihenetare metabolic trade-offs between
these two kinds of defences. Future studies witbrahplant species should examine wether
these conflicts really exist in nature.
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General introduction

Scope and aim of the thesis

The general aim of this thesis is to study effeftdirect defence chemicals on the preference
and performance of generalist and specialist herbss and on the preference and
performance of higher trophic levels in a plantdnesre-parasitoid system. Using this
information | will speculate on whether selectiar fncreased direct defence could pose a
potential evolutionary constraint to selection iftcreased indirect defence. Most studies that
deal with direct and indirect defences are doné wrbp species. This study will give new
insights in the effects of direct defence chemi@aid the effect on higher trophic levels in
natural systems. In this study | use a naturaltgha@nbivore-parasitoid complex & antago
lanceolata, to analyse the effects of genetic variation lalathemistry on plant preference in
herbivores and the performance in herbivores a@i parasitoids.

| examine the interactions between different ggmes ofP. lanceolata and several
specialist and generalist host-parasitoid associati Further, | test if there are stronger
negative effects on the performance of the herbwand their parasitoids on plant genotypes
selected for high levels of direct chemical defentiean on genotypes selected for low
defence levels. | investigate if these patternfeddmong generalist and specialist herbivore-
parasitoid combinations and if there is sequesimatf the chemical compounds in any of the
species studied. To correlate the performance efhérbivores and parasitoids to the host
plant preference of the adult female, | conductposition experiments with specialist
herbivores to examine if they have a preferencepfant genotypes/species with different
levels of secondary metabolites. To investigatedbsts involved in having direct defence
chemicals | conduct a regrowth experiment vitHanceolata plants with different levels of
direct defence chemicals.

In this chapter, | introduce the different typefs ppant defences: direct defence,
indirect defence and tolerance. Next, | descrite fbsitive and negative effects that the
different defences may have on plant fitness. Siiige may depend on the interactions
between direct and indirect defences | discusgptiential conflicts that may arise and how
the host range of both herbivores and parasit@ids)portant to consider. At the end of this
chapter | present the study system | use and & ghttine of my thesis.

Plant defences, what to do if you cannot run?

Plants in natural populations have to protect tledves against a multitude of natural
enemies and cope with a range of abiotic stre@ssause plants cannot run away from their
attackers, move to more favourable locations oe hidey have to be able to tolerate, adapt
and/or defend themselves (= slow growth-high miytalypothesis; Nagy and Schafer 2002,
Scheel and Wasternack 2002). Plant defence adwensitvory includes a range of adaptations
that improve their fithess (e.g., through increassés of survival, greater seed production,
etc.) by reducing the impact of herbivores. Planése evolved an enormous array of
mechanical and chemical defences against herbivores

One can distinguish three types of defence strdeglirect defence that directly
affects the herbivores, indirect defence that esrahe enemies of the herbivores, and
tolerance which reduces the fithess consequencémrbivore damage. Defences may be
constitutive, operating before herbivore attackjmatuced, produced or translocated by the
plant following damage or stress (Karban and My€89) and they may vary quantitatively
or qualitatively (Feeny 1976, Rhoades 1979, Colestl.€1985). A given plant species often
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Chapter 1

exhibits many types of defensive mechanisms, mecalamr chemical, constitutive or
induced, that serve to protect the plant, and aitadw escape from its herbivores.

Direct defence

Direct defences are any plant traits that by théreseaffect the susceptibility of the plant to
and/or the performance of attacking arthropodsthund increase fitness in environments with
herbivores. These traits can be divided in antisenand antibiosis. Antixenosis is the ability
to repel insects, causing a reduction in oviposibofeeding, and it can be based on chemical
or mechanical processes. Some chemicals are eoldtgy are released from plants into the
air and are sensed by insects before they lander@dpellent chemicals are sensed or tasted
by insects after they contact a plant or feed onMiechanical features that can cause
antixenosis include leaf hairiness, stem hardnglsatp spines and trichomes (Cooper and
Owen-Smith 1986). Some plants are known to mime ghesence of eggs on their leaves,
which discourages oviposition by butterflies (Withis and Gilbet 1981). Antibiosis is the
ability to reduce the survival, growth, or reprotdo of insects that feed on the plant, and is
often caused by the production of toxic chemicalplant tissues. Hundreds of chemicals that
are toxic to insects have been identified fromed#ht species and cultivars of plants.

Chemical defences

Secondary metabolites

Plants contain a wide variety of chemicals knowsesondary metabolites, which are organic
compounds that are not directly involved in thenmalrgrowth, development or reproduction
of organisms. These chemicals are often by-prodoictie synthesis of primary metabolic
products (Whittaker 1970). The function and impiceof these compounds to the organism
is usually of an ecological nature, as they arel @sedefences against predators, parasites and
diseases, in interspecies competition, and in ifatilg various reproductive processes
(colouring agents, attractive smells, etc). Secondampounds produced by the plant that
influence the behaviour, growth and/or survival other species are known as
allelochemicals. From observations of feeding bgbiverous insects it is known that these
compounds can serve as repellents to herbivordebthey are toxic to them (Fraenkel 1959,
Ehrlich and Raven 1964).

Qualitative and quantitative chemical defences

Allelochemicals can be characterized as either itgti®e or quantitative (Feeny 1976,

Rhoades 1979, Coley et al. 1985). Qualitative @tleémicals are defined as toxins that
interfere with the herbivore’s metabolism, often lidgpcking specific biochemical reactions

(Rhoades 1979). They are present in plants inivelgtlow concentrations (often less than
2% of dry weight) and can rapidly be synthesised @mansported. These chemicals are
effective against non-adapted specialist and gésienarbivores.

Quantitative allelochemicals are digestibility redts that make plant cell walls
indigestible to animals. The effects of quantitatallelochemicals are dosage dependent, the
higher the proportion of these chemicals in théivere’s diet, the less nutrition animals gain
from ingesting plant tissues. Quantitative defensgbstances are present in high
concentrations in plants (5-40% dry weight) andegeally effective against both specialist
and generalist herbivores. Because they are lagjecules, these defences are energetically
expensive to produce and maintain, and often takgdr to synthesize and transport.
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General introduction

Constitutive and induced defences

Defences can further be classified as induced ostttative. Constitutive defences are those
that are always present in the plant species, wihieced defences are synthesized at and/or
mobilized to the site of attack when a plant isiiaf. Induced defences need a proximate and
reliable cue to be triggered (Harvell 1990). Plaatondary chemicals may be induced by
biotic factors e.g., herbivore attack or pathogefedtion. Herbivore attack is frequently
associated with wounding, and the ‘recognitionhefbivore attack (Korth and Dixon 1997,
Walling 2000, Baldwin et al. 2001). The inductidnsecondary chemicals may therefore vary
with the identity of the (herbivore) species thatrthges the plant. Inducible defence will be
favoured over constitutive defence when 1) the g@bdly of attack is high but unpredictable,
2) the cues associated with attack are reliablenbufatal for the plant, 3) there is a (fitness)
cost to defence, favouring intermittent deploym@tdarvell 1990).

Costs of chemical defence

Many natural plant populations exhibit significgenetic variation in their levels of chemical
defence against herbivores and pathogens (Simn# K@®ban and Baldwin 1997, Harvey et
al. 2007). This variation is probably maintained fitness costs of chemical defence
(Bergelson et al. 2001). Fitness costs imply tivatthe absence of natural enemies, the
production, transport, storage, self-detoxificati@ctivation and/or turnover of secondary
plant compounds, results in lower plant fithnessisTiiness decrease is due to reduced
growth, survival or reproduction (Simms and Raush@87, Simms 1992, Karban and
Baldwin 1997). Different types of costs have beastimuished. The first are described as
allocation costs (Simms 1992). These costs resoih fan internal distribution pattern in
which limited resources are used for defence ratien other fitness-enhancing traits (e.qg.,
growth, reproduction). The second type are ecodgiosts (Simms 1992). These costs occur
when plant traits that reduce herbivory have a tregaonsequence for the plant through
interactions with other species. High ecologicatsoof defence may cause plants to avoid
investment in defence altogether, or switch toratitve strategies (e.g., tolerance; Agrawal
et al. 2002a). Such ecological costs may favouetlaution of inducible defence because the
trade-off between defence and other traits is adgressed when the defence is needed
(Agrawal and Karban 1999). Moreover the defenceg asavell disrupt important mutualistic
interactions such as pollination mediated by irsé&tler et al. 2001) and reduced attraction
of natural enemies of herbivores on defended plausipared to genetically similar
undefended plants (Agrawal et al. 2002b).

Indirect defence

Another category of plant defences are featuresitid@rectly protect the plant by enhancing
the probability of attracting the natural enemiésherbivores and increase the carnivore’s
foraging success and thereby facilitate top-dowmtrob of herbivore populations (Price et al.
1980, Dicke 1994, Turlings et al. 1995, Karban 8atdwin 1997, Dicke 1999a). There are
many and varied ways in which plants may promogeédfiectiveness of natural enemies of
herbivores. One of these ways is to provide praector them. Some plants produce
specialised structures, called domatia, that ateabited by predatory arthropods and
fungivores, but rarely by herbivores (Beattie 1988pwd and Willson 1989, Pemberton and
Turner 1989, Jolivet 1996, Walter 1996). Domatia #ought to provide protection against
adverse weather conditions or relatively largerdngpedators. Another way to attract the
third trophic level is to provide food. There isid@nce for the arrestment of predatory
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Chapter 1

arthropods when nutrient supplements, such asmotlee available. Extrafloral nectaries
provide nutrition for predators that increasesrtlieiaging efficiency in certain areas of a
plant (Heil et al. 2001). The provisioning of pratien and food by plants mainly represents
examples of indirect, constitutive defence. Manwgnpd also possess inducible indirect
defences. They can increase their rate of nectaetsen after herbivore attack and release
volatile chemicals in response to attack by hent@soThese volatile signals attract and arrest
the natural enemies of the herbivores (Sabelid.et99). In addition to attracting natural
enemies of the herbivores, the volatiles can foncts a direct defence by repelling the
ovipositing herbivores (De Moraes et al. 2001, Kasand Baldwin 2001), but they can also
attract adapted herbivores (Dicke and Vet 1999jalbi, they may be involved in plant-plant
interactions (Farmer 2001).

Tolerance

If a plant is not able to actively defend itselaatst its herbivores it may be beneficial to be
tolerant. A plant genotype is classified as bewigrant if it can sustain tissue loss with little
or no decrease in fitness relative to that in thdamaged state (Stowe et al. 2000). Certain
morphological traits, such as storage in below-gdoand stem structures, in addition to
physiological responses, such as herbivore-indutaeases in photosynthetic capacities and
nutrient uptake, are correlated with compensatooyth following herbivore attack (Stowe
et al. 2000).

If tolerance does not negatively affect rates @nplconsumption by enemies, an
increase in the enemy load might possibly increaseamount of damage, thus reducing the
host’s capacity for tolerance. It is reasonablesxpect that under low levels of damage
tolerance would increase (Hutha et al. 2003, Ddlaral Crawley 2005). As the amount of
damage increases, tolerance will finally reachmeximum and any further increase in the
amount of damage will reduce the benefits of toleea because of internal/external
constraints. Recent studies have indicated that plasits probably face limits on their
maximum tolerance because of resource limitatiar(&ni et al. 2004) and/or physiological
and morphological constraints (Hochwender et &@0020

Genetic variation for resistance and tolerance lmmaintained by selection and by
trade-offs. These trade-offs can be in the forma étness cost (Frank 1992, Antonovics and
Thrall 1994, Frank 1994) or trade-offs betweenetdéht systems of defence (Tiffen 2000,
Eubanks et al. 2005). As resistance is likely tpunee the mobilization of limited resources, it
is believed to be an expensive strategy for a paiehost-plant. The costs of resistance
would manifest themselves in the reduced fitnessesistant plants to relative susceptible
plants in the absence of herbivores. Plants alsp imathe degree to which they can tolerate
damage. Genetic variation for tolerance could d&@eomaintained by a cost (Simms and
Triplett 1994). Selection may generate trade-offsMeen tolerance and resistance (van der
Meijden et al. 1988, Simms and Triplett 1994, Fineb and Rausher 1995, Strauss and
Agrawal 1999). As resistant genotypes should erped less damage, selection for the
ability of these genotypes to tolerate damage wdikiely be weak. In less resistant, more
heavily damaged plants, there would likely be giroselection for tolerance. As a
conseqguence, it is expected to observe a negatietig correlation between resistance and
tolerance (Carr et al. 2006).
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Effect of plant defences on plant fitness

Does the plant benefit from direct defences against herbivores?

Mechanisms that produce negative effects on théivee do not automatically lead to
positive effects on the plant. It has to be seemfthe perspective of the individual plant
fitness. Digestibility-reducers reveal such a peratbr plant-herbivore interactions. Insects
reared on diets of low digestibility or plants withigestibility-reducers, have a strong
tendency to compensate through increased consumfBmrton Browne 1975). This means
that the per capita damage by those insects timaplete maturation on digestibility-reducing
plants is actually larger because of those compaund

Increased direct defence may have positive andégative effects on the impact of
natural enemies of the herbivores (e.g., parasifoldn the positive side, natural enemies can
exploit herbivore populations more effectively whitre herbivores have a reduced growth
rate. In many host-parasitoid associations, a fiard€an attack its host only at certain stages
(Godfray 1994). If these vulnerable stages areopiged, a host will be exposed longer to the
danger of being parasitized (= slow growth-high taldy hypothesis; Clancy and Price 1987,
Damman 1987). From a plant-fitness perspective, fue that digestibility-reducers can
increase the effectiveness of the natural enenfigbeoherbivores may be more important
than was originally assumed. Instead of being glsapent to the positive selective value of
the digestibility-reducing trait, increased enenfficeency may be essential for making the
value positive in the first place (Price et al. @8

Plant allelochemicals may also impede the optifnaktioning of the herbivore’s
immune system. One of the mechanisms employed Ibgivieees to defend themselves
against parasitoids is by encapsulating the paidsigggs or larvae. The success of the
encapsulation reaction often depends on the heélie herbivore, and this can be affected
by stress, imposed by the host plant on the hembias a result of poor nutritional quality,
starvation, or allelochemicals. A plant with toximslow nutritional quality may suppress the
insect’'s immune system and thereby benefit the padsitoids (Kraaijeveld and Godfray
1997, Ojala et al. 2005).

On the negative side there are plant defenceh#wat a stronger impact on the natural
enemies of herbivores than on the herbivores theeseSuch a negative balance arises when
herbivores passively take up or actively sequesigic plant compounds. Sequestering
herbivores probably use stored allelochemicals aferttl themselves against their natural
enemies (Hunter 2000). It is therefore in the péaimterest to produce substances that have a
negative impact on the herbivore without impedihg batural enemies of the herbivore. In
cases where plants do better when herbivores aasipaed, it can be expected that natural
selection has favoured individuals that employ deamdefences, which have a minimal
negative impact on the natural enemies of herbs/¢farlings and Benrey 1998).

Does the attraction of parasitoids benefit the plant?

Fitness benefits for plants resulting from indirdefences have been well documented for
plants that attract ants with domatia and/or fotghgen 1966, McKey 1988, Oliveira 1997).
Also the attraction of predators by volatile infeahicals can benefit the fithess of the plant,
because a predator kills its host immediately, thressenting further damage to the plant
(Sabelis and de Jong 1988). However, the effegaodsitoid activity on herbivory strongly
depends on the particular herbivore-parasitoid ¢oation. It is probably by reducing the
numbers of specialist herbivores that natural easmiill play the most important role, from
the plant’'s point of view (van der Meijden and Kdiramer 2000). This reduction can be
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direct, if parasitism reduces the amount of immied@damage of the plant tissues caused by
herbivores, or indirect, by reducing the numberkaybivores recruited to future generations.

Numerous studies have revealed that the effec{saddsitism on host growth and
development often vary between solitary and gregarikoinobiont parasitoids (Harvey
2000). Most solitary koinobiont parasitoids redtioe level of herbivory, because parasitized
hosts consume significantly less plant tissues tiyaarasitized cohorts (Jones and Lewis
1971, Vinson 1972, Smilowitz and Iwantsch 1973, vdgret al. 1999, Harvey et al. 2004).
Most solitary koinobiont parasitoids arrest hosowvgh prior to the final instar whereas
gregarious koinobionts frequently stimulate hostdiag behaviour (Tanaka et al. 1984, Sato
et al. 1986). This is because gregarious parasitoidst compete with siblings for resources
within a single host. Consequently, host damagel¢evnay increase in response to a
corresponding increase in parasitoid load (Harvép02, with heavily parasitized (or
superparasitized) hosts consuming considerably nptaat tissue than hosts with small
parasitoid loads. This results in a negative eftactthe first trophic level, the food plant.
However, experimental studies have shown that huestasitized by gregarious koinobionts
may still cause less damage to the plant than hbatsare not parasitized (Elzinga et al.
2003).

Interactions between direct and indirect defence

It is unlikely that direct and indirect defenced awependently in plants. Their potential
incompatibility has been a concern in crop protetgtbecause it would limit the opportunities
for combining variety selection for increased direlsemical defence with biological control
of herbivores by parasitoids (Bottrell et al. 1998rasitoids can be negatively affected when
they attack larvae that feed on plants defendeHidpy levels of allelochemicals, causing an
incompatibility between host plant resistance aimdogical control (Gunasena et al. 1989).
Moreover, knowledge of indirect defences througé thlease of herbivore-induced plant
volatiles (HIPV) that attract parasitoids is almesiclusively based on studies with crop
species. Domesticated plants, which have beenicaliy selected, may have altered
allelochemistry and nutrient content. It has baequdently observed that domesticated plants
have lower levels of defensive chemicals than tivédd relatives (Roddick 1986, Sotelo et al.
1995, Lindig-Cisneros et al. 2002, Lindig-Cisnergsal. 2004, Harvey et al. 2007). As a
result of this process, cultivars may incur gredanage than wild plants, either by becoming
more vulnerable to herbivores or by reducing theotiveness of natural enemies. Studies
from natural systems are required to better undedsthe importance and evolution of this
type of indirect defence (Benrey et al. 1998).

Is there a potential conflict between direct and indirect defence?
It is essential to understand the potential confiEtween direct and indirect defence in order
to fully understand the evolution of defence sgase in plants. This would enable us to
assess whether direct and indirect defence mecharsbould be considered as alternative
defence strategies that are constrained by trade-of, under which conditions both
strategies could be simultaneously favoured byctele

Constitutive secondary metabolites and volatiles loa produced through the same
biosynthetic pathway. This is the case for terpgrdefence compounds such as IGs and
volatile terpenes. A conflict is possible when thes a trade-off between the production of
chemicals used in direct and volatiles used inreadidefence.
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In wild plant species and populations, direct pldefiences are known to be very effective in
reducing levels of damage caused by poorly adagtedralist herbivores. On the other hand,
parasitoids and predators in the third trophic lleway play an important role in reducing
damage caused by specialist herbivores that ar@temtlaio specific secondary plant
compounds (Waage and Mills 1992, Turlings et a@51%an Lenteren et al. 1997).

The success of different (and potentially conffig)i defence strategies in plants may
partially rest on the degree of dietary specialisatand adaptation to more toxic plant
species or genotypes) by herbivores and their alatiemies. Specialist herbivores are often
not negatively affected by an increase in levelphoftotoxins in plant tissues, and may even
require them as oviposition and/or feeding stimtdajvan Loon and Schoonhoven 1999).
Also, some specialist herbivores are seldomly k#tddy generalist parasitoids and predators,
because they contain sequestered plant defenceicdiemTherefore, specialist natural
enemies of specialist herbivores may play a mogomant role in decreasing the amount of
plant damage, because they are able to cope witk togic plant types or toxins that are
sequestered in their herbivore host or prey (Dc®&@9b, Mattiacci et al. 2001). On the other
hand, because generalist herbivores develop mardypon well-defended plant species or
genotypes, a pattern that is often reflected in pleeformance of their predators and
parasitoids, the strength of indirect defences betwplants and their natural enemies is likely
to be less strong than in specialist systems. Arease in plant defence level will have a
negative effect on generalist natural enemies, lwhay result in a lower level of predation
of parasitism of both specialist and generalistsl, taus may have a negative effect on plant
fitness. At the same time generalist herbivore$ el more deterred by the direct defences
themselves, which leads to an increase in plam:$g. A decrease in defence chemicals will
have the opposite effects. The evolutionary outcamhethis conflict between defence
chemicals and their effects on the second and tinaphic level, clearly depends on the
balance of the relative impacts on plant fitnesgégeralist herbivores and generalist natural
enemies of specialist herbivores (van der Meijded Klinkhamer 2000). It is important to
realise that biochemical, genetic and/or trophi@lemediated trade-offs between levels of
secondary metabolites and parasitoid attractiofdpeance do not necessarily result in a
conflict between direct and indirect defences. Tkisongly depends on the biotic
environment, i.e. the composition of the herbivanel parasitoid community (Vrieling et al.
1991). Therefore it is important to study the paiteof associations between direct and
indirect plant defence in natural systems unddeudft biotic conditions, i.e. combinations of
herbivores and parasitoids with different levelsspécialisation with the underlying trophic
level.

| did preliminary experiments to test the potentiable-off between the IG levels in a
plant and its terpenoid volatile production, butgl experiments are not part of this thesis.
Further analyses and additional experiments, fatwsethe attraction of the parasitoids and
their effectiveness as indirect defence, need wdne.

Host range and plant defence

Herbivores

Most insect herbivores are specialised feeders: @D#e species are restricted to one plant
family (Bernays and Chapman 1994) and 90% to tbreflewer plant families (Bernays and
Graham 1988). One factor that contributes to therdity of herbivores is the defensive
chemistry of the host plant. Each species of pleag evolved a unique set of defensive
metabolites, which deter attack from most herbigpmexcept for a few species that have
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broken through the defences by evolving counteptdi@ns. The ability of herbivores to
adapt to plant allelochemicals varies between sgethat differ in their dietary range.
Oligophagous species (specialists) are restriatetheir dietary breadth, e.g., they feed on
several plant species within one genus or one Yamilternatively, polyphagous species
(generalists) may feed on many plant species ange of plant families (Bowers and Puttick
1988, Agrawal 2000b). The specialists are geneedilg to deal more effectively with most
of the defences of a particular plant species ougof plant species. Herbivores use the plant
defensive system to which they are adapted asfimolirg cues and feeding stimulants (van
Loon and Schoonhoven 1999). This way they can aptadt species containing defensive
systems to which they are not adapted (Rhoades)188B6umber of specialist herbivores
may even sequester these defence substances @mdddies and use them for their own
protection (Bowers 1981). Generalist herbivores,tioe other hand, are predicted to be
repelled or poisoned by the high levels of chemiediénces in plants (Feeny 1976).

Natural enemies of herbivores

Bernays and Graham (1988) argued that generalistaiaenemies of herbivorous insects
provide a major selection pressure for restrictest Iplant range. If generalist predators, via
avoiding exposure to harmful plant chemicals, actaelective force, it is expected that 1)
they will learn to avoid prey containing deletesoplant chemicals, 2) they will avoid
specialist herbivores and attack more generaligtiieres, and 3) they will suffer a reduction
in fitness when they eat prey containing harmfahpichemicals. If generalist natural enemies
selectively kill herbivores that consume plant matewith lower concentrations of
allelochemicals in such a way that there is a $istnkenefit for the plant, then it is expected
that there will be selection for plant individualsth lower defence concentrations (van der
Meijden 1996).

Specialist parasitoids that attack one or only & Bpecies of hosts may act as
selective agents for host plant shifts that regudin increase in diet breadth of the host insects
(Bernays and Graham 1988). Since most parasitogdsare specialised than insect predators
in habitat and/or host use, their host insect¢eadt those that feed on exposed parts of the
plant, are more likely to escape their parasitdigsoroadening their dietary range of host
plant than by narrowing it (Stamp 2001). The idéattinsect herbivores may escape
generalist enemies by narrowing host plant rangeesinape specialist enemies by broadening
host plant range is a subset of the enemy-freeespggothesis, which is defined as ways of
living that reduce or eliminate a species vulnditgbto one or more species of natural
enemies (Jeffries and Lawton 1984).

Study system

Choice of the system

In this study | use the system Bfantago lanceolata L. (Plantaginaceae) and its herbivore-
parasitoid complex. This system was chosen for reéuweasons. First, direct chemical
defence in this plant species by a group of mopetez derivates, the iridoid glycosides
(IGs), has been extensively studied by the groddd.aD. Bowers and N. E. Stamp at the
University of Colorado, Boulder, USA, and by H. Marak and A. Biere at the NIOO-CTE,
Heteren, the Netherlands. There is already a |dtnofwledge about the effects of IGs on
herbivores and pathogens. Secondly, the group léamski (University of Helsinki, Finland)
has extensively studied metapopulation structurd dynamics of one of the specialist
herbivores ofP. lanceolata, Melitaea cinxia, and its parasitoidsCotesia melitaearum and
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Hyposoter horticola, in natural populations (Aland, Finland). Parttois study is therefore
conducted on Aland, because here | have acces® tspecialist herbivorll. cinxia and its
parasitoidC. melitaearum.

catalpol
HO H

H
HO OGlc

aucubin

Figure 1.1 Directand indirect defences Plantago lanceolata.

Iridoid glycosides

The iridoid glycosides are a group of monoterpegrvdtes found in a large number of plant
families (Jensen 1991) that are produced via thgréoid biosynthetic pathway (McGarvey
and Croteau 1995). They generally deter feedingydayeralist insect herbivores but can be
used as feeding or oviposition stimulants by sopeeislists (Bowers 1991).

Among the secondary plant compounds produceé.dwanceolata are the two IGs,
aucubin and catalpol (Fig. 1.1; Duff et al. 196Bucubin is the biosynthetic precursor of
catalpol (Damtoft et al. 1983). In natural popuas, IG levels irP. lanceolata range from
undetectable to ca. 9% of its dry weight (Bower91)9 Iridoid concentrations are partly
under genetic control iR. lanceolata; significant heritability for leaf IG concentratichas
been observed in this speci@darak et al. 2000). IG concentrations vary bothoam
populations and among individuals within populasiomhe concentrations also vary with the
developmental state of the plant, including leafl grlant age, and attributes of the
environment such as time of the day, weather, soilient conditions and presence of
mycorrhizal fungi (Bowers 1991, Bowers and Stamp2191993, Stamp and Bowers 1994,
Adler et al. 1995, Darrow and Bowers 1997).
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The role of iridoid glycosides in oviposition choice and larval performance
The specialistM. cinxia lays eggs more frequently dh lanceolata with high aucubin
concentrations than on individuals with low concations (Nieminen et al. 2003). Females
of the specialist butterflyunonia coenia are known to select for plants with high auculnid a
catalpol concentrations for oviposition (Pereyra &@owers 1988). The specialidt coenia
prefers and shows enhanced growth and survivalieis dontaining IGs (Bowers 1991),
however eating plants that have a high concentraiod IGs comes wit a cost to growth. Non-
adapted herbivores such lagmantria dispar show reduced performance on diets containing
IGs (Bowers 1991). Also the specialigt cinxia shows a shorter development time when
reared on plants with high IG levels, in contrastite generalist herbivopodoptera exigua
which has a lower pupal weight when rearedRPorlanceolata plants with high IG levels
(Harvey et al. 2005).

Of the two IGs, catalpol is especially importantthe chemical defence of larvae,
because it is more toxic to generalist herbivofentaucubin (Bowers and Puttick 1988,
Bowers 1991).

The role of iridoid glycosides in parasitism
Plantago lanceolata plants selected for oviposition by. cinxia females appear to have
higher iridoid concentrations than could be expegtte just a random use of plant individuals
(Nieminen et al. 2003). Moreover, larvae effecyvsbquester especially catalpol frden
lanceolata, which can relate to their defence against natengmies (Suomi et al. 2001b).
Cotesia melitacarum, a specialist parasitoid ofl. cinxia on Aland, successfully parasitizes
larval groups feeding oNeronica spicata more often than larval groups which feed fan
lanceolata (van Nouhuys and Hanski 1999). One of the explanatifor the difference in
successful parasitation rate is a difference imtptlemistry between the two species, either
in secondary metabolites or in olfactory cues usddcate host larvae. Iridoids are used both
in plant and herbivore defence against their respenatural enemies. High concentrations in
larvae may function as deterrent to ovipositibgmelitaearum, or may cause mortality of
parasitoids developing within the relatively wedifended hosts (Nieminen et al. 2003).
Predation by ubiquitous generalists would probddayhigher if the host and host food
plants were not chemically defended, but specipbsasitoids appear to tolerate, overcome,
or avoid iridoids sequestered by their hosts (Bew#®81, Stamp 1982, Stamp 1992a).
Harvey et al. (2005) found that the rate of develept and the size of. melitaearum
parasitizingM. cinxia larvae did not vary with the iridoid content oktblants eaten by the
host larvae in the laboratory. They used seledtesk |of P. lanceolata with high and low
iridoid concentrations. On the other hand, in tleédf(Aland), where parasitoids may choose
among hosts feeding on plants containing diffenedbid concentrations, parasitism appears
to be associated with low levels of the IG catalpdhe host plant (Nieminen et al. 2003).

The plant

Ribwort plantain P. lanceolata) is a short-lived, perennial herb, with a worlddei
distribution and a large ecological amplitude (Sagad Harper 1964). In the Netherlands the
species is typically found in roadsides, hayfiedaisl dry grassland (Haeck 1992). The plant
forms a rosette that can survive during the wintdowers are produced in spikes on
elongated stalks. They are self-incompatible arth #awer contains two ovules. It produces
relatively large, smooth, oblong seeds about 3myg leeighing about 2mg each.
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Herbivores

Specialists

Melitaea cinxia (Linnaeus, 1758) (Lepidoptera: Nymphalidae) - Teckerspot butterfly,
Glanville fritillary, has a size of 30-40mm. Theyeafound throughout Europe, northern
Africa and in the east from Russia to West Asiae Tiumbers have declined and the
distribution has become fragmented in northern geiia the last decades. In the Netherlands
it is a rare red list species, therefore the fielgpperiments were carried out in Finland.
Melitaea cinxia disappeared from the Finnish mainland in the 1&@03s, but still lives in
metapopulations on dry meadows on Aland.

On Aland the Glanville fritillary flies in June ardys eggs in large batches (150-250
eggs per batch on average) on two host plant spdeidanceolata and Veronica spicata
(Scrophulariaceae). The gregarious larvae hatchulp and spin a communal web inside
which they feed on their host plant (Fig. 1.2B).ldte August the fourth-instar larvae spin a
much denser web in which they diapause over wiiiteese webs usually contain a group of
full-sib larvae. In early April the post-diapausevae continue to feed gregariously. They
spend much time in the sun in compact groups tease their body temperature and thereby
to increase their rate of development. The laremeain in groups until their fifth moult, after
which they disperse and pupate in the vegetatioseclo the ground in the beginning of May.
The caterpillars are attacked by two species otiapst parasitoids, which are the major
sources of mortality, apart from variable weathmrditions.

Melitaea athalia (Rottemburg, 1775) (Lepidoptera: Nymphalidae) - Teath fritillary is a
common species in southern Finland (Marttila el8B0), but has declined severely in most
of Europe (Warren et al. 1984, Schwarzwalder e1@97). It prefers edges of woodland and
open woodland but can sometimes be found on flowegdowsMelitaea athalia is part of

a group of butterflies restricted to host plantattproduce 1Gs. Its known host plants are
Common Cow-wheat (Melampyrum), Figwort (Scroph@esiea) and Plantains
(Plantaginaceae). The adults fly from the end ol Mk the beginning of August. They lay
egg clutches of 60-100 eggs. After hatching theerpdtars eat first gregariously on the
oviposition plant (Warren 1987b, Wahlberg 1997)teAfthe first or second molt in July or
August they disperse and live solitary. They disgaas larvae and pupate (Fig. 1.2A) the
following spring.

Junonia coenia Hubner, 1822 (Lepidoptera: Nymphalida€)he common buckeye is widely
distributed across the North American continentfisputh-eastern Canada throughout all the
U.S. except the northwest. It prefers habitats #rat generally open and sunny with low
vegetation and bare grounds e.g., beaches and.fledsinales lay eggs singly on leaf buds or
on the upper side of the leaves of various hoetduding plants from the plantain family
(Plantago spp), the snapdragon familhArtirrhinum spp.), as well adMimulus guttatus,
Orthocarpus purpurascens, Veronica americana and Lippia nodiflora. Iridoid glycosides
serve as both larval feeding stimulants (Bowers4)l98nd adult oviposition stimulants
(Pereyra and Bowers 1988) for buckeyes. The c#isi(Fig. 1.2 C) are solitary and eat
leaves. Caterpillars and adults overwinter onlthmsouth (Glassberg 2001).
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Figure 1.2 Specialist herbivorc A) pupae o Melitaca athalia; B) feeding nest ¢ gregariou
Melitaea cinxia on Plantago lanceolata; C) Junonia coenia larva feeding orP. lanceol ata.

Generalists

Soodoptera exigua (Hubner, 1808) (Lepidoptera: Noctuidae) - The laatyworm originated

in southeast Asia. Their seasonal activity variess@erably according to the climate. The
life cycle can be completed in as few as 24 dayds@it 1934). The beet armyworm has a
wide host range, occurring as a serious pest aétadte, field and flower crops. The eggs are
laid in clusters of 50-150 eggs per mass. Theyuatmlly deposited on the lower surface of
the leaf. Eggs hatch in two to three days duringmaeather. The larvae normally have five
instars during a minimum of 16 days in summer mentlarvae feed on both foliage and
fruit. Young larvae feed gregariously. As they nmmafuhe larvae become solitary.Pupation
occurs in the soil. The duration of the pupal stsggix to seven days during warm weather.
Mating occurs soon after emergence of the moths$ caiposition begins within two to three
days. Oviposition extends over a three to sevenpaéapd, and the moths usually die within
nine to ten days after emergence (Heppner 1998).

Chrysodeixis chalcites (Esper, 1789) (Lepidoptera: Noctuidae) — The goldemspot
originates from southern Europe, the Canary IslaAdisca, Mauritius and the Cape Verde
Islands (Zhang 1994). It lays it eggs one at theetor in small groups on a wide range of
substrates (Harakly and Farag 1975). Early insterake are leaf skeletonizers. Later instars
eat the entire leaf, at most leaving the midribeyl'lare very general feeders on many weeds
and crops. Pupae are green with a brown dorsutotailly brown, and are usually attached to
the underside of leaves or any suitable substnagesilken cocoon.

25



General introduction

Parasitoids

The Glanville fritillary butterfly supports a commity of eleven parasitoid species on Aland,
southwestern Finland (Lei et al. 1997). There a@ ltymenopteran specialist parasitoids that
interact most strongly with the Glanville fritilkabutterfly on Aland (Fig. 1.3). These wasps
differ greatly in phenology and dispersal behavioand consequently affect their host
populations differently.

Generalist hyperparasitoid Specialist hyperparasitoid
Gelis agilis Mesochorus c.f. stigmaticus

(LS
VA
Specialist primary parasitoid Specialist primary parasitoid
Cotesia melitacarum Hyposoter horticola

\/

Specialist herbivore
Melitaea cinxia

Figure 1.3 The paratoid food web associated witMelitaea cinxia on Aland, involving twc
primary parasitoidsCGotesia melitaearum andHyposoter horticola) and two hyperparasitoid&€is
agilis andMesochurus sp. cf.stigmaticus). Drawings by Zdravko Kolev.
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Specialists

Cotesia melitaearum (Wilkinson, 1937) (Braconidae: Microgastrinae) The wasp is a
parasitoid of several species of checkerspot bl®rin Europe and Asia. This specialist
gregarious koinobiont endoparasitoid has a highnsit rate of increase because it can lay
many eggs in a single host and has three genesgh@nhost generation (year). However, it
has a low dispersal ability and many natural ensrofats own. Most of the time the wasp is
relatively rare on Aland and lives in small popigdas, because the habitat is fragmented and
the host populations are ephemeral (van Nouhuys Tand 2001). Cotesia melitaearum
nevertheless plays an important role in the pomratlynamics of the Glanville fritillary.
When host populations become large in tightly e habitat patch networks, the wasp
population grows and can increase the risk of Ipogtulation extinction (Lei and Hanski
1997).

Figure 1.4 A) The specialist parasitoicCotesia melitacarum and B) Hyposoter horticola
parasitizingMelitaea cinxia eggs.

Hyposoter horticola (Gravenhorst, 1829) (Ichneumonidae: Campopleginradhe other
parasitoid waspH. horticola, is a large and long-lived solitary koinobiont epdrasitoid of
checkerspot butterflies in Europe and Asia, thoitglonly certain host i#1. cinxia. It can
disperse extremely well, even to isolated and newdlipnised local host populations. The
population size oH. horticola is limited by the extremely short time that thenéde wasp can
parasitize. She can only lay her eggs in fully fedtarvae, which have not yet hatched from
the eggs. These larvae are only available for alfeurs.Hyposoter horticola influences its
host population dynamics indirectly by uniformhydteing the host population size by about a
third, thus leaving the butterfly exposed to eximt by other means.

Generalists

Cotesia marginiventris (Cresson, 1865) (Braconidae: Microgastrinae) - Thissp is a
generalist solitary koinobiont endoparasitoid ofctaed moths. This parasitoid responds
vigorously to contact kariomones present in theptyducts of the host, such as silk, saliva,
and exuviae, but response is strongest to host¢$aaed to the feeding damage caused by the
host larvae (Loke and Ashley 1984, Dmoch et al5)98he wasp attacks mostly very young
larvae (first to second instar). A single egg isally laid in each host, and the cocoon hatches
in seven to ten days. The host dies shortly afterparasitoid emerges. The exit hole in the
side of the larva is only a superficial sign of thetual damage that occurred to the host.
Practically all organs inside are consumed by Hragtoid.
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Hyposoter didymator (Thunberg, 1822) (Ichneumonidae: Campopleginaehis iE a solitary
koinobiont endoparasitoid which attacks noctuiddar. This parasitoid is considered the most
common attacker of species in the gerfggadoptera, Heliothis andHelicoverpa (Bar et al.
1979, Ingram 1981, Figueiredo et al. 2000). Ireddfstudy on maize in Turkehy. didymator
was the most common and effective attackeB.adxigua (Sertkaya et al. 2004). The wasp
larvae are tissue feeders and feed on the entsetbacomplete the development from the
embryo to the third larval instar, when they emefigen the dead host and spin a silken
cocoon in the vicinity.

Outline of the thesis

The efficiency of indirect defences depends on éffect of the natural enemy on the
herbivore. Parasitoids are potential indirect deésnof plants. They often have an optimal
host instar in which they have the best performahtehapter 2 | study this optimal host
size for a generalist parasitoid, didymator, and two of its natural hostS, exigua and C.
chalcites.

In chapter 31 study the effects of the IGs aucubin and catadpahe performance of
the two generalist herbivores and parasitoids,@antivo specialist herbivores, coenia and
M. cinxia and one of their parasitoids melitaesarum. Furthermore | look at the sequestration
of the IGs inM. cinxia and its (hyper)parasitoid complex.

To study whether the preference of the allltinxia female is in agreement with the
performance of her offspring, | conduct ovipositicmoice experiments usirg lanceolata
genotypes with different levels of secondary conmats which are presentedahapter 4.

| also study the host plant use by the heathldmnyi butterfly, M. athalia in chapter 5.
Especially, | investigate the habitat preferencdyatvhost plant species it prefers for
oviposition and the impact of the chemistry of thepecies. Additionally | conducte a larval
performance study using known and potential haattglof this specialist.

Because the production of constitutive defencemibals such as IGs in the absence
of herbivores will probably bring along allocatiarosts, inchapter 6 | investigate the
regrowth capability oP. lanceolata plants with different levels of secondary compaand
test if having higher levels of IGs will reduce ttegpability of regrowth after clipping.

Finally, in chapter 7 | discuss effects of IGs on herbivores and pavalst and
whether the observed patterns differ among gems#ispiecialist herbivore-parasitoid
combinations. | speculate on compatibility or pa@nconflict between direct and indirect
defences and evaluate the consequences of genatjfaences in direct defence for the
oviposition choice of specialist herbivores andagéoids and for plant fitness.
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Optimum and maximum host size at
parasitism for the endoparasitoid Hyposoter
didymator (Hymenoptera: ichneumonidae)
differ greatly between two host species

J. H. Reudler Talsma, J. A. Elzinga, J. A. Harvey and A. Biere




Host size limitations for an endoparasitoid

Abstract - Host size is considered a reliable indicator ofthgsgality and an important
determinant of parasitoid fithess. Koinobiont paoads attack hosts that continue feeding
and growing during parasitism. In contrast with legmph-feeding koinobionts, tissue-
feeding koinobionts face not only a minimum hogedor successful development, but also a
maximum host size, since consumption of the ertost is often necessary for successful
egression. Here we study interactions between aerghkst tissue-feeding larval
endoparasitoidHyposoter didymator (Hymenoptera: Ichneumonidae), and two of its natura
hosts,Spodoptera exigua and Chrysodeixis chalcites (Lepidoptera: Noctuidae). Larvae Gf
chalcites are up to three times larger than correspondistaia ofS. exigua, and also attain
much higher terminal masses prior to pupation. Wethesized that the range of host instars
suitable for successful parasitism Hydidymator would be much more restricted in the large
host C. chalcites than in the smallelS exigua. To test this hypothesis we monitored
development of. didymator in all instars of both host species and measuredvsl, larval
development time and adult body mass of the paidsiin contrast with our predictions,
chalcites was qualitatively superior t8. exigua in terms of the survival of parasitized hosts,
the proportion of parasitoids able to complete tmweent and adult parasitoid size.
However, in both hosts the proportion of matureapaoid larvae that successfully developed
into adults was low at the largest host sizes. @gaults suggest that qualitative, as well as
guantitative, factors are important in the sucadsssue-feeding parasitoids.
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Introduction

Parasitoid wasps have featured prominently in sgidkamining the evolution of life-history
and development strategies in arthropods (Godfé®4)l Host size is often considered to be
the most important parameter influencing parasifiditess because it is usually correlated
with the total amount of resources available fa developing parasitoid offspring (Charnov
1982, King 1989, Mackauer and Sequeira 1993). Thisespecially true for idiobiont
parasitoids that arrest host development immegiaddler parasitism (Askew and Shaw
1986). Host size at oviposition thus reflects tb&altamount of resources available to the
offspring of such parasitoids (Mackauer and SequEn93).

A separate group of parasitoids, collectively ahlloinobionts, attack hosts that
continue feeding and growing after parasitism (Askend Shaw 1986). For many koinobiont
species, the size of the host at parasitism maynbelated to its size when it is eventually
killed by the immature parasitoid. The eggs or daof many koinobiont parasitoid species
remain quiescent or develop only slowly until tlestmatures and either enters its final stage
or pupates (Harvey et al. 1994, Harvey et al. 200yjus, although koinobionts may
parasitize hosts that are much smaller than thesehdult parasitoid size is often correlated
with the final (terminal) size of the host (Seqaiend Mackauer 1993, Harvey et al. 1994,
Harvey et al. 2004). In these species developniewt is consequently longer in small hosts
and adult size is much less affected by variatiorhost size at parasitism (Vinson and
Iwantsch 1980, Elzinga et al. 2003).

When oviposited into small hosts (e.g., early irgtahe parasitoid larva will not be
able to complete its development until the hostwgrdarge enough to provide enough
resources for vital metabolic functions. Host spediliffering in growth rate and potential
may reach this critical size for parasitoid mataratat a different moment during their
development. In large or fast growing hosts thisipmay occur earlier than in small hosts or
those that grow more slowly. Alternatively, somestsomay also grow too large to
successfully support parasitoid development (Beekagd Templeton 1985, Harvey 1996).
Large hosts often possess stronger immune deféhaassmaller conspecifics (Strand and
Pech 1995), or the parasitoid larvae are unabtsume excess host resources and perish
trapped within the confines of the host integum@eckage and Templeton 1985, Harvey
1996). Moreover, most insects are unable to corapletir development in a wet environment
(Strand 2000) and must seek drier conditions iriota pupate.

However, a more recently evolved trait for paraditarvae is to feed primarily on
host hemolymph and fat body during their developnagrd thus to consume only a fraction
of available host resources. When they are matheelarvae of hemolymph feeders emerge
by perforating the cuticle with their mandibles Kdenatsu et al. 2006). This enables these
parasitoids to consume only the amount of resouticas are necessary to complete their
development, and reduces the selection pressueefired maternal response for host-size at
oviposition. This way they can develop in a vergdat range of host sizes and instars (Harvey
and Strand 2002). Although this strategy is séileramongst parasitoid clades, it dominates
the ichneumonid subfamilies Microgastrinae and Ghielae (Gauld and Bolton 1988).

This study examines development of the solitaryegalist koinobiont endoparasitoid
Hyposoter didymator (Thunberg, 1822) (Hymenoptera: Ichneumonidae) iarege of instars
in two of its hostsSpodoptera exigua (Hubner, 1808) andhrysodeixis chalcites (Esper,
1789) (Lepidoptera: Noctuidae: Plusiinae). Like tkse relatives in the superfamily
Campopleginae, such &bk exiguae andV. canescens, larvae ofH. didymator must consume
the entire host prior to pupation. Later instarSafxigua andC. chalcites grow to sizes that
are expected to constrain the developmertd.ofidymator. Moreover, various instars @.
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chalcites are much larger than the corresponding insta& efigua, and larvae of the former
species also attain significantly larger maximalks®s just prior to pupation. Consequently,
C. chalcites was expected to have a stronger limiting effecttiom development of.
didymator than the smalle®. exigua. We specifically addressed the following questiabs;
What host instar/size is optimal for parasitoid @lepment? 2) Is the optimum host instar/size
similar in the two host species?

Materials and Methods

Herbivores
For the experiment we used two polyphagous hosis.bEet armyworng. exigua, originates
in Southeast Asia, but has been introduced oveymarts of the world. They normally have
five larval instars, and mature larvae move togbi where they pupate. The entire life cycle
is about 4-5 weeks with several generations per. yea

Chrysodeixis chalcites is native to central and southern Europe, the Garsands
and Africa. It is an immigrant species in the Netdrgds and it can only survive the winter in
greenhouses where it can become a |@st/sodeixis chalcites larvae normally complete six
instars before pupation. After feeding, the larggen a white cocoon in which they pupate
(Goodey 1991). For both herbivore species contisuearing in the laboratory is possible.

Parasitoid

Hyposoter didymator is native to the Palearctic realm and parasitizgerpillars of many
species of Noctuidae. In a field study on maiz&urkeyH. didymator was the most common
and effective attacker @. exigua (Sertkaya et al. 2004). Parasitoid females attddarxal
stages ofS. exigua and C. chalcites when they are available. The wasp larvae feedhen t
entire host, usually only leaving the skin of tlaecpillar. The parasitoid larva then spins a
cocoon and pupates next to the carcass.

Rearing

Cultures of S exigua were established from eggs originating from a labmy culture
maintained at the Department of Virology at Waggem University, the Netherlands.
Chrysodeixis chalcites cultures were reared from individuals collectednira garden in
Nijmegen, the Netherlands. All cultures were keptplastic Petri dishes on artificial diet
(Elzinga 2002) at 25°C and L:D 16:8. When cateapsllwere in their final instar they were
placed in plastic containers (15 x 10 x 10cm) veitemall amount of diet and f& exigua,
with vermiculite in which they pupated. Adult motivere placed in a cage (40 x 50 x 65cm)
in a climate room at 25°C with 55% RH and L:D 16véith honey water (1:1) and one plant
of Plantago lanceolata, that both noctuid species readily accept for ositfion. Newly
hatched caterpillars were collected from this cage placed individually in Petri dishes (8cm
@) on artificial diet.

Hyposoter didymator adults used for this experiment were obtained feolaboratory
colony that was started in 1993 from wasps coltéétem parasitized. littoralis in the south
of Spain (Cordoba). Since 2001, they have beemrdeanS frugiperda in the Laboratoire de
Pathologie Comparée at INRA UMII, Saint-Christat-&léz, France. Cultures of this
parasitoid were kept at 10°C and L:D 16:8h.
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Experimental protocol

To initiate mating, a cage containing 10 males arfemales oH. didymator was exposed to
natural light conditions in front of a window. Psitaid pairs that mated were removed from
the cage and placed into a small vial with honey maintained at 25°C. Approximately S0
exigua caterpillars in each of the host instars (L1 t9 Were individually presented to single
H. didymator females, and were allowed to be parasitized dPagasitized hosts were placed
singly into vials containing artificial diet. Thigrocess was repeated in L1-L6 instarCof
chalcites. Individual female parasitoids were allowed togsitize up to 10 hosts randomly
chosen from the two different species and differestars. After larval parasitoid emergence,
the artificial diet was removed. In addition, thevdlopment of a separate cohort of
unparasitized larvae (= control) was monitored athiS. exigua (n=125) andC. chalcites
(n=150).

Comparing parasitoid development

In H. didymator, several fithness correlates were measured: laaval pupal survival,
development time and adult weight. Larval survimals based on precocious host mortality
during the experiment. If parasitized caterpilldisd before egression, the parasitoid larvae
were recorded as ‘dead’. Larval development times waeasured as the time between
parasitism and egression, and pupal developmert was defined as the number of days
between larval egression and eclosion of the guiurhisitoid. Adult body mass was measured
on a microbalance (Mettler Toledo, Columbus, USBgraanesthetizing the wasp with €O
The number of caterpillars that pupated despitemiesl parasitism was also recorded.

Data analysis

Larval and pupal development time and adult pas@kitmass were analyzed using
Generalized Linear Models (SAS v. 8.2, ProcedurdNPBD, SAS Institute, Cary, N.C.)
with a normal error distribution and identity lifilenction and with host species, parasitized
instar, and their interaction as factors in the atodror illustrative purposes, post-hoc
contrasts between instars were calculated usingyfsikdSD test. Effects of host species and
instar and their interactive effects on the prolitghthat parasitized hosts survived, produced
a successfully egressed parasitoid, or producetlah parasitoid, were analyzed using GLM
with a binomial error distribution and a logit linkunction (SAS v. 8.2, Procedure
GENMOD). Weight variables were In-transformed prioranalysis to meet assumptions of
normality.

Results

Growth and development of unparasitized host species

The larval mass of the two host species was saamfly different for each instar (Fig. 2.1;
F = 165.2; df=1, 312; P < 0.001). First instar masd pupal mass &. chalcites were 4.2
and 3.6 times higher than thoseSExigua, respectively; the former species attained a mean
pupal mass of approximately 250mg, whereas meamlpupss in the latter species was
approximately 70mg. However, the shape of the gnawirves of the two species was quite
different (Fig. 2.1). WhereaS. chalcites has a fairly constant relative growth ra&egexigua
has a high initial relative growth rate (e.g.,mstars 1-3), but an earlier decay of growth (e.g.,
in instars 4-5). As a consequence, host mass shawsgnificant interaction between host
species and instar (F = 67.0; df=5, 312; P < 0.@01) the mass of intermediate instars (L3
and L4) was actually higher f& exigua than forC. chalcites. Despite the extra instar @.
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chalcites, the two host species had similar larval develagpgnignes (mean * s.e. fdC.
chalcites: 16.7 = 0.6 daysS exigua: 17.1 + 0.2 days; F = 1.09; df=1, 116; P = 0.30).
Development time from pupa to adult was, howevieorter inC. chalcites (8.1 + 0.2 days)
than inS exigua (9.9 £ 0.1 days; F = 93.9; df=1, 105; P < 0.001).
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Figure 2.1 Growth trajectories of two host specicChrysodeixis chalcites (closed symbols) ar
Spodoptera exigua (open symbols) across 6 and 5 larval instars,ectsely, and pupal weight (P).
Bars indicating = 1 s.e. of the mean all are to@alsto extend beyond the symbols. Asterisks (top)
indicate significance of differences in weight beém host species at each larval stage (* P < 0.05;
** P <0.01; *** P <0.001).

Survival of parasitized host larvae

Survival of parasitized host larvae ranged fromt6%85% between the different host species
and instars (Figs. 2.2A and B). Survival was sigaifitly affected by the host instar that was
parasitized (F = 27.14; df= 5, 529; P < 0.001).viuad of parasitizedC. chalcites was on
average twice as high (56%) as survival of pawasits. exigua (28%; F = 47.50; df= 1, 529;

P < 0.001) but the magnitude of the difference ddpd on the instar that was parasitized
(interaction host species x instar: F = 47.20; 4{529; P < 0.001), being most pronounced in
L3 (Figs. 2.2A and B).
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|| Host dead I Wasp larva/pupa

Host pupa/adult [l Wasp adult
Chrysodeixis chalcites
A5 50 55 50 50 50

Spodoptera exigua
B50 54 49 55 27

Fraction of parasitized caterpillars

1 2 3 4 5 6
Host instar parasitized

Figure 2.2 Fate of caterpillars ¢
Chrysodeixis chalcites (A) and
Spodoptera exigua (B)
parasitized at different larval
stages $ exigua only has five
instars). White: proportion of
caterpillars that died. Striped:
proportion of caterpillars that
pupated. Grey: caterpillars
successfully parasitized (para-
sitoid larva egresses) but para-
sitoids fail to develop further than
larval or cocoon stage. Black:
caterpillars  successfully para-
sitized and emerging parasitoids
complete development to adult
stage. Sample sizes are indicated
at the top.

Effects of host species and parasitized instar on parasitism rate

The proportion of surviving host larvae that weoecessfully parasitized bi. didymator
(i.e., in which wasp larvae successfully eggressead slightly higher in hosts that were
parasitized as L3-4 than in hosts that were pazaditas earlier or later instars (F = 3.44;
df=5, 226; P < 0.004). However, this proportion dit differ between the two host species
(F = 0.28; df=1, 228; P > 0.5). On the other hathey percentage of wasp larvae that
successfully completed their development, and predwadult wasps (Figs. 2.2A and B), was
almost twice as high i€. chalcites (69.7%) as irS. exigua (36.8%; F = 40.41; df=1, 198; P <
0.001). This percentage was also much higher itshibsit were parasitized as early instars
than in hosts parasitized as later instars (F 23 @f=5, 198; P < 0.001), independent of host
species (no interaction host species x instar088; df=4, 198; P = 0.41). I exigua, host
larvae parasitized as L4 and L5 both failed to poedadult wasps. Howevet, didymator
could successfully develop into the adult stageglinnstars ofC. chalcites, although it left
significantly more host tissue behind when par&dstaleveloped in larger hosts (L5 and L6)

than in smaller hosts.
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Figure 2.3 Develo}-
ment  of Hyposoter
didymator in the host
species  Chrysodeixis
chalcites (closed sym-
bols) and Spodoptera
exigua (open symbols)
parasitized at different
larval stages. A) Time
from parasitism to larval
egression; B) Time from
larval  egression  to
eclosion of adult wasp;
C) Weight of adult
wasps. Bars indicate + 1
s.e. of the mean.
Significance of differen-
ces between host species
are displayed at the top
for each instar separately
(ns: not significant; * P <
0.05; ** P < 0.01; *** P
< 0.001). Sample sizes
and differences between
instars  within ~ host
species (non-shared let-
ters) are given to the left
and below C. chalcites)
or to the right and on top
of symbols & exigua),
respectively.
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Effects of host species and parasitized instar on parasitoid development time and size
Larval development time dfl. didymator varied significantly with host instar at parasttis
(Fig. 2.3A; F = 6.51; df= 5, 226; P < 0.001). M chalcites, mean larval development time
exhibited a ‘u-shape’ across the different hosgjesta ForS. exigua larval development time
was longest at the later instars. There were, hewewarked host-interspecific differences in
larval parasitoid development time (interactiontrspsecies x instar: F = 4.67; df= 4, 226; P =
0.001; Fig. 2.3A). When parasitizing the first hosstar, H. didymator progeny had a
significantly longer larval development time @nchalcites (P < 0.001), whereas in the fifth
instar development time was much longe&iexigua (P < 0.05).

Parasitoid pupal development time did not diffeteen the two host species (Fig.
2.3B; F = 0.19; df= 1, 118; P > 0.5). S exigua, where wasps were only able to complete
their development to adult when L1-L3 instars weagasitized, development time was
independent of host instdBy contrast, irnC. chalcites parasitoid pupal development time was
affected by host instar (F = 47.84; df= 1, 100; ©.601) with the duration of the pupal period
extended in hosts parasitized as later instars PR3B).

Adult body mass oH. didymator was largerfor wasps reared fror@. chalcites than
from S exigua (Fig. 2.3C; F = 20.4; df= 1, 117; P < 0.001). Thagnitude of the difference
between host species was independent of the itilséirwas parasitized (interaction host
species x instar: F = 0.35; df= 2, 117; P > 0.B)Cl chalcites, parasitoid adult mass was
significantly affected by instar (F = 47.43; df=3; P < 0.001); wasps developing in later
instars (L5, 6) were larger than conspecifics dgwelg in early instars (Fig. 2.3C).

Discussion

This study has revealed that the developmerti.odidymator varied significantly with the
host species on which it was reared, and that dlse( chalcites was both qualitatively and
quantitatively superior t&. exigua. Although pupal mass @. chalcites was more than three
times greater than that @& exigua, larval masses of L3 and L4 inst& exigua were
significantly greater than those of correspondimgtars of C. chalcites. However, H.
didymator was rarely able to develop in those or later n3std S. exigua. Parasitoid survival
was typically much lower irs exigua than inC. chalcites, even in the three instars &f
exigua that were suitable for the developmentbfdidymator, and even wheB. exigua was
larger, i.e., in the 3 instar. By contrastd. didymator was able to complete development to
the adult stage in all parasitized instars @f chalcites. Furthermore, adult parasitoids
developing in all instars df. chalcites, were much larger than parasitoids developindhén t
same stages & exigua. It is possible that the terminal massOfchalcites larvae when they
were destroyed b¥d. didymator was greater than i exigua larvae, although this was not
measured here.

The hypothesis that larvae of tissue feeding ptmidsi such add. didymator are
constrained when developing in later instars gjddnosts, such & chalcites, as opposed to
smaller hosts, such & exigua, was not supported by our data. Many studies haperted
that the growth and development of both tissue &etholymph-feeding koinobiont
parasitoids is affected by the size, age or stdgbeoparasitized host (Harvey et al. 1994,
Harvey et al. 2004, Elzinga et al. 2005). Untileetty, maximum host size was thought to be
the main constraint on parasitoid fitness, becgasasitoid size is often correlated with this
parameter (Charnov 1982, King 1989, Mackauer anqu&ea 1993, Godfray 1994).
However, Harvey et al. (2004) recently challendad assertion by arguing that the benefits
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of increased size are often more than offset bypraca@mitant increase in larval parasitoid
developmental mortality in large (compared to shriadists.

Harvey and Strand (2002) compared host-size relatedtraints on the development
of a hemolymph feeding parasitoidjcroplitis croceipes, and of a tissue-feeding parasitoid,
Campoletis sonorensis. Both species are of similar mass as adults (~ 7amg) have
overlapping host ranges. However, wher&ascroceipes progeny successfully completed
their development in hosts ranging in size from00rhg to 350mg at ovipositiorC.
campoletis progeny perished in host weighing over 70mg attittne they were parasitized.
Adult C. campoletis females readily oviposited into these host catiemsi] but their progeny
was unable to consume excess host resources antuale perished. By contrast, mature
larvae ofM. croceipes experienced no problem in emerging from these lage final instar
larvae of their hostleliothis virescens.

In contrast with the results obtained w€hsonorensis and other closely related tissue
feeders in the Campopleginae of similar adult Jes., H. exiguae, V. canescens) H.
didymator, was capable of successfully disposing of resourcesen very large€. chalcites
caterpillars. This includes larvae that exceede@hi@at parasitism, which is approximately
twice as heavy as hosts that can support the dawelot of the similarly sized speci&s
canescens (Harvey 1996) andC. sonorensis (Harvey and Strand 2002). Also, failure laf
didymator to successfully complete their development indararvae of (L4-L5)S. exigua
that weighed only between 20 and 40mg thereforenataibe explained in terms of a
maximum host size constraint. Although we do natvkrthe exact natural host rangeHbf
didymator, it is likely that sympatrically occurring nativectuid herbivores in Eurasia, such
as C. chalcites, are parasitized in the field. Some of the hostewn to be successfully
parasitized byH. didymator in nature,Spodoptera litura and S. litoralis, even grow larger
thenC. chalcites in their final instars (Perveen 2000, Moralesle@07). However, it is not
known if these late instars are parasitized in nreatand ifH. didymator can successfully
develop in themFurthermore, given resource-related constraintetated species, it is likely
thatH. didymator would be similarly constrained in disposing of @ss host tissues in hosts
over 130mg. We observed that significantly moret igsues were left behind by the mature
parasitoid larva after feeding than was the caservthe parasitoid developed in small hosts,
as has been observed in other Campopleginae (Beckat) Templeton 1985, Harvey 1996,
Harvey and Strand 2002). However, fdr didymator, the cuticle of even large hosts was
obviously thin enough for the mature parasitoidvdato split via peristaltic movements,
enabling them to initiate pupation. With the exeapbf L3 larvae, where success was higher,
the egression percentage was approximately 40%l iotreer instars. Following egression,
however, the ability of parasitoid larvae to sustealdy spin cocoons was less in older than in
younger hosts. This suggests that the parasitoid stih be forced to overeat in large hosts
and that this factor reduces their ability to pepdthere seems to be a fitness trade-oftfor
didymator when developing in larger instars @f chalcites; adult size, which in many
parasitoid species is correlated with more offgpr{iisser 1994, Harvey et al. 2001), is
greatest in the largest (L5-6) host instars, whepsaasitoid survival is lowest in these host
instars.

In summary, we have shown that the developmeht. didymator varies significantly
with the host species on which it was reared. Imtrest to what was expected, chalcites
was both a qualitatively and quantitatively supehost toS exigua. The optimal instar for
parasitoid development differed between the twd Bpscies: irs. exigua, L2 hosts were of
the highest quality whereas 0. chalcites parasitoids performed best on L3 hosts. Most
importantly, the results of this and related stadieveal that the nutritional ecology of host-
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parasitoid interactions are exceedingly complex] Hrat parasitoid phenotypes and fithess
parameters are affected by host characteristias mssociation-specific manner.
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Performance and sequestration

Abstract - One of the defence mechanisms of plants againbiVieees is the production of
allelochemicals. However, the effects of these miedecompounds is not necessarily restricted
to herbivores because they are also experiencétigher trophic levels, including predators
and parasitoids. In this study we examined thectffef two defence chemicals Bfantago
lanceolata, the iridoid glycosides aucubin and catalpol, lo@ performance of two generalist
and two specialist herbivores and their endopanasit Furthermore, we studied the
sequestration of these chemical compounds in theivoee-parasitoid complex of the
specialist herbivordlelitaea cinxia. In general, the performance of generalist hergisavas
negatively correlated with the levels of iridoid/gbsides but effects on their parasitoids were
less apparent. On the other hand, effects on ditdiarbivores differed betwee¥. cinxia
and the other specialist herbivodenonia coenia. Larval development time @k coenia was
longer and pupal mass lower when feeding on pleosaining high iridoid glycoside levels,
whereas these traits were reversed Mn cinxia. Similarly, development ofCotesia
melitaearum, a gregarious endoparasitoidMdf cinxia caterpillars, benefited when the wasps
developed in larvae reared on high lefellanceolata genotypes. Iridoid glycosides were
detected in all tissues and larval, pupal and astaljes of the specialist herbivdve cinxia,

in its endoparasitoids and in two hyperparasitoitisis is the first study to report that
allelochemicals may be sequestered up to the fatopic level. The fraction of catalpol, the
more toxic of the two iridoid glycosides, in pupa® adults increased with trophic level.
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Introduction

Plants have evolved a wide array of direct defestcategies that enable them to survive in
potentially hostile habitats. Direct defences aimaetherbivores include morphological traits,
e.g., the production of hairs, spines and trichoorewaxy layers on the leaves (Cooper and
Owen-Smith 1986) and chemical toxins, repellentsligestibility reducers (Fraenkel 1959,
Ehrlich and Raven 1964). Direct defences may repe&leter herbivorous insects prior to or
during ingestion, exert post-ingestive toxic effeatr exhibit a combination of both
(Berenbaum and Zangerl 1988).

Direct defences may have positive and negativeceffen natural enemies of
herbivores (e.g., parasitoids). Positive effectsy noacur if natural enemies can exploit
herbivore populations more effectively when thebheres have a reduced growth rate as a
result of ingesting toxic allelochemicals (the otsl growth-high mortality hypothesis”,
Clancy and Price 1987, Damman 1987).

Plant allelochemicals may also impede the optinuaicfioning of the herbivore’s
immune system. One of the mechanisms employed blgivioees to defend themselves
against parasitoids is by encapsulating parasiegds or larvae through the action of
haemocytes and granulocytes (Nappi 1975, Lacki@,198and and Pech 1995). The success
of the encapsulation reaction is often influencedhe health of the herbivore, and this can be
affected by a range of physiological stresses tholyithose that are induced by the host plant
as a result of poor nutritional quality, starvatian allelochemicals. A plant with toxins or
low nutritional quality may suppress the insectiamiune system benefiting the parasitoids
(Kraaijeveld and Godfray 1997, Ojala et al. 200%)is can lead to stronger pest suppression.

Negative effects of allelochemicals on natural elesnmof herbivores may occur if
phytotoxins that are consumed by the herbivore hdeleterious effects on the growth,
development, or survival of predators and parast¢Campbell and Duffey 1981, Barbosa et
al. 1986, Gunasena et al. 1990, Barbosa et al., P&hdise and Stamp 1993, Harvey et al.
2003, Harvey et al. 2005). Although many cryptigalbloured herbivores detoxify or excrete
plant allelochemicals (Brattsten 1988), other sggcactively sequester them in their
hemolymph where they function as a chemical deferyaenst their natural enemies (Bowers
1980, 1981, Camara 1997b, Hunter 2000, Nishida ROBAdoparasitoids are particularly
susceptible to sequestered allelochemicals, bedaubkese insects the alimentary tract is not
externally connected until after the parasitoidsdaegresses from the host (Quicke 1997).
Consequently, plant toxins accumulate in the bodlyparasitoid larva and have been
recovered from parasitoid by-products includingamt silk and meconium (Barbosa et al.
1986, Bowers 2003).

When direct defence chemicals are sequestered tyvbees and have a harmful
effect on their natural enemies, there is thus gerg@l conflict between the direct and
indirect defence systems of the plant. It is in ptent’s interest to produce substances that
have a negative impact on the herbivore, but withoypeding the natural enemies of the
herbivore. In cases where plants have a highezd#trwhen herbivores are parasitized, it can
be expected that natural selection has favourewithéils that employ chemical defences,
which have a minimal negative impact on the natersmies of herbivores (Turlings and
Benrey 1998).

Defence mechanisms often function differently hestw generalist and specialist
herbivores. Whereas generalist herbivores are offeelled or poisoned by the direct defence
chemicals of plants (Feeny 1976), specialists Wswukdal more or less effectively with the
defence of a particular plant species or group lahtpspecies (Renwick et al. 2001).
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Herbivores may also use the plant defensive systenhich they are adapted as host-finding
cues and feeding stimulants (Bowers 1981, Rhoa@@S)1A number of specialist herbivores
even sequesters these substances in their owndsodyputative defence against their own
natural enemies (Bowers 1981). For sequestratiohegbivore probably would need
physiological or morphological adaptations for gnevention of autotoxity.

The same distinction between generalists and dsialso applies to parasitoids.
Some specialised parasitoids are restricted tolkattg only one or a few related host species
that feed on plants in the same family (Godfray4,9Quicke 1997). These parasitoids are
exposed to a limited set of allelochemicals in tlost diet to which they may be adapted
(Harvey et al. 2005). By contrast, generalist peoals may attack a wide range of host
species that in turn feed on plants producing bffierent kinds of allelochemicals. These
parasitoids may suffer during development if chragled by novel chemical compounds in
hosts to which they are not adapted (Barbosa 1B&Bosa et al. 1991, Harvey et al. 2005).
Consequently, specialist parasitoids can often dééal herbivores that have consumed plant
material containing high concentrations of chematefiences (van der Meijden 1996, Stamp
2001). By contrast, generalist parasitoids may beerefficient at exploiting hosts feeding on
less-well defended plants.

In this study we use genotypes of ribwort plan{@lantago lanceolata) that differ in
their levels of two main defence chemicals, theéaild glycosides (IGs) aucubin and catalpol,
to study effects of allelochemical variation in thest plant on its specialist and generalist
herbivore-parasitoid associations. IGs are monetesjls, and some, including aucubin and
catalpol, are toxic or deterrent to generalistsriiBgs and DelLuca 1981, Bowers and Puttick
1988, Puttick and Bowers 1988, Bowers and Putti&®89). At the same time these
compounds serve as feeding and oviposition stintsifeom some species of specialist insects
(Bowers 1984, Pereyra and Bowers 1988, Niemineralet2003, Chapter 4). In the
biosyntheses of IGs in plants, aucubin is the psmrwf catalpol (Damtoft et al. 1983) which
is the more toxic of the two (Bowers 1991).

Since sequestration of allelochemicals may profouradfect the performance of
higher trophic levels (Barbosa 1988, Barbosa e1@91), we additionally studied qualitative
and quantitative aspects of sequestration of ttesapounds in various developmental
stages/tissues of herbivores, parasitoids and pgpasitoids in one of the specialist
associations. It is known from previous studied tha larvae and adults of the specialist
butterfly Melitaea cinxia sequester aucubin and catalpol at high concenmisa(iBuomi et al.
2001b, Suomi et al. 2003). However the effect afuestration of these defence compounds
on higher trophic levels has not been studied. Aigeer trophic levels can accumulate the
iriroid glycosides from the lower trophic level thare eating, which can function as a
defence against there own enemies. However, theesteqtion of IGs in herbivores could
also have consequences for the performance ofdpait level directly above. In this study
we address the following three questions:

1. Do plant genotypes selected for high levels ofdighemical defence have a stronger
negative effect on the performance of herbivored an their parasitoids than plant
genotypes selected for low levels of direct defénce

2. Do observed patterns in the effect of allelochetioa insect performance differ among
generalist/specialist herbivore-parasitoid combamest?

3. Are allelochemicals dP. lanceolata sequestered in a specialist herbivore, and care thes
IGs be detected in its parasitoids and hyperpaidsik
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Materials and methods

Plants

Plantago lanceolata L. (ribwort plantain) (Plantaginaceae) is a roséttening, self-
incompatible, perennial plant with a worldwide distition and large ecological amplitude
(Sagar and Harper 1964). Among the secondary ptampounds produced B3 lanceolata
are the two iridoid glycosides (IGs) aucubin andialgel (Duff et al. 1965, Bobbitt and
Segebarth 1969). In natural populations IG levalge from undetectable to ca. 12% of its
dry weight (Bowers et al. 1992b, Bowers and Sta8@P] Fajer et al. 1992). The variation in
the constitutive IG amount iR. lanceolata is partially genetically determined (Bowers and
Stamp 1992, 1993, Adler et al. 1995, Marak et &0, and also varies with the
developmental state of the plant, including leafl grlant age, and attributes of the
environment such as time of day, weather, soili@wntrconditions and presence of arbuscular
mycorrhizal fungi (Teramura 1983, Bowers 1991, Bsvet al. 1992b, Bowers and Stamp
1992, Fajer et al. 1992, Bowers and Stamp 1993;0laand Bowers 1997, Chapter 6). The
plants used for the performance experiments wemvetk from an artificial selection
experiment, in which plants were selected on ttsshaf high and low concentrations of total
leaf 1Gs for four generations (Marak et al. 20®3ven plants, each derived from a different
half-sib family from plants selected for low cont@tions, and six plants, each derived from
a different half-sib family from plants selectedr foigh concentraions, were clonally
propagated following a root-cloning method (Wu akatonovics 1975). This resulted in a
maximum of 13 different genotypes available for thegeriments. The IG levels in these
genotypes varied from 0.20 to 12.8% of the dry Wweighe level of aucubin was higher than
the level of catalpol in all genotypes.

For the experiments withl. cinxia andCotesia melitaecarum and for the sequestration
experiment we additionaly us& lanceolata plants that were collected from Aland, Finland.
In previous studies with plants from Aland I1G lesghried from 0 to 4.5% of the dry weight
(Nieminen et al. 2003, Saastamoinen et al. 200udjthErmore, catalpol concentrations in
these plants were higher than aucubin concentsafidieminen et al. 2003, Saastamoinen et
al. 2007), which is the opposite in plants from ainficial selection line (Marak et al. 2000).

In total, we tested the effects of feeding on ¢hésferent plant genotypes for seven
insect species: two generalist herbivores, two gdisé endoparasitoids raised on each of
these generalist herbivores, two specialist herbw@nd one specialist endoparasitoid raised
on one of the specialist herbivores. The actual bemof plant genotypes used in these
experiments varied, depending on availability dfisient leaf biomass per genotype.

Herbivores in the feeding study
Generalists - The beet armyworm,Spodoptera exigua (Hubner, 1808) (Lepidoptera:
Noctuidae), originates from southeast Asia, but lsn introduced over many parts of the
world. The caterpillar is polyphagous and feedsyany herbaceous plants and is a serious
pest of crops. Female moths lay several mass ctuste50-100 eggs, which hatch in 2-3
days. They normally have five larval instars, anature larvae move to the soil where they
pupate. Adult moths emerge about 1 week later,ngaticcurs soon after emergence, and
oviposition begins within two to three days. Thdirenlife cycle is about 4-5 weeks with
several generations per year. In the laboratoryimoous rearing is possible (Wilson 1934,
Tingle and Mitchell 1977).

The golden twinspoChrysodeixis chalcites (Esper, 1789) (Lepidoptera: Noctuidas)
native to central and southern Europe, the Carddandls and Africa. Liké&. exigua, it is a
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highly polyphagous crop pest. Eggs are laid sirgglyn small groups on a wide range of
substrates. One female can lay several hundrediedgs lifetime. Eggs hatch in 4-9 days,
and C. chalcites larvae normally complete six instars before pugatiAfter feeding, the
larvae spin a white cocoon in which they pupatee @atult moths emerge in 6-15 days, with
the entire life cycle being completed in about wekks (Goodey 1991).

Soecialists - The buckeye butterfly,Junonia coenia Hubner, 1822 (Lepidoptera:
Nymphalidae), is a common partially migratory spscihat occurs over most of the United
States and southern Canada (Scott 1975). It iseaically specialized herbivore that is
restricted to feeding on four plant families, allvehich contain 1Gs (Bowers 1984). Larvae
sequester two similar iridoid compounds, aucubid eatalpol, in their hemolymph (Bowers
and Puttick 1986, Bowers and Collinge 1992). Themmpounds can be a deterrent to both
invertebrate (Stamp 1992b, de la Fuente et al.  1884#ara 1997b) and vertebrate (Bowers
1980, 1981, Bowers and Farley 1990) predators.arthdts, however contain no sequestered
iridoids (Bowers and Collinge 1992). In northerrifdania, buckeye larvae feed primarily on
the introduced ribwort plantain (Scott 1972, Shadi®78).

The Glanville fritillary, Melitaea cinxia (Linnaeus, 1758) (Lepidoptera: Nymphalidae)
inhabits open grassland throughout Europe and tet@ésia. Severe population declines
are reported in many European countries (Ehrlichtanski 2004). Throughout most of their
range they have one generation per year. In hetinie, a female lays several large egg
clusters (150-200 eggs) underneath the leaves sif plants in the generBlantago and
Veronica (Kuussaari et al. 2004). Larvae hatch after twéoto weeks and the larvae spin a
communal web on the host plant and feed gregasgidhsbughout most of their development.
Iridoid glycosides are known to increase their ratedevelopment (Harvey et al. 2005,
Saastamoinen et al. 2007), are sequestered byael (Suomi et al. 2001b, Suomi et al.
2003), and are positively associated with ovipositiNieminen et al. 2003, Chapter 4). The
M. cinxia in this study are from Aland, where there is alwstablished metapopulation,
feeding primarily orP. lanceolata (Kuussaari et al. 2004, Nieminen et al. 2004).

Parasitoids in the feeding study

Generalists - Hyposoter didymator (Thunberg, 1822) (Hymenoptera: Ichneumonidae) is a
solitary endoparasitoid that parasitizes catemgillaf many species in the large family
Noctuidae. These include species in the geiSpaaloptera, Heliothis and Helicoverpa in
several European countries (Bar et al. 1979, Ingi®&®1, Vinson 1990, Figueiredo et al.
2000, Schneider et al. 2003). In a field study aize in TurkeyH. didymator was the most
common and effective attacker 8fexigua larvae (Sertkaya et al. 2004). Parasitoid females
attack all larval stages & exigua andC. chalcites when they are available. The wasp larvae
are tissue feeders and feed on the entire hosdjlysainly leaving the skin of the caterpillar.
Mature larvae spin a cocoon and pupate next tedterpillar carcass.

Cotesia marginiventris (Cresson, 1865) (Hymenoptera: Braconidae) is alyfai
generalized solitary endoparasitoid of noctuid mdqtkrombein et al. 1979). Females possess
short ovipositors and preferentially attack yourfigs{ and second instar) larvae or even
mature embryos in eggs just prior to hatching.gka egg is usually laid in each host and the
larva hatches approximately two days after ovipwsitThe parasitoid larva feeds primarily
on host hemolymph and fat body during its develapmafter 7-10 days the mature larva
then egresses from the host and spins a cocoonthanadult wasp emerges about another
week later. The host dies shortly after the pavabiemerges. In the laboratory, ad@t
marginiventris can live up to several weeks and the female idyréa oviposit within 1-2
days of emergence (Snajder and Harvey 2003).
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Secialist - Cotesia melitaecarum (Wilkinson, 1937) is a primary gregarious paraditof M.
cinxia (Nixon 1974). The adult female parasitoid lays li®of 1-40 eggs (depending on host
size) in all instars ofl. cinxia larvae. TheC. melitaesarum used in this study are from Aland.
On Aland the wasp has two or sometimes three geoesgper year, and spends the winter as
a larva inside of the host larva. TBemelitaearum that parasitizeM. cinxia on Aland has a
metapopulation structur@.ei et al. 1997, van Nouhuys and Hanski 2002a).

Insects used for sequestration data

For the study of the sequestration of aucubin atdlgol we used the herbivore-parasitoid
complex of the specialist herbivoké cinxia (see above).

Parasitoids - Besides the specialist parasitoi@s melitacarum (see above), we also used
Hyposoter horticola (Gravenhorst, 1829) (Ichneumonidae: Campopleging®} is a solitary
endoparasitoid with a single generation per hosegsion.Hyposoter horticola is restricted
to a few Melitaeini, andll. cinxia is its only host on Aland (Lei et al. 1997, van Kays and
Hanski 2002b). Although it is a larval parasitatdays eggs in the host larva while it is still
inside the eggshell (van Nouhuys and Ehrnsten 2004¢ wasp develops within the host
larva and pupates inside the host integument tkiespeing.

Hyperparasitoids - Hyposoter horticola is parasitized by the solitary ichneumonid
hyperparasitoid Mesochorus sp. cf. stigmaticus Brischke, 1880 (Ichneumonidae:
Mesochorinae), which, like its host, is univoltiaed very mobile (van Nouhuys and Hanski
2002b). Mesochorus speciesare usually closely affiliated with the host of ithgrimary
parasitoid and are likely to have narrow host ran@etesia melitaearum is host to the
pseudo-hyperparasitoi@elis agilis (Fabricius, 1775) (Ichneumonidae: Cryptinae).sltan
abundant, wingless, generalist, ectoparasitic gardsvhich attacks hosts in silken cocoons,
inclusindg ichneumonids (Schwarz and Shaw 19@His agilis can greatly reduce the
population size ofC. melitaearum, probably even causing local extinctions (Lei &dahski
1997, van Nouhuys and Tay 2001).

Rearing

Caterpillars of all species were reared, and wregagitoids where available parasitized in the
laboratory with the exception of the parasit@dmelitaecarum that was allowed to naturally
parasitize laboratory reared caterpillars on expenital plants in the field.

Generalists - Cultures ofS exigua were established from eggs originating from a
laboratory culture maintained on artificial diettaé Department of Virology at Wageningen
University, the NetherlandsChrysodeixis chalcites cultures were reared from individuals
collected from a garden in Nijmegen, the Netheram&l cultures were kept in plastic Petri
dishes on artificial diet (Elzinga 2002) at 25°@ &anD 16:8h. When caterpillars were in their
final instar they were placed in plastic contain@S x 10 x 10cm) with a small amount of
artificial diet and with vermiculite into which tiievould eventually pupate. In order to get
larvae for the experiment, adult moths were placed cage (40 x 50 x 65¢cm) in a climate
room at 25°C, 55% RH and L:D 16:8h with honey wé#iet) and one plant d?. lanceolata
that both noctuid species readily accept for ovipms Newly hatched caterpillars were
collected from this cage and reared in Petri digBem @) on artificial diet until they reached
instar 3 (L3).

Hyposoter didymator adults were obtained from a laboratory colony thas started in
1993 from wasps collected from parasitiz&dlittoralis in the south of Spain (Cordoba).
Since 2001, they have been reared ®nfrugiperda in the Laboratoire de Pathologie
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Comparée at INRA UMII, Saint-Christol-léz-Aléz, . In order to extend longevity of the
adult wasps, they were kept at 10°C and L:D 16:8h.

Cotesia marginiventris was obtained from a colony from Nijmegen Univetsihe
Netherlands, where they were rearedsoexigua. We kept the adults at10°C and L:D 16:8h.

Soecialists - Junonia coenia was obtained from a rearing of the Department of
Ecology and Evolutionary Biology of the University Colorado, Boulder, USA. The first
generation was fed artificial diet and the secoagegation was used in the experiment.

Melitaea cinxia caterpillars used for these experiments were tfspring of
laboratory reared butterflies from Aland, SW Firdaithe caterpillars were fed field collected
P. lanceolata leaves until third instar when they were used lieréxperiment.

Effect of iridoid glycosides on generalist herbivores and their parasitoids

The two generalist herbivoresS (exigua and C. chalcites) were parasitized byC.
marginiventris and H. didymator at L3. Parasitism was observed as a single insegnd
removal of the ovipositor. The parasitized catéaypsl and a control group (unparasitized)
were reared on freshly excised leaved?ofanceolata. For the parasitoi€. marginiventris
seven genotypes &f. lanceolata with low 1G levels and six genotypes with high I&/¢&ls
were used. On each genotype 20 parasitized andh@érasitized (control) caterpillars were
reared. The same procedure was repeated for hasisifzed byH. didymator, except that
plants from only six low-IG genotypes and four high genotypes were used, each
containing 16 caterpillars per treatment and conkb the larvae were provided with fresh
leaves daily, and were reared individually in Pdishes (55mm @) at 25°C, L:D 16:8h; 70%
RH.

The following fitness correlates were recorded tfug parasitoids: mortality, larval
development time (the number of days between ga@sand egression), pupal development
time (the number of days between larval egressiahadult wasp eclosion), cocoon mass,
adult mass and longevity. The same parameters wererded for the unparasitized
caterpillars, except that the larval developmentetirecorded was from first instar until
pupation.

Effect of iridoid glycosides on the development of specialist caterpillars and one of their
specialist parasitoids

No parasitoids were available faércoenia, thus for this herbivore species only developmenta
parameters of the butterfly were measured. Jluenia caterpillars were reared on six low-
IG and six high-IGP. lanceolata genotypes. The remainder of the set up was the sana
the generalist herbivores and their parasitoids.

Experiments withM. cinxia were undertaken by placing gregarious larval gsooip
intact potted plants in the field. Forty L3 catdgrs were placed onto single plants of each of
26 different genotypes @&. lanceolata (16 originating from the Netherlands; including th3
used in the other experiments, and 10 originatiognfAland). These plants were placed in
the field in plastic pots covered with a mesh fiv@vented the caterpillars from escaping, but
which allowed theC. melitacarum wasps to enter and to parasitize the caterpillers. plants
were left in the field for three weeks, and repthedth the same genotype if they were
defoliated by the caterpillars. After three weeksaterpillars were taken from the plants and
placed in groups in plastic containers in a rodtacen Aland, to diapause during the winter.
The following spring their diapause was broken lb§tipg them at room temperature. The
larvae were fed fresh leaves from the same genaiypehich they had been growing over
the previous summer. The caterpillars were reargd pupation or until larval parasitoid
egression. The same parameters were measuredtlas pnevious experiments, except that

48



Chapter 3

larval development time was determined as the nurobalays between the breaking of
diapause and egression.

Because we allowed the hosts to be parasitizedalt, rather than under observation
in the laboratory, only a fraction of the larvaeswgarasitized. This method allowed us to
compare the parasitism rate of larvae on the diffetypes ofP. lanceolata (among the
artificially selected genotypes and between thostthe clones from Aland).

Measurement of leaf iridoid glycosides

For all experiments above we measured concenteabdGs in the leaves that were fed to
the larvae. Over the duration of the experimen&samples of leaf material were collected
from all used genotypes. Because not all experisnergre performed at the same time we
sampled several times. Using high performancedigiiromatography (HPLC) analyses, the
leaf concentrations of the IGs aucubin and catalpete determined and averaged per
genotype.

All leaves were freeze dried and then groundfiaepowder with a ball mill (Retsch,
type MM 301, Retsch GmbH & Co., Haan, Germany).ehirground dry material from the
leaves (25mg) was extracted in 10ml of 70% MeOH waad shaken overnight. The crude
extract was filtered on a Whatman #4 filter papedl ¢he filtrate was diluted ten times with
Milli-Q water. The concentrations of the IGs aucubkind catalpol were analysed by HPLC
using a Bio-Lc (Dionex Corp., Sunnyvale, USA) equagd with a GP40 gradient pump, a
Carbopac PA 1 guard (4 x 50mm) and analytical calu@h x 250mm), and an ED40
electrochemical detector for pulsed amperimetriecteon (PAD). NaOH (1M) and Milli-Q
water were used as eluents (10:90%, 1ml/min). Retetimes were 3.25 min and 4.40 min
for aucubin and catalpol, respectively. Concerdreti were analyzed using Chromeleon
version 6.60 (Dionex Corp., Sunnyvale, USA).

Measurements of nutrient levels in Plantago lanceolata leaves

Secondary metabolites such as IGs could covary le@hnutrient concentrations. In order to
address this possibility we measured nutrient ¢l P and K) of leaves of a subset (13) of
the P. lanceolata genotypes used in the experiments, using the sgoend leaf material as
for the IG measurements. Extractions were done Wit8Q,, salicylic acid, HO, and
selenium following the method of Wallinga (1989Qolorimetric methods were used to
determine concentrations of nitrogen (Walinga etl8B9a), and phosphorus (Walinga et al.
1989d). Leaf concentrations of potassium were detexd by flame AES (Walinga et al.
1989c).

Sequestration of iridoid glycosides in Melitaea cinxia, its parasitoids and
hyperparasitoids

In order to see whether differences in parasit@diggmance in specialist herbivores fed
different IG plants could be due to sequestratiod t see if (hyper)parasitoids sequestrate
IGs to potentially use for their own defence, weasged IG levels of the specialist herbivore
M. cinxia and its (hyper)parasitoids. Different developmerst@lges/tissues of the insects
were measured (Table 3.1).

All the H. horticola, and hyperparasitoid samples were obtained fraboréory
rearedM. cinxia caterpillars from Aland. Th&. cinxia and C. melitacarum samples were
partly from the performance experiment and partbyrf laboratory rearings from Aland (for
the number of individuals used per species, se&eTal).

49



0S

Table 3.1 Summary of the amounts of iridoid glycosides (IG&)/mg) and the ratio catalpol to total IGs, in tloel tissue of the hodtlelitaea cinxia,
its endoparasitoid€otesia melitaearum and Hyposoter horticola and their hyperparasitoiddesochorus sp. cf. stigmaticus and Gelis agilis. Pupa and
cocoon are with the insect present inside, pupia iskthe pupa where the adult egressed from, dictpthe meconium (in the case Idfposoter
horticola andMesochorus including the larval skin). Larval skin is the slahthe caterpillar after egression of the paragitbor the cocoon stage bif
horticola andMesochorus it was inpossible to distinguish vh srecies was inside

pMg/mg (mean £ s.e.)

Species stage n aucubin catalpol total iridoids catalpol/total I1G

M. cinxia larva 10 049 = 0.17 2351 = 3.21 2400 = 3.32 098 =+ 0.15

g pupa 36 419 + 0.98 290.37 = 3.73 3356 + 4.29 0.87 = 0.11

3 adult 28 492 + 0.76 3144 + 2.43 36.36 2.59 0.86 =+ 0.10

2 pupal skin 29 22.15 + 4.09 13565 + 14.05 15781 + 15.99 0.86 = 0.02

larval skin 3 053 + 0.28 470 £ 2.25 522 2.43 0.80 = 0.19

5 C. melitaearum larva 5 20.86 + 12.69 65.33 + 37.78 86.18 + 37.78 081 + 0.16

S cocoon 4 0.16 =+ 0.11 3.82 + 0.10 3.98 + 0.16 0.96 = 0.05

@ adult 18 0.03 + 0.03 1.73 = 0.37 1.76 % 0.37 0.99 = 0.04

g pupal skin 8 0.86 + 0.33 1.76 = 0.38 263 = 0.50 071 = 0.30

H. horticola larva 8 159 + 047 6.69 = 1.64 8.28 = 1.64 081 =+ 0.09

adult 9 0.01 + 0.01 128 = 0.30 1.30 % 0.30 099 = 0.01

pupal skin 6 049 = 0.35 43.15 + 16.47 43.64 + 16.47 0.99 = 0.01

- Mesochorus sp. cf. stigmaticus adult 13 0.00 £ 0.00 0.74 = 0.17 0.74 % 0.17 1.00 + 0.00

s pupal skin 13 066 + 0.26 48.37 + 9.86 49.05 =+ 9.86 099 = 0.01

§ G. agilis adult 4 0.00 £ 0.00 239 + 0.58 239 0.58 1.00 + 0.00

= pupal skin 4 0.00 £ 0.00 194 + 0.42 194 + 0.42 1.00 + 0.00
o
>

- Hyposoter or Gelis cocoon 6 095 £+ 044 72.13 £+ 10.00 73.08 £+ 10.00 099 + 0.02

uonessanbas pue asuewiouad
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To measure the amount of aucubin and catalpol enhégrbivore and (hyper)parasitoids the
same method was employed as for the leaves exXtapive ground the insects by hand in an
Eppendorf tube and added 0.7ml 7% methanol for (Hyger)parasitoids and 3ml 70%
methanol foiM. cinxia larvae, adults and pupae. The filtration was deitle a 0.2um filter.

Statistical analysis

All statistical analyses were performed using Stat (STATISTICA version 7.1, StatSoft
Inc., Tulsa, UK). Pearson correlations were usedttioly associations between the level of
IGs in the plant genotypes and the performancesdbitiores or parasitoids. An independent
t-test was used to compare oviposition preferemmteS. melitaearum in M. cinxia larvae
eating from artificially selected and Finnish pntith differing 1Gs profiles. For the
sequestration data we performed ANOVA with speassfactor, followed by a post hoc
(Tukey) test for all different developmental staget the herbivore, parasitoids and
hyperparasitoids.

Results

Levels of iridoid glycosides in the different genotypes

All the artificially selected plants used in thepexments had significantly higher levels of
aucubin then catalpol (Table 3.2). Their levelsatal IG ranged from 0.07 to 12.78% of the
dry weight. In the Finnish plants there was no isiggnt difference between the levels of
aucubin and catapol (t-test, t=1.95; df=56; P>Q.0%e total IG levels ranged from 1.01 to
9.35% of the dry weight (Table 3.2).

Table 3.2 The average, minimum and maximum iridoid glycos (IG) levels (percentage of d
weight) of the artificially selected and of the Rish Plantago lanceolata plants. For each host and/or
parasitoid species we measured the levels sepataehuse not all experiments were performed at
the same time.

Origin Species Compound Means.e Min Max.
S exigua andC. chalcites Aucubir 2.24 £ 0.41 0.57 4.7z

Catalpo 0.68 + 0.1! 0.2C 1.8C

Total IG 2.89 £ 0.5 0.54 6.52

C. marginiventris Aucubir 2.01+£0.3 0.47 4.2C

Catalpo 0.70 £ 0.1! 0.2C 2.0¢

Total IG 2.70 £ 0.4 0.67 5.34

artificially H. didymator Aucubir 2.85+0.4 0.67 5.81
selecte Catalpo 0.91+0.1 0.2¢ 2.3C
Total IG 3.76 £ 0.5 0.9¢ 8.1C

J. coenia Aucubir 2.21 +0.2 0.52 6.2C

Catalpo 1.03 + 0.1 0.2¢4 3.9C

Total IG 3.24+£0.3! 0.87 9.0¢

M. cinxia andC. melitaearum Aucubir 3.35+ 0.3l 0.07 11.0¢

Catalpo 1.13 +£0.0! 0.11 3.67

Total IC 4.49 + 0.3 0.2C 12.7¢

o M. cinxia andC. melitaearum Aucubir 2.74 £0.2i 0.7¢ 5.8¢
Finnist Catalpo 2.04 +£0.2. 0.21 4.4¢
Total IG 4.79 +0.4! 1.01 9.3t
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Effect of iridoid glycosides on generalist herbivores and their parasitoids

Herbivores - The larval development time & exigua was not significantly affected by
concentrations of IGs in the leavesPoflanceolata, but pupal periods i&. exigua prolonged
with increasing levels of aucubin, catalpol an@ltdG (Table 3.3)For C. chalcites a reverse
pattern was found; the duration of the pupal pemas not affected by IGs in the diet but
larval development time tended to be prolonged wtaterpillars had fed on plants with
higher levels of aucubin and total IG (Table 3I8)both generalist herbivore species, pupal
mass was negatively correlated with concentratadreicubin, catalpol and total IG levels in
leaves ofP. lanceolata (Table 3.3; Fig. 3.1). The adult weight®fexigua was not affected by
the IGs in its larval diet whereas adult weightGfchalcites decreased with increasing 1G
levels (Table 3.3).

Table 3.3 Correlations between the iridoid glycoside levaladubin, catalpol and total 1G) and -
performance measurements (larval development toags), pupal development time (days), pupal
weight (mg) and adult weight (mg)) of the genetalisrbivoresChrysodeixis chalcites (C. c¢) and
Soodoptera exigua (S. e) Positive correlations are indicated with + and niegacorrelation with -,
significant levels are indicated after the r-valtiB<0.10,* P<0.05,** P<0.01 and ***P<0.001.

Species n Aucubin Catalpol Total IG
Larval development C.c 100 +0.17" +0.10 +0.18"
Pupal development Se 55 +0.34** +0.28* +0.38***
Pupal weight C.c 99 -0.41%** -0.25* -0.42%**
Se 117 -0.22* -0.23* -0.26**
Adult weight C.c 83 -0.39*** -0.27 ** -0.41***

Table 3.4 Correlations between the iridoid glycoside levasagubin, catalpol and total 1G) and 1
performance measurements (larval development tadags, pupal development time (days), pupal
weight (mg) and adult weight (mg)) of the genetgbarasitoid<Cotesia marginiventris (C. m)and
Hyposoter didymator (H. d) on the two generalist herbivor@hrysodeixis chalcites (C. ¢) and
Soodoptera exigua (S. e) Positive correlations are indicated with + and tiegacorrelation with -,
significant levels are indicated after the r-valtif<0.10,* P<0.05,** P<0.01 and ***P<0.001.

Species n Aucubin Catalpol Total IG
Larval development C. monC.c 19 -0.41° -0.36 -0.42"
Pupal development C. monS e 93 -0.26* -0.11 -0.24*
Pupal weight C.monC.c 19 +0.46* +0.18 +0.41°
H.donC.c 96 -0.003 +0.31** +0.01
Adult weight H.donC.c 87 -0.13 +0.20 -0.04

Table 3.5 Correlations between the iridoid glycoside leg@scubin, catalpol and total 1G) and -
performance measurements (larval development tmags], pupal development time (days) and
pupal weight (mg)) of the specialist herbivodesonia coenia (J. ¢) andVielitaea cinxia (M. ¢) and

its parasitoidCotesia melitaesarum (C. m). Positive correlations are indicated with + and tiega
correlation with -, significant levels are indicatafter the r-value: +P<0.10,* P<0.05, ** P<0.0dan

***P<0.001.

Species n Aucubin Catalpol Total IG
Larval development Jc 101 +0.45+** +0.31 ** +0.43 ***
M.c 57 +0.17 -0.27* +0.07
Pupal development M. c 21 -0.22 -0.40" -0.27
C.m 12 -0.53" -0.36 -0.57"
Pupal weight J.c 101 -0.40*** -0.38 *** -0.43 ***
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Parasitoids — Mirroring effects of 1Gs on herbivore developmemgher concentrations of
aucubin and total IG in the food plants resultedsiower pupal development df.
marginiventris reared onS exigua (Table 3.4) and also tended to slow down larval
development ofC. marginiventris reared onC. chalcites (Table 3.4). Surprisingly, pupal
weight (cocoon mass) @. marginiventris reared ornC. chalcites increased with increasing
levels of aucubin in the caterpillar's food plarged pupal weight of the parasitohd.
didymator reared orC. chalcites increased with the level of catalpol in the catkps food
plants (Table 3.4). The higher pupal weightHofdidymator on C. chalcites when fed on
plants with higher levels of catalpol also tendedesult in bigger wasps emerging from these
cocoons (Table 3.4).

Effects of iridoid glycosides on specialist herbivores and one of their parasitoids

Herbivores - The two specialist herbivores were differentfieeted by the IGs in plants on
which they were reared. Larval development time.afoenia was prolonged (Fig. 3.2) and
pupal mass reduced when fed on plants with higkezl$ of aucubin, catalpol and total 1G
(Table 3.5). By contrast, larval development tinfeMx cinxia was shorter when fe®.
lanceolata genotypes with higher levels of catalpol (Fig.)38d pupal development showed
the same trend. Pupal masswvbfcinxia did not significantly vary with 1G levels (Table53.
Parasitoid — On 15 of the 26 plant genotypes at leastMneinxia caterpillar was parasitized
by C. melitaesarum. On these 15 plants, on average 5% of caterpier® parasitized, with
on average 2.1 parasitoids per parasitized catmerpiLarval development time o€.
melitaearum was not significantly affected by concentrationd@fin the diet oM. cinxia but
the pupal development time tended to be shorterngnwasps coming from caterpillars
feeding on plant genotypes with high concentratibaucubin and total IG (Table 3.5). There
was no significant effect of IGs on the other fgaecorrelates. The proportion of caterpillars
that was naturally parasitized By melitaearum also did not significantly vary with the level
of IGs in the food plants of the caterpillars. Hoe there was a significant difference in the
number of caterpillars parasitized & melitacarum between the artificially selected and
Finnish plants; a larger fraction of caterpillaeeding on the artificially selected genotypes
was parasitized (t-test, t=2.59; df=24; P<0.05)significantly larger number of parasitoid
larva and cocoons emerged from the artificiallyesedd plants, compared to the Finnish
plants (t-test, t=2.48; df=24; P<0.05). The onlgngiicant difference in allelochemistry
between Finnish and artificially selected genotgfants was the level of catalpol, which was
higher in Finnish plants (t-test, t=-3.05; df=240201; Table 3.2). However, the correlation
between the number of larvae and cocoons and tagpohlconcentration was not significant
(r=-0.29; n=26; P=0.15).
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There were no significant correlations betweenléwvels of IGs in the different artificially
selected genotypes Bf lanceolata and the nutrient components measured in thesedgi\
r=0.31, n=13, P=0.31; P: r=0.26, n=13, P=0.39;%40.24, n=13, P=0.27; Fig. 3.3).
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Sequestration of iridoid glycosides in Melitaea cinxia its parasitoids and
hyperparasitoids

Significant levels of IG were detected in all deyhental stages of both the specialist
herbivoreM. cinxia and its associated parasitoids and hyperparasitdite absolute amount
of IGs was highest in the pupal skinsMf cinxia and differed significantly from the other
species (ANOVA, k s5=14.42, P<0.00001; Fig. 3.4D). For the herbivore lgvels of 1Gs
went up with the developmental stages and wereeligim the adult butterfly (Table 3.1).
However, for the parasitoids the amounts of IGstvaawn with the developmental stages,
and were lowest in the adult stage (Table 3.1; EigC). There were significant differences
between the different species in the amounts of iiGgheir body tissues in all their
developmental stages (ANOVA, larval; kv =3.81, P<0.04; Fig. 3.4A; pupal; 23 =10.32,
P<0.001; Fig. 3.4B; adult:4Fs7 =68.18, P<0.00001; Fig. 3.4C). The catalpol/td&liratio
significantly differed between the herbivores aneirt parasitoids and hyperparasitoids. In the
larval stage (Fig. 3.5AM. cinxia caterpillars contained a significantly higher oatihan the
parasitoidsC. melitaearum andH. horticola (ANOVA, F; 2= 10.26, P<0.001). However, in
the pupae (Fig. 3.5B) an opposite trend was obde(@&OVA, F, 43 = 3.08, P<0.06).
Finally, adultM. cinxia butterflies had significantly lower proportions cédtalpol stored in
their tissues than both the parasitoids and theipgrasitoids, whereas this proportion did
not vary between the different parasitoids and hygp@sitoids (ANOVA, F 64 = 16.27,
P<0.000001; Fig. 3.5C).
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Discussion

The results of this study support the notion thleatedopment of generalist and specialist insect
herbivores and their parasitoids vary with secopdawst plant chemistry (Harvey et al.
2005). The development of both species of genetadidivores suffered on plants containing
higher levels of IGs, but in somewhat different wiagoth herbivores took longer to complete
their development on plants with higher levels atwbin and total I1G, and 8. exigua
catalpol also appeared to exert significant negadiffects on larval development. However,
whereas inC. chalcites larval development time was extended on high I&siE exigua
pupal (but not larval) development time increasBEae results for both species support the
slow-growth high-mortality hypothesis (Clancy andcE 1987, Damman 1987) whereBy
chalcites would be more vulnerable for larval parasitoids gmddators ands exigua for
pupal parasitoids and predators when eating avdibt high levels of 1Gs. Moreover, both
species would be at a disadvantage on high irigtadts if the growing season were time
limited due to weather or other extrinsic factors.

Pupal weight was strongly negatively correlatethwG concentrations in the diets of
both generalist herbivores. In many herbivorougats size, such as pupal or adult weight,
are strongly correlated with potential fecunditgéther 1988, Klingenberg and Spence 1997,
Saastamoinen et al. 2007), thus high levels of iiGshe diet can potentially lead to a
reduction in adult fitness.

In the parasitoids of the generalist herbivoregehasere well-defined differences
between the effect of aucubin and catalpol on tfierdnt species. Surprisingly, development
of the parasitoidC. marginiventris was positively correlated (e.g., shorter totalelepment
time) with aucubin levels in host diet. As with therbivores, different phases of the pre-adult
development inC. marginiventris also varied when reared on the two host specieenWh
reared onC. chalcites, larval development time was shorter on high-aututets, whereas
when reared orS. exigua pupal development time was reduced on high-auculbgts.
Furthermore, parasitoids reared from both hostispean high aucubin diets had larger pupal
masses than wasps reared on low aucubin dietdG levels in the host diet had no effect on
the development time doff. didymator. However, whenH. didymator was reared orC.
chalcites the cocoon and adult mass was positively correlaiéid the amount of catalpol in
the host diet. There was no effect of the hostwtetnH. didymator developed in the ho&
exigua. Many studies have reported that the developmehkbioobiont endoparasitoids and
their hosts exhibit strong physiological integratiovhich is often based on the detection of
age-specific changes in the host's internal biogbaimenvironment by the immature
parasitoids (Beckage and Templeton 1985, Lawrer@@0,1Vinson 1990, Harvey 2005).
Under these conditions, it is expected that angydel negative effect of the development of
the host will be similarly reflected on parasitaidvelopment (Sequiera and Mackauer 1992,
Harvey et al. 1994, Harvey et al. 2004).

Herbivore performance and thus host quality cannbgatively affected by the
ingestion and expression of toxic plant allelocteats that are then vertically transferred to
higher trophic levels (Barbosa et al. 1986, Barbeisal. 1991, Bowers 2003, Harvey et al.
2007). However, in this study parasitoid developmeas actually found to benefit from
hosts fed on high IG diets. One possible explandio this apparent conflict is that higher
levels of allelochemicals in host diet weaken itesmune system. This would benefit the
developing parasitoids by enabling them to reatlwcametabolic energy from
immunosuppression or avoidance to growth and dewetnit (Kraaijeveld and Godfray 1997,
Ojala et al. 2005). This hypothesis remains to hbenfiomed for our species.
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In contrast to the generalist herbivores, the dgwekent of the two specialists exhibited
patterns that were quite different from each othEre development ofl. coenia was
negatively correlated with 1Gs. The larval devel@mm time was strongly positively
correlated with 1G concentrations, concomitant wilwver pupal masses. Previous studies
have reported thak coenia sequesters IGs in body tissues during larval feg(Bowers and
Puttick 1986, Bowers and Collinge 1992, Camara h99897a). Sequestration may require
costly physiological or morphological adaptations the prevention of autotoxicity to the
insect. Even if the metabolic costs are high, ssimagon may still be adaptive fdr coenia if

the costs are lower then the benefits from a redluah predation in the field (de la Fuente et
al. 1994, Dyer and Bowers 1996).

ForM. cinxia it was found, as in previous studies (Harvey eR@Q5, Saastamoinen et
al. 2007) that higher levels of IGs actually ben#fe insects. For instance, higher catalpol
levels were correlated with shorter larval and puaexelopment times, although there was no
apparent effect on pupal or adult weight. These dat consistent with the results of a
previous study (Harvey et al. 2005) but those awstlomly examined the total IG levelsn
lanceolata on M. cinxia performance. Here, we see that the effect is oafyelated with the
amount of catalpol (and not total IG level).

In C. melitaearum, a specialist parasitoid ®. cinxia, the only fitness parameter that
was correlated with IG levels was pupal developntem, and it tended to be lower when the
parasitoids were associated with plants contaihigber concentrations of aucubin and total
IG. In the field, rate of parasitism I, melitaearum has been found to be lower in groups of
M. cinxia larvae reared on plants containing higher levélsatalpol (Nieminen et al. 2003).
This could mean that the parasitoids are avoidiawyae feeding on more toxic plant
genotypes. This results are supported by a preatudy by Nieminen et al. (2003) who also
found that parasitism b@. melitaearum occurred most frequently in larval groups thatever
feeding on plants with low concentration of catélpo

Because the IG levels of the different genotypeB. danceolata were not correlated
with the nutrient content of these genotypes, ihighly unlikely that the differences in
performance on the different genotypes is causectdmelated differences in nutritional
quality of these plants.

IGs can only exert direct effects on higher tragewels if these higher trophic levels
are actually exposed to the allelochemicals inrthest e.g., the trophic level immediately
below. Thus, if IGs are sequestered by the herb&/dhey can directly influence primary
parasitoids and if the primary parasitoids sequestese compounds the same is true for
secondary parasitoids. An analysis of body tissoelsrval, pupal and adult stages Mt
cinxia showed that high concentrations of IGs were sdqexs from the food plants. In all
stages, catalpol was present in higher levels theubin whereas in most tested plants the
level of aucubin was higher than that of catalpbiis could be due to the fact that aucubin is
a precursor of catalpol (Damtoft et al. 1983) andld be further processed into catalpol by
the insects. However, Bowers and Collinge (1998nhtbthat whed. coenia larvae are fed on
artificial diets exclusively containing aucubin, lpraucubin is detected in tissue of the
caterpillars, so aucubin is not metabolized int@ipml. If the same is true fdv. cinxia, it is
likely that they sequester catalpol more efficigntlan aucubin from the plant leaves, which
has also been found f&uphydryas phaeton (Nymphalidae) (Belofsky et al. 1989) add
coenia (Bowers et al. 1992a). It is known that catalpolhie more toxic component, at least
for generalist predators (Bowers and Puttick 186ymitz et al. 1986, Belofsky et al. 1989,
Bowers 1992).

Although it is well known that plant allelochemigahat are sequestered by herbivores
can affect the survival, development, morphologg size of their parasitoids (Campbell and
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Duffey 1979, Duffey et al. 1986, Gunasena 1988bBsa et al. 1991, Harvey et al. 2005,
Harvey et al. 2007), only two studies have thusefeamined whether parasitoids themselves
store these compounds (Barbosa et al. 1986, Bo2@£3). In both these studies only trace
amounts of plant allelochemicals were recoverednfrine adult parasitoids ofotesia
congregata. This parasitoid presumably does not utilize alteemicals in a defensive
capacity but deals with the accumulated conceptratof plant allelochemicals by shunting
them into cocoon silk and meconium (waste produetsaining in the cocoon after adult
emergence) (Barbosa et al. 1986). In our studyegewered much higher amounts of plant
allelochemicals from the adult body tissueGfmelitacarum andH. horticola. However, for

H. horticola the highest amounts of IGs were found in the pepalviae, probably because
these samples included the host larval skin andomem. The difference between tiae
congregata and C. melitaerum might reflect differences in the level of speciatinn of the
parasitoids Cotesia congregata attacks a wide range of sphingid larvae that feeglants
with very different types of allelochemicals: catall in Catalpa trees fed on by its host,
Ceratomia catalpae, and nicotine in tobacco plants fed upon by anoliost, Manduca sexta
(Barbosa et al. 1986, Bowers 2003). The parasit@g not be optimally adapted to sequester
these quite different compoundSotesia melitaearum is a specialist oM. cinxia, which
feeds on two closely related plant genera in tmeiljaPlantaginaceae, which both contain
IGs. This parasitoid, and probably the other chpselated Cotesia species using irioid
glycoside feeding hosts (Kankare and Shaw 2004k hi#re capacity to sequester IGs
defensively, like their host, although this has yettbeen tested.

In summary, this study reports that the effectlioéct defence on insect development
is species-specific. This is also the first stumlyfar as we know, to report actual sequestration
of allelochemicals in a parasitoid and potentiallyts primary hyperparasitoid. For the plant,
the most efficient means of defence depends ondémtity of the attacker. Direct defence
compounds are probably most effective against gdiseherbivores, but often not against
specialized herbivores. In this case, indirect ned#s, such as releasing a volatile blend of
odours aimed at attracting natural enemies of grbiviore, are probably more effective (Vet
and Dicke 1992, Dicke 1999b). A possible conflietvieen these two defence strategies may
arise if the plants that are most attractive tourstenemies also posses stronger direct
chemical defences that exhibit clear negative &ffen the performance of predators and
parasitoids. Future studies should experimentatlygrate the two defence strategies in plants
in order to better understand how this confliateisolved.

Acknowledgements

We thank N. Volkoff for sending us théyposoter didymator, M. D. Bowers for thelunonia
coenia eggs and C. Faria for sending Gstesia marginiventris cocoons. We thank Nato
Biological Station and Alands naturbruksskola falpdratory facilities and K. Fedrowitz and
R. Kaartinen for laboratory assistance. This stwdg supported by a grant from the Earth
and Life Science Foundation (ALW) of the Netherlaui@rganization for Scientific Research
(NWO) and by the Academy of Finland Centre of Ebaede Program grant numbers 20386
and 213457.

61






Chapter 4

Oviposition cues for a specialist butterfly:
plant chemistry and size

J. H. Reudler Talsma, A. Biere, J.A. Harvey and S. van Nouhuys




Oviposition cues for a specialist butterfly

Abstract - The oviposition behaviour of a butterfly is basedaocomplex set of stimuli and
responses. In this study we looked at the effecplaht secondary chemistry (the iridoid
glycosides aucubin and catalpol) and aspects ait gize (mainly the number of leaves) of
the host planPlantago lanceolata, on the oviposition behaviour of its specialigtit®pteran
herbivore Melitaea cinxia. Iridoid glycosides are known to deter feedingdecrease the
growth rate of generalist insect herbivores, buh ds oviposition cues for specialist
butterflies and feeding stimulants for their larvd&evious studies of the same species
showed that oviposition was associated with higlelEof aucubin in the field, but could not
distinguish whether the higher levels of aucubinreveéhe cause (active choice) or
consequence of oviposition (induction in plant). Wnducted a set of dual- and multiple-
choice experiments in cages and in the field. ki ¢hges we found a positive correlation
between the pre-oviposition level of aucubin anel tiamber of ovipositions, indicating that
the association reflects an active oviposition sieai rather than plant induction following
oviposition. The results also suggest a threshofttentration below which females do not
distinguish among levels of iridoid glycosidestte field, the size of the plant appeared to be
a more important stimulus than iridoid glycosideoentrations, with bigger plants receiving
more ovipositions than the smaller ones regardiefiseir secondary chemistry. The variation
in the use of predominant cues for oviposition may dependent on environmental
conditions.
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Introduction

Finding and choosing a host plant for ovipositismichallenging task for female herbivorous
insects, and the decision made by the female mag Far-reaching consequences for her
fitness and that of her offspring. Under naturahdibons, ovipositing insects experience
many external stimuli (e.g., visual and olfactoryes), their own internal physiological
stimuli and a series of environmental constraimtg).( availability of host plants) (Visser
1986, Bernays and Chapman 1994, Badenes et al).200iposition site selection is crucial
for the successful development of larvae (Singé&6lMayhew 1997). Optimal oviposition
theory (Jaenike 1978) predicts that ovipositionfgnence should correlate with host plant
suitability for offspring development (Awmack ancather 2002), although experimental
studies do not appear to unequivocally support supbsitive correlation between preference
and performance (Thompson and Pellmyr 1991, May2@dd, Scheirs and De Bruyn 2002).
This hypothesis was elaborated by Price (1991) whendeveloped the ‘plant vigour
hypothesis’, predicting that vigorous plants thatvg faster and ultimately reach a larger than
average size should be preferred by the herbiBwéh plant biomass and nutritional quality
are supposed to be higher in vigorous plants (Mei$%t al. 2005, Lastra et al. 2006).

The range of host plants accepted for ovipositsonften very narrow, which has at
least partly been explained by the co-evolutionprgcess of adaptation and counter-
adaptation of herbivorous insects to the defencematels of their hosts, resulting in a
predominance of specialized herbivores with narfmst ranges (Ehrlich and Raven 1964,
Mitter et al. 1988, Jaenike 1990). Plant secondagmistry is seen as the major constraining
force behind the patterns we see today in the Lisesd plants by insects (Brower and Brower
1964, Feeny 1991, Futuyma 1991, Becerra 1997, NylthJanz 1999).

In this chapter, we study the role of plant seempcchemistry and size of the host
plant Plantago lanceolata L. (Plantaginaceae) on the oviposition behaviduitsospecialist
herbivore, the checkerspot butterflylelitaea cinxia (Linnaeus, 1758) (Lepidoptera:
Nymphalidae). Most lepidopteran species, 90-95%an(pt 1980, Hebert 1983), leave an
individual egg on a plant and move on before layamgpther. By contrast, all checkerspot
butterflies such aMl. cinxia lay their eggs in clusters (Singer 2004). Buttesflthat lay eggs
singly must often find on the order of 20-50 oviios sites per day and may be more time
limited than egg limited (Courtney 1982). For btfttes that lay their eggs in clusters the cost
of prolonged search or host assessment is lesgghytdiscriminating female that delays her
oviposition by rejecting most hosts can simply #&larger cluster when she eventually does
oviposit (Singer 2004).

In general, butterflies are attracted to alight glants by mixtures of visual and
olfactory stimuli (Rausher 1978, Feeny et al. 1989positive response to visual stimuli is to
alight and taste a plant. In order to assess whetlpdant is chemically acceptable, a female
checkerspot butterfly scratches the surface ofbvath the first pair of tarsal claws. If the
plant is then accepted for oviposition, the bulyecurls her abdomen to the underside of a
leaf and oviposits. In checkerspot butterflies pkaceptance depends on physical features of
the oviposition site such as the size, shape aedtation of the leaf (Singer 2004).

Most checkerspot species are oligophagous or ev@mophagous on plant species
belonging to 16 different families (Olmstead et1l#193, Olmstead et al. 2001). All but two of
these families are in the single subclass Asteridael members of all but two of these
families produce iridoid glycosides (IGs) as plaatondary compounds (Jensen et al. 1975,
Higgins 1981, Jensen 1991, Tolman and Lewington/1@9mstead et al. 2000, Wahlberg
2001).
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In this study we focus on two IGs, aucubin and Ipatawhich are found in more than ten
families of plants (EI-Naggar and Beal 1980), areltae most abundant 1Gs fh lanceolata
(Suomi et al. 2001a, 2002). These IGs are knowfunation as oviposition cues for the
specialist butterflyJunonia coenia (Pereyra and Bowers 1988) and as feeding stinsifantat
least some checkerspot butterflies (Bowers 19B®Jitaea cinxia larvae perform better on
diets with higher iridoid levels (Harvey et al. )01t is generally thought that specialist
herbivores benefit from the defensive chemistrythair host through reduced competition
with generalist herbivores and inhibition of geristanatural enemies (Bowers 1980, Dyer
and Bowers 1996, Camara 1997b, Theodoratus andr8&989).

Nieminen et al. (2003) examined the pattern gpasition byM. cinxia on their food
plant, P. lanceolata in the field. The authors compared plants usedofd@position with
neighbouring and random plants in the patch. Tleynd that plants used for oviposition
contained significantly higher concentrations ofcuhin than neighbouring and random
plants. Additionally, plants selected for ovipasitihad higher catalpol concentrations than
neighbouring plants, indicating that ovipositingni@es prefer to oviposit on plants with
higher levels of IGs.

An alternative explanation for the positive asstiora between IG levels and
oviposition in Nieminen et al. (2003) is that theegence of butterfly eggs on leaf tissues
leads to an induction of IGs in the plant (Niemirgral. 2003). Induction of IGs byl. cinxia
oviposition has not been investigated so far, Wutproduction inP. lanceolata can be
induced both by fungal infection (Marak et al. 26Pand by herbivory (Darrow and Bowers
1999, Stamp and Bowers 2000). Furthermore, Pefiwtlas. (2006) found that leaves of
Lonicera implexa (Camprifoliaceae) that bore egg clusterskaphydryas aurinia (a close
relative ofM. cinxia) had 15-fold higher concentrations of IGs tharecllly opposite leaves
on the same plant. Furthermore, other studies rep@ted that allelochemicals in plants can
be induced through oviposition and the presenceggk on or imbedded in the leaf surface
(Blaakmeer et al. 1994, Agrawal 2000a, Colazzd. 084, Hilker et al. 2005).

We performed a set of dual- and multiple-choiceegixpents in cages and in the field
to answer the following questions: 1) What is tfffeat of P. lanceolata plant chemistry on
the oviposition behaviour dl. cinxia? 2) Does oviposition cause induction of IGs in hiost
plant? 3) What is the effect of plant size (maimymber of leaves) on the oviposition
behaviour oM. cinxia butterflies?

Methods and Materials

Study species

Melitaea cinxia (Glanville fritillary) butterflies used for thesxperiments were the offspring
of field-caught butterflies from Aland, Finland. Gdand the butterflies fly in June and lay
large clusters (150-200 eggs) underneath the lealvéiseir host plantsP. lanceolata and
Veronica spicata L. (Scrophulariaceae) (Kuussaari et al. 2000)vaarhatch after two to four
weeks depending on the temperature. The larvaeaspommunal web on the host plant and
feed gregariously during the rest of the summercaBse of their restricted mobility, small
larvae depend on the host plant the adult femadseckior oviposition (Kuussaari et al. 2000,
Kuussaari et al. 2004). The larvae diapause gregslyi in a silk winter nest, becoming active
again in spring. In the last instar, the larvaepéise and feed individually. They pupate
within the vegetation in early May.
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Plantago lanceolata (ribwort plantain) is a rosette-forming, self-incpatible, perennial plant
with a worldwide distribution and large ecologicamplitude (Sagar and Harper 1964).
Among the secondary plant compounds producedPbyanceolata are the two iridoid
glycosides (IGs) aucubin and catalpol (Duff et #865). In natural populations IG levels
range from undetectable to ca. 9% of its dry weid@dwers 1991). In the field on Aland
these levels range between 0.6-2.2% for aucubin laetiveen 0.7-2.0% for catalpol
(Nieminen et al. 2003). The variation in the camgtie |G amount inP. lanceolata is
partially genetically determined (Bowers and Stal892, 1993, Adler et al. 1995). Most of
the plants used for the oviposition experimentsewderived from an artificial selection
experiment, in which plants were selected on tteshaf high and low concentrations of total
leaf 1Gs for four generations (Marak et al. 2000ne plants, each derived from a different
half sib family from the low line, and six plantsach derived from a different half sib family
from the high line, were clonally propagated follog a root-cloning method (Wu and
Antonovics 1975). This resulted in 15 different gimpes used in experiment 1 and 2. In
addition, five new crosses were made between péiptants of the low line and five crosses
between pairs of plants of the high line. From eatlkhese crosses a single offspring was
raised and clonally propagated. This resulted e fjenotypes with low (L1-L5) and five
genotypes with high (H1-H5) IG levels, that weredigh experiment 3 and 4. In experiment 1
and 2 we additionally used 15 plants collected ftbenfield on Aland, with initially unknown
IG level.

Oviposition experiments

Four experiments were carried out to study the asitpn response d¥l. cinxia to levels of
IGs and plant size d?. lanceolata. In experiments 1-3, we offered potted plants ttidstlies

in cages, using dual (experiment 1) or multiplepgriments 2, 3) choice tests. In experiment
4, we transplanted experimental plants and buttertb a natural field plot. Experiments were
carried out in Finland, except for one of the cagperiments (experiment 3) that was carried
out in the Netherlands.

Experiment 1. small cages, Finland. Two P. lanceolata plants of different genotypes,
randomly selected from the nine genotypes of tixedad six genotypes of the high selection
line were put in a small mesh cage (38 x 38 x 44tm} was placed outside at Nat6
Biological Station, Aland, in June 2005. Before hants were put in the cage we counted the
number of leaves and the second fully grown leas waken from the plant for HPLC
analyses. A mated femab. cinxia butterfly was added to each cage along with a g@on
with honey water (1:3) to provide a source of rarits for the butterflies. At the end of the
day, all plants and butterflies were removed frowa ¢ages. The plants were then checked to
see if the butterflies had oviposited on the plaiitee following day the number of eggs in
each cluster was counted. This process was repeatdsuccessive days with plants and
butterflies without oviposition experience addedhe cages. We used eight small cages each
day over the course of 13 days. In total we usedlifiérent plant pairs and 44 different
female butterflies. The cages were put outside whernweather was sunny and warm. The
IGs aucubin and catalpol of the plants were analymeng HPLC.

Experiment 2: large cages, Finland. Twelve P. lanceolata plants of different genotypes were
selected from the nine genotypes of the low andstkeenotypes of the high selection line
and put in a large cage (1 x 1 x 1 m) outside aiNBiological Station, Aland, Finland.
Before the plants were placed in the cage we cdutite number of leaves and the second
fully grown leaf was taken from the plant for HPlaDalyses. Six mated femalé. cinxia
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butterflies were added to the cage and also prdwdéh access to honey water in a sponge.
The experiment was performed as described abovly. @e large cage was used each day
over the course of nine days.

The butterflies were only replaced if they diedfdhere were many egg batches laid
in a day. In total we used 21 different femalese Ptants that had no oviposition were put
back randomly in the cage the next day. Plants witiposition were replaced with fresh
plants the next day.

To see if there was systemic induction of IGs i@ fihant after oviposition in experiment 1
and 2, we determined the IG levels in leaves fr@plants. We compared the I1G level of the
second fully grown leaf (sampled before ovipositianith that of the leaf opposite the leaf
that bore the egg batch (sampled in the eveniry aftiposition).

Experiment 3: large cages, the Netherlands. Ten cages (1 x 1 x 1 m) were placed outside near
the Netherlands Institute of Ecology at Hetereredoh cage we put ten plants, five genotypes
with low (L1-L5) and five genotypes with high (H15Hlevels of leaf iridoid glycosides (IG)
(see study species). All the cages representedesiaglicates. From each of the plants we
counted the number of leaves and we collected ikt $ully grown leaf for chemical
analyses. Into each cage we released a single andldemale oM. cinxia. The following
days we checked for evidence of oviposition, but dve¢ not remove the plant or the
butterflies. We marked the leaves onto which thedie butterflies had oviposited, but did
not take the eggs away. The experiment was tergdnahen all of the butterflies had died. In
total we used 12 female butterflies froni"28ay till 16™ June.

Experiment 4: field site, Finland. We used the same 10 genotype$ofanceolata as in the
above experiment, five with low 1G (L1-L5) and figgl1-H5) with a high level of leaf IG. In
the fall of 2001, we made 40 clonal replicatesaxftegenotype using the root-cloning method
from Wu and Antonovics (1975). Plants were mairgdiover the winter in 11cm pots filled
with potting soil in an unheated greenhouse in Hetethe Netherlands. On May 8, 2002,
roots of the c. 25cm tall plants were washed tooneradhering potting soil, plants were put
in moist bags, shipped to Finland and stored atui™@ transplantation. A small field was
selected as transplantation site, in an open,abriyrarea on peat soil with sparse shrubs and
trees near Tvarminne Zoological Station, southvidéstand. This site represents a suitable
habitat within the distribution range & lanceolata and M. cinxia, but at the time of the
experiment neither of these species were obseov@ddur naturally. On May 11, 2002, the
plants were planted in 40 patches of 10 plants) @atch containing one individual of each
genotype. The roots were gently placed in sma$ sii the soil to minimize disturbance of the
natural vegetation. Plants within the patches vpdated 10cm apart and the patches were at
least 2 m apart. They were watered as needed.

Melitaea cinxia larvae were collected from Aland in 2001, overwiatkas 5 instar in
the lab at Nato Biological Station, and pupatedhi@ spring of 2002. Three-hundred adult
butterflies were introduced to the Tvarminne sie tmorning after they emerged. This
occured between June 6 and 9, 2002, when the exprtal plants had regrown new leaves
under the prevailing habitat conditions.

We harvested one or two fully grown leaves of egalaint from seven patches, and air-
dried them for HPLC analysis of IGs to estimatedkierage level of IGs for each genotype in
the field, based on the plants sampled from thesers patches. Starting when the first
butterflies were released on June 6, plants wesekdd daily for the presence of egg clusters.
For each egg cluster we recorded whether eggs dwtahhether caterpillars managed to
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produce a winter-nest and the number of larvaenpeter-nest. As some caterpillars moved

from the oviposition plant to nearby plants, thember of damaged plants exceeded the
number of oviposited plants and some winter-negiewroduced on non-oviposition plants.

On June 15 we measured the number of leaves andrifyn and width of the longest leaf of

each experimental plant. The experiment ended enatlitumn when most caterpillars had
gone into diapause.

Chemical analyses

For the experiments performed on Aland (1 and I, gecond fully grown leaf was taken
from all theP. lanceolata plants used for the oviposition experiment. Theyeaair-dried in
open envelopes as were the leaves collected irriengret 4 in Tvarmmine. The leaves from
the cages in Heteren (experiment 3) were frozeBGC and then freeze-dried. After the leaf
drying step, the procedure for chemical analyses tha same for all experiments. Leaves
were ground with a Laboratory Vibration Mill (MM 30 Retsch GmbH & Co, Germany).
Fine ground dry material of the leaves (25mg) wdsaeted in 10ml of 70% MeOH and was
shaken overnight. The crude extract was filtere@ ahatman #4 filter paper and diluted ten
times with Milli-Q water. The concentrations of tH@s aucubin and catalpol were analysed
by HPLC using a Bio-Lc (Dionex Corp., Sunnyvale,A)&quipped with a GP40 gradient
pump, a Carbopac PA 1 guard (4 x 50mm) and analyt@umn (4 x 250mm), and an ED40
electrochemical detector for pulsed amperimetriecteon (PAD). NaOH (1M) and Milli-Q
water were used as eluents (10:90, 1ml/min). Retetitmes were 3.25 min and 4.40 min for
aucubin and catalpol, respectively. Concentratiwase analyzed using Chromeleon version
6.60 (Dionex Corp., Sunnyvale, USA).

Statistical analyses

For the cage experiments (1, 2 and 3) differenedwden leaf IG concentrations and the
number of leaves from plants with and without ogiion were analysed with paired t-tests.
(STATISTICA version 7.1, StatSoft Inc., Tulsa, UKh experiment 1 the plants with and
without oviposition in the same cage were pairedekperiment 2 and 3 the plant with
oviposition was paired with the mean level of thenps without oviposition in the same cage.
For experiment 1, the number of leaves, the nurabeggs and the aucubin level were log10
transformed prior to analyses to meet assumptionsiosmality and homogeneity of
variances. Similarly, for experiment 2 all IG compds (aucubin, catalpol and the sum of
aucubin and catalpol, “total 1G”) and the number lefves were logl0-transformed. In
experiment 3, aucubin was log10-transformed, wisecatalpol and total IG were square-root
transformed. For all three cage experiments we uygerson) correlations to look for
associations between the egg cluster size laid donsa plant and the iridoid level or the
number of leaves present on that plant. In experirde differences in size and leaf IG
concentrations among genotypes and patches welgsadaising generalized linear models
(Procedure GENMOD, SAS v. 8.2, SAS Institute, C&¢) with a normal error distribution.
Leaf length, leaf width, leaf number and the prddafcthese (“plant size index”), as well as
the concentrations of aucubin, catalpol and to&lwere square-root transformed prior to
analyses to meet assumptions of normality and hemaity of variances. Plant size index
was used as a covariate in analyses of IGs to a&tgigize-independent genotypic differences
in secondary chemistry. Effects of plant size, ¢g@m® and patch on the number of egg
clusters, number of hatched clusters and numbeéapfiusing clusters per plant was analysed
using a GLM with a Poisson error distribution andlag link function after (x+1)
transformation of the independent variables. Siewels of aucubin and catalpol were only
measured on a subset of the plants, yielding iisefft data on phenotypic associations
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between secondary metabolites and ovipositioncesffef aucubin and catalpol on oviposition
were assessed at the genotypic level only by uaiteaand multiple regression of genotype
means for size and secondary metabolite levelseantgpe means for oviposition traits.

Results

Oviposition experiments

Experiment 1: small cages, Finland

In total 18 different females laid 21 egg clustersdifferent plants. Plants onto whidh.
cinxia oviposited had a significant higher level of auouf2.56 + 0.43) than plants without
(1.57 £ 0.37) oviposition (paired t-test, t=2.78716, P=0.013; Fig. 4.1A). In 71% of the
cases the females chose the plant with the highewbén level. By contrast, there were no
consistent differences in the level of catalpolwssn plants selected (2.25 + 0.35) and
ignored (2.59 £ 0.35) for oviposition. In 47% ottbviposition choices the plant had a lower
level of catalpol, whereas in 53% of the choices ptants with the higher levels of catalpol
were preferred (paired t-test, t=-0.72, df=16, B8). There was no significant difference in
the total IG level between plants with (4.81 = 0.88d without (4.16 = 0.55) oviposition
(paired t-test, t=0.81, df=16, P=0.43).

The number of leaves on the plants ranged from B6t but they had no significant
effect on oviposition choice (paired t-test, t=0.45=15, P=0.66). In 43 % of the cases the
plant onto which the butterfly oviposited had feusaves than the alternative plant, whereas
in 50% of the cases it had more leaves and in 7¥heotases they had the same amount of
leaves. There was no correlation between the eggjerl size laid on a host plant and the
iridoid level or the number of leaves present am plant (aucubin: r=-0.085, n=17, P=0.75;
catalpol: r=+0.15, n=17, P=0.56; total iridoid léewe=+0.19, n=17, P=0.46; #leaves: r=+0.43,
n=16, P=0.10).

Experiment 2: large cage, Finland

In total nine plants received 11 egg batches. 1% 8 the oviposition events in the large
cage, the female put her eggs on a plant with aehithan average concentration of aucubin
then the other plants in the cage (Fig. 4.1B). Hewethe difference in the level of aucubin
between plants that were chosen for oviposition plahts that were ignored was not
significant (paired t-test, t=1.14, df=8, P=0.2%.F.1B). All of the other parameters, such as
the level of catalpol, total IG level or the numlzdrleaves were not related to oviposition
choice of theM. cinxia butterflies in this experiment (paired t-teststaiaol: t=-0.20, df=8,
P=0.85; total I1G level: t=1.03, df=8, P=0.33; #leavt=1.43, df=8, P=0.19). There was no
correlation between the egg cluster size a fenzatedn a host plant and the 1G level or the
number of leaves present on the plant (aucubirO1EL, n=9, P=0.78; catalpol: r=-0.22, n=9,
P=0.57; total I1G level: r=-0.29, n=9, P=0.46; #leawr=+ 0.08, n=9, p=0.83).

In total we analysed concentrations of IGs in lsaek28 plants before and after oviposition
in experiment 1 and 2. The before and after meadiicenot differ significantly, suggesting
that there was no induction of IGs by the ovipositevent (paired t-test, aucubin: t=-0.15,
df=27, P=0.89; catalpol: t=0.22, df=27, P=0.82aldG level: t=1.7, df=27, P=0.10).

Experiment 3: large cages, the Netherlands

In total 12 plants received 15 egg batches. Theoidi levels of the plants were not
significantly related to the oviposition choice the butterflies in the cage (paired t-tests,
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aucubin: t=-0.52, df=11, P=0.61; Fig. 4.1C; cathlpe0.43, df=11, P=0.67; total IG level:
t=0.45, df=11, P=0.66). However, there were sigaifitly higher rates of oviposition on
plants with fewer leaves (t=-2.70, df=12, P<0.0f.®.1D). The number of leaves on the
plant ranged from 6-49 and was negatively corrdlatéh the iridoid level of the plant
(aucubin: r=-0.47, n=59, P<0.001; catalpol: r=-0.4559, P<0.001; total IG level: r=-0.48,
n=59, P<0.001).
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Figure 4.1 The average percentaclogl0’ of dry weight of aucubin oPlantago lanceolata plants

with and without oviposition bivelitaea cinxia in experiment 1 (A), 2 (B) and 3 (C). (D) The awgra
number of leaves d®. lanceolata plants with and without oviposition dy. cinxia, in experiment 3.
See text for a description of the experiments.
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Experiment 4: field site, Finland

Sze and chemistry of plant genotypesin the field.

Plant size differed both among genotypes and patheble 4.1 and 4.2). Genotypes showed
three-fold variation in the index that was calcethto estimate plant size. Genotypes also
showed significant, circa four-fold, variation imeir average leaf concentration of IGs (Table
4.1). The range of aucubin levels (nine-fold) wagér than the range of catalpol levels (four-
fold, Table 4.1). Part of the variation in totaléés of IGs and catalpol among plants were
associated with differences in plant size (Tab[2).4The totallG level of the plant was
negatively correlated with both the number of leawsnd the size index of the plants
(phenotype level: #leaf. r=-0.55, n=64, P<0.001zesindex: r=-0.43, n=64, P<0.001,;
genotype level: #leaf: r=-0.77, n=10, P<0.01, smex: r=-0.68, n=10, P<0.05). However,
the levels of both aucubin and catalpol were inddpat of the patch where plants were
growing (Table 4.2). Genotypes from the high séectine (H1-5) generally had higher
levels of total IG than genotypes from the low lifiel-5) (Table 4.1), but levels of the
constituent components aucubin and catalpol vayiedtly among genotypes within lines.

Table 4.1 Characteristics of 1Plantago lanceolata genotypes selected for low (L1-L5) or high (H1-
H5) leaf IG in the Tvarminne field site and occumce ofMéelitaea cinxia on them. Values for leaf IG
concentrations and plant size are back-transforle&st square estimates from GLM with block and
genotype effects. Values within columns that dost@re a common letter have non-overlapping 95%
confidence intervals. OccurrenceMf cinxia is summed over the 40 replicate plants per genotige
observed numbers of plants with egg clusters (3 humbers of egg clusters (C), hatched clusters
(H) and diapausing groups in winter-nests (D).

Leaf IG (% dw) Plant size (cm) M. cinxia

Total Aucubin Catalpol Size Leaf Leaf Leaf P C H D
index number length width

L1 2.15* 0.55% 1572 179.00  17.9° 10.2%® 0.99"° 11 20 17 5
L2 5.77°° 1098 377" 89.6 6.2% 13.4° 1.03° 1 1 1 1
L3 579 20939 2.80° 95.9°¢ 97° 11.8° 0.85% 3 3 3 1
L4 5.30° 2.62% 267° 101.1%%¢  7.7% 973 1.34¢ 5 5 1 1
L5 6.29°¢ 0.85% 541¢ 64.9% 98P 942 0.70% 3 4 4 3

H1 7.27°% 1.85° 5.39¢ 125.3% 98" 12.0" 1.03°
H2 8.60° 4.93° 3.65™ 90.1° 7.0* 13.0° 0.97*
H3 7.91%° 1.62° 6.20° 83.5%° 8.0%* 10.5® 0.98™
H4  6.65°% 2,009 4.51% 56.0° 6.0® 9.0° 0.93"
H5 5.07° 1.72° 3.32° 138.9°" 92" 13.8° 1.07°
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Table 4.2 Effects of patch and genotype on the size andl@afoncentration oPlantago lanceolata
in the Tvarminne field site. Size index was use@ asvariate in analyses of IGs. Values are quasi-F
values from GLM analyses of deviance (* P<0.05P%0.01; *** P<0.001).

Size Leaf Leaf Leaf Total
Source df index number length  width df IG Aucubin atépol
Covariate 1 353 30 30.9”
Patch 39 25 257 197 257 7 1.3 1.1 1.6
Genotype 9 12.00 2297 109 1157 9 1297 1357 1017
Error 334 49

Oviposition and performance of M. cinxia on different plant genotypes.

Egg clusters oM. cinxia were found on 41 plants, or 10.3% of the plantheexperimental
field site. The total number of egg clusters wasvdgh a maximum of 7 per plant and 9 per
patch. Hatching was observed for 48 (76.2%) ofetipg clusters. One-third of the egg clusters
eventually produced winter-nests that harbouredwerage 11.5 diapausing larvae. Of these
nests, 13 were on the initial oviposition plant &1dn non-oviposition plants to which larvae
had moved during the season.

The number of egg clusters per plant significantigreased with plant size and
differed both among patches and among genotypdddg Ba3), ranging from a mean number
of 0.025 to 0.50 clusters per plant for differeengtypes. Similar effects were found for the
number of successful clusters, i.e. clusters tathed and that produced winter nests (Table
4.3). Effects of plant size on the number of eggstadrs were mainly due to an increase in
oviposition with the number of leaves per plantg(#i2A). The association between
maximum leaf length and oviposition was non-lingaants with leaves of an intermediate
length of ca. 8cm were the most often used for asitppn (Fig. 4.2B), whereas leaf width
was not associated with the number of egg clusters plant (P>0.5). Univariate regressions
(Table 4.4) showed that at the genotype level, factors significantly contributed to
genotypic differences in the number of egg cluspensplant: average levels of aucubin and
average leaf length (Table 4.4, Fig. 4.2B and @)almultiple regression, the effect of
aucubin disappeared (Table 4.4), indicating thawés partly mediated by genotypic
correlations with other factors. In particular,sthnvolved a negative correlation with leaf
number (Fig. 4.3) that tended to have a positiiecefon oviposition (Fig. 4.2A), and a
positive correlation with maximum leaf length, winibad a negative effect on oviposition in
the range of values for the genotype means (Fag)4.

Table 4.3 Effects of plant size, patch and genotyp®laintago lanceolata in the Tvarminne field site

on the number oMelitaea cinxia egg clusters per plant that were oviposited, hetcland produced

winter-nests. Values are quasi-F values from GLMlygses of deviance (* P<0.05; ** P<0.01;
*** P<0.001).

df  Egg clusters  Hatched Diapausing

Plant size 1 456 56.5 13.2™
Patch 39 2.3" 2.2 1.8"
Genotype 9 51 547 2.2
Error 333
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Melitaea cinxia egg
clusters per Plantago
lanceolata plant as a
function of (A) number of
leaves per plant, (B)
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Black diamonds represent
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leaf length £ 1 s.e. (class
limits indicated above the
X-axis). Dotted lines are
corresponding polynomial
regression lines based on
parameter estimates from
Poisson regressions of the
phenotypic data. Note the
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Table 4.4 Univariate and multiple regressions of genotypemsefor morphological and chemical
traits on genotype means for the numberMdlitaea cinxia egg clusters per plant dflantago
lanceolata in the Tvarminne field site. Values are standadizegression coefficients P<0.10; *
P<0.05; ** P<0.01; *** P<0.001).

Univariate Multivariate
Total IG -0.503 -
- Aucubin -0.648* -0.231
- Catalpol -0.140 -
Plant size index +0.199 -
- # Leaves per plant +0.503 +0.278
- Max. leaf length -0.718* -0.583
- Max. leaf width -0.005 -
Model R 0.71*
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Figure 4.3 Regression of phenotypic values (open symbolgdeddine) and genotype means (st
symbols, solid line) of leaf aucubin concentratmm the number of leaves pBfantago lanceolata
plant. Genotypes with intermediate (H5), high (Fa&y low (L1) aucubin levels are indicated by open
squares, upward and downward pointing triangleseetively.
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Comparison of plant chemistry between the four experiments

If we compare the IGs from all four experimentsisittlear that the total amount of IGs as
well as the ratio of aucubin and catalpol to thalttG differs between the experiments (Fig.
4.4 and Table 4.5). In the small cages and initHd &€xperiment in Finland, most plants had
on average a higher level of catalpol than auc(% and 70% of the plants, respectively).
In the large cage experiment in Heteren all pléwais a higher level of aucubin than catalpol,
but in this experiment the level of IGs was on agervery low. Finally, in the large cages
used on Aland, in 70% of the plants the level afidnin was higher than the level of catalpol.
Especially striking is the huge difference betwdka plants used for the experiment in
Heteren and the field experiment in Finland, beeguliants used for these two experiments
were from the same genotypes. Levels of aucubineweughly similar in the two
experiments, but the amount of catalpol in expenir® had a mean of 0.16% of the dry
weight whereas in experiment 4 it had a mean d¥4(ddependent t-tests, aucubin: t=3.64,
df=18, P=0.084; catalpol: t=8.27, df=18, P<0.004blE 4.5). Although the absolute levels of
IGs were significantly higher in experiment 4, tla@k order of the genotypes was consistent
across both experiments (Fig. 4.5).

Mean percentage dry weight
H

0 T T ilr_-|
3

1 2

Experiment

Figure 4.4 Mean aucubin and catalpol level Plantago lanceolata plants used in the four differe
experiments. Black bars indicate the mean aucubuel] grey bars the mean catalpol level.
Experiment 1: small cages, Finland; 2: large c&gdand; 3: large cage, the Netherlands; 4: figie, s
Finland. See text for a detailed description offthe experiments.
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Figure 4.5 The IC-

levels of Plantago
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used in experiment 3
versus the IG levels
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experiment 4. The
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with white symbols.
See text for a
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of the experiments.

Table 4.5 Descriptive statistics of the iridoid glycosidé&jllevels of thePlantago lanceolata plants

used in all four experiments.

Experiment IG n Mean Min. Max. S.d. S.e

1 aucubin 29 2.32 0.35 6.51 1.73 0.32
catalpol 29 2.36 0.55 5.80 1.46 0.27

total 29 4.67 1.40 11.57 2.36 0.44

2 aucubin 20 3.03 1.02 5.60 1.34 0.30
catalpol 20 1.63 0.58 3.98 0.87 0.20

total 20 4.66 2.38 8.08 1.56 0.35

3 aucubin 149 0.66 0.01 4.19 0.76 0.06
catalpol 144 0.16 0.00 0.93 0.17 0.01

total 144 0.83 0.03 4.38 0.88 0.07

4 aucubin 67 2.15 0.11 6.33 1.37 0.17
catalpol 67 3.99 0.78 8.35 1.73 0.21

total 67 6.14 0.88 12.06 2.20 0.27
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Discussion

Butterflies that lay eggs in clusters, such as kbepots are expected to spend more time
discriminating among hosts than solitary egg layspgcies (Singer 2004). When a searching
M. cinxia alights on a host, it typically “tastes” it, re$ts a while before moving to another
part of the plant or to another plant, tastes ggatic., until she finds the plant chemically
acceptable and starts to oviposit. The female lgieBecides where to oviposit based on cues
she obtains from the plant. The results of the eageriments on Aland (experiment 1 and 2)
both suggest that the oviposition choice of thedienis related to the level of aucubin in the
plant. In the dual choice tests there was a sicamti preference for plants with a higher level
of aucubin, and in the multiple choice test, thadées preferred plants that had higher levels
of aucubin than the average level of aucubin ofpldhts in the cage. These results are in
agreement with those of Nieminen (2003) obtaineddoypling from natural populations in
the field. It is important to note that, in contrasthe field data obtained by Nieminen (2003),
we sampled leaves for IG measurements before atigpo®ccurred, hence we can exclude
the possibility that the higher levels of aucubmnthe plants selected for oviposition were
simply a consequence of the induction of IGs follgyvoviposition. There also was no
difference in the 1G-levels of leaves before anderafoviposition, indicating that the
oviposition event itself did not systemically in@uthe production of IGs. However, since we
did not measure IG levels before and after ovipmsiin the leaf that was actually selected for
oviposition, we cannot rule out the possibility tthacal induction in the leaf selected for
oviposition occurs (Pefuelas et al. 2006). Anotleason we did not detect induction might
be the timing of the induced response. We tookdhees for sampling on the same day as the
oviposition, but it is possible that the inductiohthe IGs took longer than a single day.
Unfortunately, in contrast to studies of inductiah secondary metabolites following
herbivory, timing of induction following ovipositiois poorly known. Induction of IGs iR.
lanceolata following fungal infection has been observed adyess six hours after inoculation
(Marak et al. 2002b) but induction after leaf damdy caterpillars of the specialiiinonia
coenia was not observed until six days after herbivonycfis and Bowers 2004).

The level of aucubin is correlated with the tdmalel of IGs. Despite the fact that
specialist herbivores usually pay a cost of dealintp the secondary metabolites in their
preferred hosts (Camara 1997a), several experinmants shown thatl. cinxia larvae have a
better performance on plants with a higher levelGd than on plants with a lower level of
IGs. Larvae have a shorter development time, hi¢gdmeal weight and they tend to have a
larger pupal size (Harvey et al. 2005, Saastamoaterh. 2007, Chapter 3). These factors are
usually correlated with a higher fitness (Roff 129Phere are many factors that affect larval
fitness ofM. cinxia, but larval size is strongly correlated with overtening mortality, which
can be very high (Nieminen et al. 2001, van Nouhetyal. 2003, Kuussaari et al. 2004). The
shorter development time may also be an advantag@lf cinxia because of the short
growing season (Kuussaari et al. 2004) and fastldpment decreases the period of time the
caterpillar will be vulnerable to its natural enesi(van Nouhuys and Lei 2004).

Another advantage of feeding on plants with a Higrel of IGs may be chemical
defence against natural enemies such as predatdrgasasitoids. Specialized larvae feeding
on iridoid-producing plants are able to sequedtese iridoids and become distasteful or
noxious themselves (Bowers 1980, 1981, Bowers amticRk 1986, Franke et al. 1987,
Gardner and Stermitz 1988, Belofsky et al. 1989w&s 1990, L'Empereur and Stermitz
1990, Stermitz et al. 1994, Camara 1997b, Suomi. &001b, Chapter 3).

The fact that we did not observe a differencevipasition choice between plants with
high or low levels in aucubin, catalpol or total lkvel in experiment 3 (large cages Heteren)
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could be caused by the overall low level of IGshase plants. Perhaps the femdlecinxia

is not able to discriminate between such absobselévels of IGs (on average lower than 1%
of the dry weight) or maybe the relative differetmdween the plants was not big enough to
make them distinguishable.

The results of experiment 4, the field experimeiffered from the results of the cage
studies. Notably, the size of the plant (mainly tluenber of leaves per plant) had a positive
effect on the oviposition preference of the femalesile in the cage experiments there was
no association (experiment 1 and 2) or even afggnily negative association (experiment
3). We expected that size of host plants would rb@vgortant aspect of their suitability for
M. cinxia because plants selected for oviposition shouldapge enough to support the
growth of all (usually more than a hundred) larta&t hatch from the egg batch. As soon as
the gregarious larvae hatch, they spin a commuedal on the host plant and they are usually
restricted to the plant they hatch on (Kuussaagil.e2004). A stronger impact of host size on
oviposition preference in the field than in cag@erments can be expected for instance if
plants in the field are in a critical range of siz&hereas plants in the cages are all large
enough to support larval development. However, tglam the cage experiments on average
did not produce more leaves than plants in thed.fiél more likely explanation for the
difference in importance of host size for ovipasitibetween the field and cage studies is that
the plants used in the cages were more similadgdsithan the plants used in the field
experiment. In the field, the difference in leahther between the smallest and largest plant
was 78; in the cage studies in Finland the mederdifice in leaf number between the plants
between whiciM. cinxia could choose was only 3.3 in experiment 1 and Y é&xperiment 2.
Because of this smaller variation in plant sizéhi@ cage experiments the oviposition choice
of the female in the cages could be based to dggreatent on chemical rather than on visual
stimuli.

In all cage experiments, IG levels of each plawivitdual were measured for each
individual plant. Associations between ovipositeomd traits including 1Gs could therefore be
studied at the individual plant level. By contrastthe field (experiment 4), IG levels were
measured for a subset of plants only. Based o thieasurements, genotype mean IG levels
were used to assess associations between ovipoaiiohIGs. This resulted in a loss of power
(10 genotype values) to detect associations ancentachpossible to disentangle effects of
morphological traits and 1Gs on oviposition of widual plants. Another difference between
field and cage studies was the overall level of IB&n though the ranking of genotypes with
respect to IG concentrations was comparable betwexpages (experiment 3) and the field
(experiment 4), the absolute amounts were veryewdfft, reflecting environmental and/or
developmental effects on overall levels of 1Gs.sThuggests that these plants are highly
plastic in their 1G levels in different environmerut that genotypes show roughly similar
responses to environmental conditions.

In summary, our results show that a femilecinxia discriminates between host
plants for oviposition. For females in the fielthetsize of the plant is a positive visual
stimulus; in the cage, where plants are more sirmlaize and probably in visual appearance,
chemical stimuli apparently are more important. Wiee look at the plant chemistry, in
general,M. cinxia prefers plants with a higher level of aucubin. c8irthese levels were
measured prior to oviposition, we can exclude that positive association between higher
levels of aucubin and oviposition in our experingemesulted from induction by the
oviposition event itself.
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Host plant use by Melitaea athalia

Abstract - We present a study of habitat use, oviposition tplemice, and food plant
suitability for the checkerspot butterfliMelitaea athalia Rottemburg (Lepidoptera:
Nymphalidae) on Aland, Finland. We found that omd, unlike on the mainland of Finland
and most other parts of its rand¢é, athalia flies predominantly in open meadows. The plant
species it prefers for oviposition in tis studyeronica chamaedrys L., V. spicata L.
(ScrophylariaceaegndPlantago lanceolata L. (Plantaginaceae) also grow in open meadows.
This difference in host plant and habitat use betwdland and other regions may reflect
local adaptation to land use practices and geokbgy maintain clusters of small open
meadows. At small scale the butterflies preferwipasit on plants in open rather than grassy
sites. Preferred plant species were equally aitebbr oviposition in mixed species patches
as in mono-specific patches. Despite the fact thatpresence of IGs is an important trait
distinguishing host from non-host species usedvbythalia, ovipositing preference within
the group of (potential) host species and amongyiohell plants within host species was
largely independent of IG concentration. Althougle &dult butterflies chose specific plant
species for oviposition, as larvae they performedl an twelve out of thirteen plant species,
both on known host plants as well as on relatedtglthat occur on Aland.
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Introduction

Most herbivorous insects are selective in theiposition choice, both at the level of plant
species, and at the level of plant individuals witthese species (Ng 1988, Singer and Lee
2000). What criteria are used and how stringent Hre defines the host range, as well as the
habitats in which an herbivore is found. Most heobbus insects specialize in a
taxonomically or chemically related group of hogéaes that grow in similar habitats. For
instance, checkerspot butterflies (the Melitagnihe family Nymphalidae) are oligophagous
or monophagous on plant species belonging to 1@iémnthat inhabit meadows, forest edges
and forest clearings (2004). Of these, most ofplaamts used are in 11 families that share
iridoids as plant secondary compounds (Jensen £0@b, Jensen 1991, Wahlberg 2001). The
most common group of these iridoids are the iridgitosides (IGs) (Damtoft et al. 1997, Li
et al. 1999, Sturm and Stuppner 2001), which aterdmt to many generalist herbivores
(Bowers and Puttick 1986, Stamp 2001), but aredtde or even sequestered by specialists
(Bowers and Puttick 1986, Stermitz et al. 1986,nkeaet al. 1987, Belofsky et al. 1989,
L'Empereur and Stermitz 1990, Mead et al. 1993;n8te et al. 1994, Suomi et al. 2001Db,
Harvey et al. 2005, Chapter 3). The caterpillaititglio sequestrate these plant secondary
chemicals is thought to make them unpalatable auitable for generalist predators and
parasitoids (Bowers 1980, Camara 1997b).

In this study we investigate the habitat and hdanhtpuse by the oligophagous
checkerspot, heath fritillary, Melitaea athalia (Rottemburg, 1775) (Lepidoptera:
Nymphalidae) on Aland in southwestern Finland. Thigterfly is a common species in
southern Finland (Marttila et al. 1990), but haslided severely in most of Europe (Warren
et al. 1984, Schwarzwalder et al. 1997). The d@iti@ctor governing the survival d¥l.
athalia is its dependence on the continual creation o€ifpeand very short lived types of
habitat (Warren 1987a).

Melitaea athalia is part of an ecologically and evolutionarily wstudied group of
butterflies (Ehrlich and Hanski 2004) that is ofeirest to conservation ecologists (Cowley et
al. 1999). The aim of this paper is to describathabnd host plant use b¥. athalia where it
differs from other regions, and is not in declidesecond motivation for this study is to
assess the ecological overlaphfathalia with the well studied Glanville fritillary buttelf,
Melitaea cinxia (Linnaeus, 1758) (Lepidoptera: Nymphalidae), whiokoccurs on Aland.

First, we present the natural habitat use of thdtadmitterflies on Aland by transect
counts during the flight season in forest edgegadd mesic meadows, herb-rich road verges
and field edges, clearings within forest and sep@roforests. Because human land use on
Aland is different from that on the mainland of limd and Britain we expect the habitat use
by M. athalia also to differ.Second, we present an oviposition choice experinmeatlarge
outdoor cage, in which butterflies could freely ind oviposit among (potential) host plant
species over a two week period. The plant speciasadle to the butterfly included most of
the species that are known to be used in FinladdBaitain as well as several related species
present on Aland.

For the congeneM. cinxia, the IGs are known to be positively associated with
oviposition (Nieminen et al. 2003) and larval deyghent (Harvey et al. 2005, Saastamoinen
et al. 2007). To investigate the role of IGdMnathalia host plant choice, both with respect to
their discrimination among species and among idldizis, we analyzed the content of the
main IGs, aucubin and catalpol, of all plants, gsiHPLC before using them in the
oviposition experiment. Finally, we compared thekiag of host species with respect to
oviposition preference with their ranking in terna$ performance of their offspring
(development time, survival and diapause weight) régring prediapause larvae on 13

83



Host plant use by Melitaea athalia

different (potential) food plants. These plantsluded the species used in the oviposition
experiment as well as five related species growirftabitats that could potentially be used by
M. athalia on Aland.

Material and methods

Natural history and study system

In Britain, where M. athalia is endangered, it inhabit®lantago-rich grasslands,
Melampyrum-rich  woodland clearings and sheltered heathlandsitamning scattered
Melampyrum (Warren 1987c). The larvae have been observednigedh the Plantaginaceae
Plantago lanceolata L., P. major L. and Digitalis purpurea L. and the Scrophulariaceae
Melampyrum pratense L., Veronica chamaedrys L., V. hederifolia L. and V. serpyllifolia L.
(Warren 1987b). Due to natural succession its htbivften remain suitable only for a few
years (Warren 1987b, 1987c, Wahlberg et al. 200@¢. major factor causing the decline of
M. athalia in Britain during the last 150-200 years is thouighbe the decline of choppings as
a major form of woodland management, which caussemto the supply of new habitats for
M. athalia (Warren 1987a). Furthermore, the species is thotaghé relatively immobile, and
since most habitats are short-lived, in order tovise, colonies often have to move as
conditions become unsuitable. A combination of ¢hattributes make the species particular
vulnerable (Warren 1987c).

On the mainland of Finlani. athalia is known to occur along forest edges and in
openings within forests, such as wood clearings ahdndoned fields (Selonen 1997,
Wahlberg 1997, Wahlberg et al. 2002). Femile athalia butterflies were observed by
Wahlberg (1997) to land and tap ®hchamaedrys and Melampyrum sylvaticum L., before
ovipositing on an adjacent plant. Post diapausea&rwhich are mobile, have also been
recorded oMelampyrum pratense in Finland (Wahlberg 2000).

The study was conducted dgdand in southwestern Finland during the summer of
2004 (larval feeding) and the spring and summe&065 (habitat use and oviposition by adult
butterflies). Eggs and post diapause larvaeMofathalia have been found oleronica
spicata, V. chamaedrys, andP. lanceolata on Aland (S. van Nouhuys, personal observation)
but their use of other host plants is unknown. Wheathalia butterflies and larvae used in the
experiments were laboratory reared individuals.ylWere the progeny of field collected post
diapause larvae fromland that were reared to adulthood on a mixtur®.cdpicata andP.
lanceolata leaves. Males and females from the different ctibe sites were mated and the
females were placed in cages with pottea¢hamaedrys, and V. spicata for oviposition. The
eggs from the plants were collected daily and mdee@etri dishes. Upon hatching the larvae
to be used as adult butterflies were ¥dspicata andP. lanceolata leaves throughout their
development. The larvae used for the larval feedaxperiment were moved to the
experimental plant in their first instar, soon aftatching.

Habitat use during adult flying season

To observe what types of habitat the additathalia uses on Aland we conducted a transect
study using the method of Pollard (1997). The negihosen for the three transects was
characterised by high habitat heterogeneity lsindithalia was know to be common in this
region. The 2.6 to 2.9 km long transects crosséddta in whichM. athalia is likely to occur
(dry and mesic meadows, herb-rich road verges mhdl édges, clearings within forest and
semi-open forests). The transects were divided seittions according to habitat types and
separate counts were made for each section. Thareace ofM. athalia was monitored by
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one person walking each transect route twice a vieekix weeks (week 23-28). One last
transect walk occurred in week 30 to get informabout the length of the flight period. The
transect walks were carried out in warm and brgdather between 11.00 and 17.30.

All M. athalia butterflies seen within five meters of the trarisealker were counted.
They were caught with a net to ensure correct ifiemtion and to record their sex. The
behaviour of the butterflies prior of being cauglats also recorded (feeding, mating, flying or
basking).

Oviposition host plant preference

This experiment was conducted in a large cage (30 x 3 m) covered with a mesh that
allowed natural environmental conditions insidee Ttatural vegetation in the cage included
nectar plants that the butterflies could feed ugmrt,no potential host plants. This cage has
previously been used to measure the movement bmlragnd life history traits (longevity
and fecundity) of the butterflyl. cinxia (Hanski et al. 2006).

Plants of eight different plant species were tréargpd from natural Aland
populations in the spring into 9cm diameter potsurFspeciesP. lanceolata (PI), V. spicata
(Vs), V. chamaedrys (Vc), M. pratense (Mp), are known host plants d¥l. athalia. Two
others,P. major (Pm)and V. officinalis (Vo) L. were included as potential host plants (Table
5.1). Each species was replicated 25 times fotad td 144 plants. Initially, two other plant
speciesMelampyrum sylvaticum (Ms) L. andM. nemorosum (Mn) L., were to be included in
the experimental set up, however, the conditionsiast of the cage were too dry for them.
Ten individuals of both species were still placedishady moist corner of the cage to see if
M. athalia would use these species, but they were not indlidéhe statistical analyses.

The 144 plants were set up in the cage in 12 gr@gpsisting of 12 plants each in a
three by four plant rectangle. The plant groupsewben placed in a three by four grid (Fig.
5.1). The distance between the pots in each grcagp W8cm and the distance between the
groups was 8 m. Six of the groups were monocultaresthe other six groups were mixed,
with two plants of each of the six species included

The vegetation in the cage was not uniform. P4tB, C, E, F and K were bare areas.
Whereas, plots D, G, H, I, J and L were surrounoedegetation (Fig. 5.1). To separate the
effects of microclimate and neighbouring plant frplant species, the locations of the plants
were rearranged every evening. Each of the 12 gretgyed together but the location of the
group in the cage as well as the order of the watsn each group was randomized daily.

9o v)
0200

“i

Figure 5.1 Schematic drawing of the locations
plant groups in the cage and the numbeMelitaea
athalia egg clusters laid in each location. Plots A, B,
C, E, F and K are surrounded by bare area (outlined
plots), plots D, G, H, I, J and L are surrounded by
vegetation (no outline). Note that groups of plants
were randomized daily so the locations are not
associated with a plant species or configuration.
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An unrelated experiment was running in the cagbee@same time (S. van Nouhuys, in prep.),
which meant that there were 42 pottédspicata plants available for oviposition throughout
the experiment. These additional plants were sudbelivin two groups: “transect” plants and
“array” plants. The 20 “transect” plants were pkhc@ngly in a four by five grid, wit six
meters between the plants. The 22 “array” plantevpéaced in two lines in the centre of the
cage. The two lines where 18 meters apart, butinvéach line the plants were spaced 5cm
apart so that the plants were touching each offtegse adjacer¥. spicata plants were at
least 2 meters away from plots A-J.

Newly emerged adult butterflies (93 females andné&es) were individually marked
and released into the cage betweBnfluly and the "8 of July 2005. They were observed to
begin feeding and mating soon after release. Aetitkof each day, between 17:30 and 19:00
all of the plants (including the additiondl spicata plants from the “transects” and “arrays”)
were checked for eggs. All egg clusters were remdrk@n the plants and put in Petri dishes
to determine the number of eggs in each clusterJBy 14" (after two weeks) most of the
butterflies had died and the experiment ended.

Chemical analyses

To study the association between oviposition cha@od plant secondary chemistry, we
analysed the IGs aucubin and catalpol as the pegerof leaf dry weight for all the plants
used in the oviposition experiment and the addiidarray” and “transect¥. spicata plants.
Before the experiment started, one medium-agedileaf each plant was taken and air-dried
in an open envelope. The leaves were ground toeapowder with a ball mill (type MM 301,
Retsch GmbH & Co., Haan, Germany). The fine grodnd material (25mg/sample) was
extracted in 10ml of 70% MeOH and was shaken ogétniThe crude extract was filtered on
Whatman #4 filter paper and the filtrate was dduten times with Milli-Q water. The
concentrations of aucubin and catalpol were andlyse HPLC using a Bio-LC (Dionex
Corp., Sunnyvale, USA) equipped with a GP40 gradmemmp, a Carbopac PA 1 guard (4 x
50mm) and analytical column (4 x 250mm) (for texonica species we used a Carbopac PA
20 guard (3 x 30mm); analytical column (3 x 150mnk9r pulsed amperimetric detection
(PAD) we used an ED50 electrochemical detector. NM&OM) and Milli-Q water were used
as eluents (10:90%, 1ml/min). Retention times w&2&5 min and 4.40 min for aucubin and
catalpol, respectively. Concentrations were anayrgng Chromeleon version 6.60 (Dionex
Corp., Sunnyvale, USA).

Larval performance

Prediapaus®/. athalia larvae were fed 13 different food plant specie®@tri dishes in the
laboratory. Next to the eight (5 known and 3 patdphfood species used in the oviposition
experiment we included five extra potential speamethe performance experimeMeronica
longifolia L., Rhinanthus minor L., R. serotinus (Schonh),Odontites littoralis (Fr.) and
Linaria vulgaris Miller (Table 5.1). All of these species occur Aland in habitat that could
potentially be used bil. athalia. First instar larvae from approximately 40 eggstdus were
combined and then separated into 95 groups of d@da(except those feeding & major
and R. minor which were started in the second instar, becausehtist plants where not
sooner available). The larvae were kept in growgmsabse the early instars It athalia are
gregarious. The groups were randomly assignededirig treatments. The larvae were kept
on filter paper in the Petri dishes and given Isap&eked daily from naturally occurring
plants. There were 10 replicate dishes of the kmewn food plants as well as for.
longifolia and five replicates of the seven potential foodntd. We measured three
performance parameters: 1) development time aauhwer of days from second instar until
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all of the larvae in a dish had reached diapau8éngar), 2) the weight of individual larvae
at diapause and 3) the number of larvae in eathstisviving to diapause.

Table 5.1 All (potential) host plant species used in theeskpents.
abreviation Family Oviposition  Performance
experiment  experiment

Known host plants

Melampyrum pratense L. MP Scrophulariaceae X X
Melampyrum sylvaticum L. MS Scrophulariaceae X X
Plantago lanceolata L. PL Plantaginaceae X X
Veronica chamaedrys L. VC Scrophulariaceae X X
Veronica spicata L. VS Scrophulariaceae X X
Potential host plants

Melampyrum nemorosum L. MN Scrophulariaceae X X
Plantago major L. PM Plantaginaceae X X
Veronica officinalisL. VO Scrophulariaceae X X
Veronica longifolia L. VL Scrophulariaceae X
Linaria vulgaris Miller LV Scrophulariaceae X
Odontites littoralis (Fr.) oL Scrophulariaceae X
Rhinanthus minor L. RM Scrophulariaceae ZX
Rhinanthus serotinus (Schonh) RS Scrophulariaceae Z X

Plants additionally placed in the oviposition expent, but not included in the statistical analyses
“The experiments with these plants were started seitond instar larvae, therefore they were not deun the
analysis of development time.

Statistical analysis

Statistical analyses for the oviposition experimevdre performed using the statistical
program SPSS v.13.0 (SPSS Inc., Chicago, lllindis)test for differences in the number of
egg clusters laid per plant species or per plotsKai+\Wallis tests were used. This non-
parametric test was used because the data wemonoglly distributed. Mann-Whitney U-
tests were used for further pairwise comparisonthefplant species. Mann-Whitney U-tests
were also used to compare the number of egg ctusteplants in the bare vs. the vegetated
plots and in the mixed vs. single species groupstebt for differences in egg cluster sizes
between the different species we did an analysisagince, with species as factor. Data on
the size of egg clusters were square root trangfdrbefore statistical analysis to increase the
normality of their distribution. These analyses diat include the “transect” and “array.
spicata plant. To compare the number of egg clustersvpegpicata plant in the experimental
plots A-J with those in the additional “transectidd‘array” plants we used the Fisher’'s exact
test.

For the analyses of the chemical data we usedst&tat(STATISTICA version 7.1,
StatSoft Inc., Tulsa, UK). We included all of théams in the cage. We performed an
ANOVA on IG content with plant species as factoithma post hoc test (Tamhane) to see if
the plant species differed in their IG content.cbonpare the I1Gs of plants with and without
oviposition we used a t-test within each specie® ddlculated Pearson correlations per
species to test for associations between thenataber of egg clusters laid on a plant and the
IG concentration of that plant and between the ayemumber of eggs in a cluster (total
number of eggs on a plant divided by the numbeclo$ters on that plant) and the IG
concentration.
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The effect of food plant species on the performaoicé. athalia larvae on the 13 plant
species was analysed using ANOVA in the statistpalgram Stata (Statacorp, College
station, USA). For the analyses of development (rmtenber of days from second instar until
all the larvae in a dish were in diapause) anduwfigal (number of larvae surviving to
diapause) the experimental unit was Petri dish,thaceffect of plant species was tested. For
the analysis of weight of individual larvae at diape, Petri dish was nested within food plant
species.Rhinanthus minor and P. major were not included in this analysis because these
treatments were started later, when the larvae aleeady moulting to third instar. For each
of the three analyses (development rate, survindlvaeight at diapause), the plant species
were compared by constructing post-hoc contrasthefperformance on each plant species
with the average performance. Interpretations ef statistical differences were made using
the Bonferroni adjustment for multiple tests.

Results

Habitat use
Altogether, 141M. athalia butterflies were recorded in the transects dutimgsix weeks of
data collection (ten transect walks), 118 of thesrevmales and 23 females. Most of the
butterflies were flying (87; 79) at the moment of observation, the rest were fep@l87;
7%), basking (1&; 7Q) or mating (&'; 29). The feeding butterflies were resting on or tgkin
nectar from the flowers of the following plangchillea millefolium, Allium schoenoprasum,
Filipendula ulmaria, Hieracium umbellatum, Knautia arvensis, Leucanthemum vulgare,
Ranunculus spp., Trifolium pratense andTrifolium repens.

The density oM. athalia was highest in dry meadows, but they were alsadan
mesic meadows, herb-rich road verges, semi-op@stitiabitats and field edges. The species
was missing entirely from dense forests and fromy4p®or open landscapes (Table 5.2).

Table 5.2 The number oMélitaea athalia butterflies in each habitat type, and the amodrgéazh
habitat type present in the three transects cordbine

Total number Average number of

Habitat type Total length (m) of M. athalia M. athalia per km per survey

Dry meadows 1140 50 4.4
Mes_|c meadows, herb- 2420 66 27
rich road verges
Semi-open forest and 2020 22 10
forest edges
Field edges 570 3 0.5
Forest 730 0 0
Herb-poor road verges 1380 0 0
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Four of the known host plants were present in pafrtthe transectsy. spicata (14.5%) V.
chamaedrys (35.5%) P. lanceolata (32%)andM. pratense (6.5%). Butterflies were observed
most frequently in transect parts wh&techamaedrys, V. spicata andP. lanceolata grew. In
82%, 100% and 95%, respectively, of the transexs pehere these plants were present, the
butterfly was present too. In 50% of the transectpwhereMl. pratense occurred M. athalia
was also present.

Oviposition host plant preference

During the two weeks of the experimevit athalia butterflies laid in total 455 egg clusters
(on average 4.9 per female); 237 of them were enaittual study plants, one on thk
nemorusum plants present in the shady corner of the cagkfl@other 217 on thé. spicata
“transect” (55) and “array” (162) plants.

The number of egg clusters received differed figamtly among host plant species,
with most egg clusters laid on chamaedrys, V. spicata andP. lanceolata (Kruskall-Wallis,
P<0.001; Fig. 5.2).

Each plant species was present in the cage asup gf 12 plants of the same species
and as part of six mixed groups which included tndividuals of each of the six species.
There was no difference between the number of éggjers laid on plants that were in the
mixed or single species groups (Fig. 5.2; Mann-WaytU-tests, P>0.1 for all species).

During the experiment, we observed that some fesnated more than one host plant
species for ovipositing, even during the same Wéay.observed 12 individuals laying eggs on
two different host plant species (eight ovipositedbothV. chamaedrys andV. spicata, two
on P. lanceolata andV. spicata, one onP. major andV. spicata, and one orV. spicata andV.
officinalis).
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V. chamaedrys V. spicata P.lanceolata P.major M. pratense V. officinalis

Figure 5.2 The number of egg clusters laid on plants in sirgpecies (light grey bar) and mix
groups (dark grey bar). Groups significantly digier from each other in number of clusters (P<0.05,
using a Man-Whitney U-test) are represented with different letters alibeecolumns
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Some areas in the cage attracted significantly namipositing females than the others,
regardless of which set of plants were present. bezall difference between the plots is
statistically significant (Kruskall-Wallis test, F3:005) with bare plots (A, B, C, E, F and K)
receiving more egg clusters (on average 28.8 clpgteplot) than vegetated plots (D, G, H, I,
J, L; on average 10.7 clusters per plot; Mann-Wyito-test, P< 0.001).

Veronica spicata plants that were part of the “array” plants recdiggynificantly more
egg clusters (on average 3.7 per plant) than tho#ee “transect” (on average 1.4 per plant)
or our main experimentaV. spicata plants (on average 1.6 per plant) (Fisher exadt tes
“array” vs. “transect”: P<0.0001; “array” vs. expaent plants: p<0.02).

The mean egg cluster size in the experiment wak943.e 1.9) eggs per cluster, with
a minimum of three and a maximum of 201 eggs. Th& no significant differences in the
egg cluster size among the different plants spda&iBOVA, Fs 236= 1.2, P>0.1; Fig. 5.3).

Figure 5.3 Sizes of

* Melitaea athalia egg

clusters laid on each
plant species. The
median is indicated
1507 with the horizontal

8 black bar in the box.
The box encloses the
upper and lower
quartile and the error
bars indicate the
smallest and largest
obser-vations  that
were not outliers.
The outliers are
indicated with open
circles, and the
extreme with an
asterisk.
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Iridoid glycoside content of plants in the oviposition experiment
The plant species differed in IG content (ANOVAgahin: F, 21,= 53.8, P<0.001; catalpol:
F7 197103.8, P<0.01; Fig. 5.4) ranging from a mean totedtent of 0.72 % of the dry weight
in P. major to 11.53% inM. pratense. The species that received most egg clusters \(¥¢,
and PI) did not have particularly high or low IGnecentrations. The IG concentration also
varied among individuals within a plant specieswdwer, there was no correlation between
IG concentration in a plant and its probability receive M. athalia eggs. Only in the
additional “transect’V. spicata plants we did see significantly higher levels afatpol and
total IG in the plants that received egg clustessgared to plants that did not (t-tests,
catalpol: t=2.53, df=34, P<0.02; total IG: t=2.21534, P<0.04).

The number of egg clusters per individual planged from zero to 13. For most plant
species in the oviposition experiment there wasignificant correlation between the number
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of egg clusters and the iridoid content of the fslaklowever, foP. major andV. chamaedrys
high total IG concentrations, and in particularthacubin (fo. major) was correlated with
a greater number of egg clusters (total IG Pm:480n=24, P<0.01; Vc: r=0.6, n=12, P<0.04,
aucubin Pm: r=0.5, n=24, P<0.01).

Egg cluster size was not correlated with IG cotregion except for the “transecY.
spicata plants. In these plants the number of egg clustenged from zero to 12 and the
average egg cluster size ranged from 15.5 to 81 eggl increased with the catalpol
concentration (r=0.35, n=36, P<0.04; Fig. 5.5) ambwed a similar trend for total IG
concentration (r=0.31, n=36, P<0.07).
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Larval performance

Larvae performed relatively well on all plant sgeciexcept ow. officinalis (Fig. 5.6). The
average number of days it took for all of the l&wa a dish to develop from second instar to
diapause varied from 12 to 21. Overall, food pEpecies was related to rate of development
(ANOVA, Fip, 79= 10.99,P<0.001). Larvae developed most quickly Mnnemorosum, and
developed slowest ovi officinalis andM. sylvaticum (Fig. 5.6A).

Few larvae died during the experiment, but theas @ significant effect of food plant
species on the per-Petri dish rate of survival (M¥QFi, g,= 15.8, P<0.001). Survival was
particularly low onV. officinalis (Fig. 5.6B). At diapause most larvae weighed betwé.5
and 5.5mg. This differed significantly among thofeeding on different food plants
(ANOVA, F12 ss9= 6.28,P<0.001), but only substantially for the small Eavfeeding orV.
officinalis (Fig. 5.6C).
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Figure 5.6 The performance ¢
prediapause Melitaca athalia
larvae fed in the laboratory on
five known host plants (grey bars)
and eight potential food plants
(black bars). A) Rate of
development (days from second
instar to diapause); B) survival:
number of caterpillars surviving
to diapuse (out of 10 per dish); C)
mean weight at diapuse. The
letters on top of the bars indicate
which plant species significantly
differed from each other (P< 0.05;
ANOVA with post hoc tests).
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Discussion

Habitat use

Melitaea athalia occurs in several habitat types. The main habaatie species on Aland
turned out to be dry meadows, but it also occumeohesic meadows and semi-open forest
habitats. These results are mostly in agreemetht aviprevious study done on Aland in the
summer of 2002 in which Schulman et al. (2005) nuwad the occurrence of several
butterfly species in agricultural areas on randomiysen sampling plots of one square
kilometre. The number oM. athalia butterflies per kilometre was similar to our study
although they encountered more butterflies on toeeges. On the mainland of Finlahd
athalia has been found to use mostly semi-open forestdtakaind to be missing from open
meadows, perhaps because they are small and tdl@sonen 1997) ani. athalia is
relatively sedentary (Wahlberg et al. 2002, Franaad Ranius 2004). The landscape on
Aland is very different from that of the mainlangjth dry open meadows being more
common and less isolated. In Britain habitat us&lbgthalia is also known to differ between
regions (Warren et al. 1984, Warren 1987b). In lsougstern England abandoned hay
meadows are the main habitat whereas in southradsteland the species occurs along the
margins of cleared plots next to deciduous for®garfen, 1984). Neither of these habitat
types occur on Aland.

Oviposition host plant preference

We found thatM. athalia from Aland primarily oviposited oN. chamaedrys, V. spicata and

P. lanceolata. The pre-rearing of the caterpillars ¥nspicata andP. lanceolata could have
influenced this oviposition preference. However, pvedominately see the butterflies flying
in places where these favourite plants grow. Funtloee, these are also the plants on which
we find eggs naturally on Aland. On the mainlandrwfland,V. chamaedrys is probably the
main host plant for the species at least for ovtmos but the larvae also feed on
Melampyrum species (Wahlberg 1997). In Britaibl. pratense is the sole host plant for the
species in heathlands, whereas in grasslands theanyr hosts areP. lanceolata and V.
chamaedrys (Warren 1987b). For successful larval developmideat host plant needs to grow
under appropriate environmental conditions, whiclhie case of checkerspots often means, a
warm dry microclimate (Kuussaari et al. 2008)elampyrum species grow in more shady
places tharVeronica or Plantago species, therefore the larval development timengér so
that the larvae probably cannot reach their oveening instar before the end of the short
growing season on Aland. There might have beerctsehenot to uséMelampyrum species,

or the shady habitats in which they occur.

In addition to our main set of 144 ovipositionngks the butterflies also had access to
an extra 42 “transect” and “array¥. spicata plants. The “array” plants received a
disproportionately high number of egg clusters. réhare several possible explanations for
this. First, the location of the “array” plants bare ground may have affected the results.
Additionally, M. athalia females prefer to oviposit near the ground (Wad@&7b) and these
“array” V. spicata pots were buried in the ground rather than placedthe soil which
appeared to make them more accessible.

The main oviposition host plants used by buttesfiin our experimend/( spicata, V.
chamaedrys and P. lanceolata) are common in dry meadows on Aland. The data ften
transect counts revealed that dry meadows are #ie habitat foM. athalia on Aland. The
two studies combined show that the butterfliesrilghe areas where the main host plants are
found, and that dry meadows and plants growingetlage important in the ecology of the
species.
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Egg clusters

There was no association of egg cluster size witst Iplant species. This finding is a bit
surprising, because one might predict that ovipusitemales should increase egg cluster size
with host quality (Skinner 1985). If preferred plaspecies are considered as high quality
plants, females might be expected to lay largerahggters on them.

Host plant frequency

In our experimenM. athalia used plant species with the same frequency, whétlegrwere

in single or mixed species groups. One might exgettplants in the single species groups of
preferred plantspecies would be more attractive tte two individual plants among less
preferred hosts. For example Janz et al. (2005)ddbat females of the butterfBolygonia
c-album spent more time and laid more egg clusters inhegtevith a high frequency of their
preferred host. The results from our experimentcetg thatM. athalia responds to a host
plant species at a fine scale, and has no troutdénf) the species it prefers even when it is
surrounded by other (potential) host species. § tmaimportant that the surrounding plant
species all are suitable larval food plants, adbks$o the larvae that are mobile enough to
move among plants after the second instar.

Surrounding vegetation

There were clear differences in the numbers ofasitpns that occurred in different parts of
the cage. Some areas attracted more ovipositinglésnthan others, independent of which set
of host plants were present. Plants in bare aeasved significantly more egg clusters than
plants in vegetated plots. This is in agreemeni wie results of Warren (1987b) who found
M. athalia laying eggs close to the ground. In all habitaesghe batches were generally laid
among fairly short vegetation (average height <%20dn woods, eggs were frequently laid in
areas of sparse vegetation with a large percentdsare ground. In grassland habitats,
females laid their egg batches in chiefly open,ngusituations with a particularly warm
microclimate (Warren 1987b). Plants that grow ibaase area have a warmer microclimate
and they are also more conspicuous then plantsgatated areas.

Chemical contents of the oviposition plants

All the host plants used for the oviposition expent contained the two IGs aucubin and
catalpol. The concentrations of these compoundsrdd significantly among plant species.

The host range d¥l. athalia is restricted to plants producing IGs. Not onlg #&s unlikely to

be detrimental to their larvae (Harvey et al. 2088astamoinen et al. 2007, Chapter 3), but
they can also be sequestered (Suomi et al. 2008),canfer protection against generalist

natural enemies (Bowers 1980, Bowers and Puttidd@1@amara 1997b). Given this, we

might expect plant species with higher amounts @$ o be preferred host plants. No

correlation between the oviposition preference danost plant species and the average IG
content of that species was found. This indicdtas the butterflies either cannot discriminate
among plants based on IGs or that they can, buerolgices based on other factors.

Other checkerspot species are known to distingamsbng individuals of the same
species (Singer and Lee 2000, Singer et al. 2002 )paleast sometimes this discrimination is
correlated with 1Gs. The closely related and couodng butterfly specie. cinxia prefers to
oviposit on plants with high aucubin concentratioimsnatural populations Nieminen et al.
(2003) found eggs on plants with a higher aucubuell than neighbouring or random plants.
A similar pattern is found in the experiments désat in Chapter 4, which shows further that
the 1Gs were not induced by oviposition. There asmdication of a threshold concentration
below which females do not distinguish betweendifierent levels of 1Gs (Chapter 4). We
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found no such pattern féd. athalia. Within the single species group plants that resgtieggs
did not have higher IG content than their neighbauplants.

Studies of plant-feeding insects have often fodhdt host quality varies with
secondary chemistry among species (Bolser and 98¢, IHartmann 1996, Julkunen-Tiitto
et al. 1996) and among individuals (Bowers and $t4802). Within some plant species we
did find a positive correlation between the averagmber of eggs in a cluster and the 1Gs
that were measured. This pattern was most cleahéoftransect’V. spicata plants, for which
the amount of catalpol was positively correlatethviine average number of eggs in a cluster.
The fact that we did not generally find such catiehs may either indicate thet spicata is
an exception, or that effects of individual pla@sl can only be deteced in larger sets of
plants, where statistical power is sufficiently nidf this were the case we cannot rule out
small effects of IGs on oviposition choice withimet other plant species as we findRAn
major and V. chamaedrys, where the total IG level is correlated with thember of egg
clusters laid on these plants, but it is clearlythe predominant factor.

Larval performance

Most larvae used in the performance experimentigedy even on plant species that are not
known to be used by the butterfly naturally. The@rformance in terms of development time,
survival and weight was rather similar on all hpksints excepV. officinalis on which they
performed poorly. The latter result corresponds| wéth the results from the oviposition
preference experiment in which only three out of #b5 egg cluster were laid on
officinalis plants. Furthermore, Schwarzwalder et al. (1990)nél that in grasslands in
southern Switzerland, whe¥é officinalis was quite abundant, only very few caterpillarsever
observed feeding on it. Instead they fedbrthamaedrys andP. lanceolata. It is interesting

to note that larvae had fastest development ando180rvival when fedV. nemorosum.
While other species of this genus are known to && plants ofM. athalia, this particular
species is not known to be us@dl. nemorusum generally grows in broad-leaved forests, but
also in shadowy conditions in fresh meadows. This itype of habitat in which adu\.
athalia may occur, but because of the microclimate comastiunder trees and in the shadow)
the plants may not be suitable for oviposition.

With the exception of these two plant spechsofficinalis and M. nemorusum), our
analysis of larval performance suggests that thgositing butterflies do not benefit in terms
of the development of their larvae by choosing ohtne host plant species over another. One
implication of this is that for larval performanitevould hardly matter whether the host plant
species that the females selected in our oviposgixperiment occured in a mixed-species
group or in a single-species group. This is impartar the large post-diapause larvae that are
mobile and solitary, feeding on plants other tHandne that they started on.

The larvae in this experiment were fed in Peshds with leaf pieces, so they did not
experience whole-plant chemistry, local environrabntonditions and natural enemies.
However, it is worth noting that for the relatedttbuly M. cinxia, whose distribution
overlaps with that oM. athalia, no systematic difference in larval performance too
different host plant species were found even iungtfield conditions (van Nouhuys et al.
2003).

Overall, we found that on Aland. athalia uses open meadows more than on the mainland of
Finland and in Britain. This is probably becausedlause on Aland results in relatively
numerous and well connected open meadows. Thisgrtbah the distribution dfl. athalia

on Aland overlaps more with the co-occurriMgcinxia than would be expected based on the
distribution of M. athalia on other places. The set of host species prefdiyed. athalia in
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our large cage experiment corresponded well wighsit of host species that was frequent in
the habitat types where we found adults flyiMgronica chamaedrys, V. spicata and P.
lanceolata were used more than tivelampyrum which is known to be a preferred hostplant
elsewhere, and was present in the study area bwsgn more sheltered habitat.

The butterflies choose plants for oviposition ipen rather than vegetated areas.
Within a suitable area they are attracted to pigecies at the level of an individual plant
rather than at the level of a plant patch, i.eeytare not strongly affected by the frequency of
the plant species. The butterflies also distingsiong species, prefering chamaedrys
most strongly, tharV. spicata followed by P. lanceolata. That these species are used with
preference even among mixed groups strengthendehehat the butterflies make choices at
the species level. On the other hand, we know fotxserving the behaviour of individuals
that among the preferred plants an individual bilfteises more than one species, even in a
single day.

Although the presence of IGs is an important tdistinguishing host plant species
from non-host plant species fdd. athalia and other Melitaeini (Wahlberg 2001), plant
secondary chemistry played less of a role than miighexpected based on work on the
congenerM. cinxia. An exception to this i¥. spicata, for which oviposition was positively
correlated with catalpol concentration. Perhaps fki not surprising becaudd. athalia
occurs in more diverse habitats and has a broagrange thaM. cinxia.

The ranking of host plant species with respeadviposition preference only partly
corresponded with their ranking in terms of suiigbifor larval performance. The host
species that was a poor food plavitofficinalis, was also the least preferred for oviposition,
confirming a preference-performance link. But whille athalia showed distinct oviposition
preferences within the remaining group of offerednp species, e.g., preferring.
chamaedrys over P. lanceolata, larval performance on these species was venjainwhile
most species were suitable host plants, it is éisterg to note that one of the best plaMs,
nemorosum, was a species that is not known to be used bigutterfly.
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Trade-offs between defence and regrowth

Abstract - Resistance and tolerance are alternative planegtes to cope with the impact of
herbivores. Since resources available for allocatiodefence are limited and resistance and
tolerance are likely to serve the same functions diants, the occurrence of trade-offs
between these two strategies has been assumdus Istidy we investigated whether there
are trade-offs between resistance and one sp&sfiect of tolerance, the ability to regrow
after defoliation. We used offspring of crossesmeein plants of ribwort plantairPantago
lanceolata L.) that differed in their levels of iridoid glycimes (IGs, allelochemicals that
confer resistance to generalist herbivores), testigate whether high-IG plants 1) suffer
allocation costs in terms of shoot and root growah,have a reduced regrowth ability
(tolerance) after defoliation and 3) whether suoktg are more pronounced under nutrient
stress. Total biomass produced by high-1G plants mat lower than that of low-IG plants;
hence there was no evidence for an allocationindstms of total growth. However, high-1G
plants produced fewer inflorescences than low-l&hd (reproductive cost) and allocated less
biomass to roots than low-1G plants. Despite thaiver relative investment in root mass,
high-IG plants did not suffer a reduced capacityrégrow shoot mass after defoliation.
However, after regrowth, root mass of high-IG pdagtown under nutrient-poor conditions
was significantly lower than that of low-IG plantsggesting that under these conditions
shoot regrowth comes at a larger expense of rawtyrin high- than in low-1G plants. We
speculate therefore that if there is repeated deifmh, high-1IG plants may eventually fail to
maintain shoot regrowth capacity and that trads-b#tween resistance and tolerance in this
system may not show up until repeated defoliatiemés occur.
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Introduction

Plants have to defend themselves against a mudtibfdnatural enemies. Resistance and
tolerance represent two general strategies of plafénce against herbivores, reducing the
amount of herbivore damage and the impact of herpivon plant fithess, respectively
(Crawley 1983, Rausher 1992, Stowe et al. 20003isRce includes investments of energy
and resources in secondary metabolites (Foulds @nche 1972, Coley 1983) and
morphological structures that reduce herbivore grerdnce (antibiosis) or preference
(antixenosis). However, such investments may novige an adequate defence mechanism
against all types of damage. Abiotic disturbanagshsas mowing or trampling can remove
part of the primary biomass, regardless of the tplarsistance. Also, many specialist
herbivores are unaffected by the chemical deferfcthe food plant to which they have
adapted (Crawley 1983, Giamoustaris and Mithen 19@& Dam et al. 1995, van der
Meijden 1996). In these cases tolerance would bealégrnative defence mechanism.
Tolerance mechanisms include increased photosyothetivity, compensatory regrowth,
utilization of stored resources, phenological clegnd mechanisms related to physiology
and morphology at the time of damage (Tiffin 200Bice resources available for allocation
to defence are limited and resistance and toleranedikely to serve the same functions for
plants, the occurrence of trade-offs between ti@sestrategies has been assumed (van der
Meijden et al. 1988, Fineblum and Rausher 1995d@&voffs are expected to occur if plant
resources are limited and both defensive stratdgies allocation costs.

Within many natural plant populations there is deneariation in the levels of
chemical defence compounds against herbivores atitbgens (Simms 1992, Karban and
Baldwin 1997). The maintenance of such geneticatian is often explained by ecological or
allocation costs of chemical defence. Ecologicatsarise if defence against one organism is
accompanied by effects on interactions with otlpecges that result in a decrease of fitness
(e.g., deterrence of mutualists, attraction of hemes or reduced intra- or interspecific
competitive ability (Strauss et al. 2002)). Allacat costs imply that the production, transport,
storage, self-detoxification, activation and/omtwer of secondary plant compounds used for
chemical defence results in lower plant fithesstha absence of natural enemies due to
reduced growth and survival or reproduction (Sinamd Rausher 1987, Simms 1992, Karban
and Baldwin 1997, Strauss et al. 2002). Costs f#abe are expected to increase under stress
conditions such as low light or nutrient conditi@rsl competition (Bergelson and Purrington
1996). This expectation is based on two assumptibirst, trade-offs between different
functions such as growth and defence are more prasal when resources are more severely
limiting (Herms and Mattson 1992). Second, envirental stress can cause increased
production of defence chemicals (Gershenzon 198gtddet al. 1993, Dixon and Paiva
1995). However, a review of studies addressingscostlefence in relation to stress did not
reveal a general pattern that costs are more prmaoluin stressful environments (Bergelson
and Purrington 1996, van Dam and Baldwin 2001). Taators may be responsible for this.
First, increased production of secondary metalsliteder severe resource limitation may not
always have a substantial extra cost. For instamgtient shortage may lead to a relative
excess of fixed carbon in the plant that can besfeared into carbon-based secondary
metabolites at virtually no extra cost (Herms anattsbn 1992). Secondly, competitive stress
may not result in enhanced costs of defence, iptbeuction of these defences also provides
some benefit in competitive interactions (Siemerad.e2002).

In this study we address trade-offs between resistaand one specific aspect of
tolerance, the ability to regrow after defoliatioe investigate whether plants with higher
levels of secondary metabolites (resistance tfgitguffer allocation costs in terms of shoot
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and root growth, 2) have reduced regrowth abiliojefance) and 3) whether such costs are
more pronounced under nutrient stress. Regrowtblveg the storage of resources in plant
parts that are relatively free from herbivore dtéean der Meijden et al. 1988, Iwasa and
Kubo 1997). Plants that are frequently consumedehaw shoot:root ratios and a well
developed regrowth mechanism, whereas plants teateely consumed have high shoot:root
ratios and a poor regrowth mechanism (van der Maijet al. 1988). Defence and regrowth
are alternatives in the struggle of plants agamesbivore damage (van der Meijden et al.
1988, Fineblum and Rausher 1995, Strauss and AgE8%8®). Assuming that resources are
limited, defence and regrowth compete with eaclerofibr resources and can both be costly in
the sense that they slow down the growth of thatpfaan herbivore-free environment.

We investigated the effect of different levels wbtdefence compounds Plantago
lanceolata, the iridoid glycosides (IGs) aucubin and catglpol the plant’s ability to regrow
under different nutrient conditions. In natural ptations |G levels range from undetectable
to ca. 9% of the dry weight (Bowers 1991). Variatio the constitutive 1G amount within
and among populations iR. lanceolata is partially genetically determined (Bowers and
Stamp 1992, 1993, Adler et al. 1995, Marak et @0(®. Aucubin and catalpol are carbon-
based secondary metabolites. The biosynthetic costese IGs are high (Gershenzon 1984),
but previous studies on fitness costs of IGP.ikanceolata in the absence of herbivores and
pathogens have produced mixed results. No cost&sefcould be detected in terms of
negative among-genotype correlations between thed t& IGs and aboveground biomass of
plant growth (Adler et al. 1995), but in anothemdst costs were found in terms of lower
reproductive dry weight and a smaller number olorgiscences produced by plants selected
for high levels of leaf IGs (Marak et al. 2003).ridoof these studies addressed effects on root
growth or the ability to regrow after defoliation.

For this study we usd@. lanceolata plants that had been artificially selected forhhig
and low leaf IG concentrations (Marak et al. 200lh)e advantage of using these selection
lines is that pleiotropic costs of defence can leasared without any confounding effects of
linkage disequilibrium (Strauss et al. 1999, Siesneinal. 2002).

We performed a regrowth experiment to answer dflewing questions: 1) Are there
fitness costs in terms of root and shoot growth aeproduction associated with the
production of high IG levels? 2) Is the productmhigh IG levels in the absence of natural
enemies associated with a lower regrowth capaBil@y Are these costs more pronounced
under nutrient stress?

Material and Methods

Plants

Plantago lanceolata L., ribwort plantain, is a rosette-forming, seltompatible, wind-
pollinated, perennial herb which overwinters asaaab rosette and in the spring and summer
produces numerous leaves and spiked inflorescexidbs end of fibrous stalks (Cavers et al.
1980, Primack and Antonovics 1982). It has nowadaysorldwide distribution and large
ecological amplitude. In the Netherlands, it isommon plant of roadsides and moist and dry
grassland (Haeck 1992). Among the secondary plampounds produced HY. lanceolata
are the two IGs (IGs) aucubin and catalpol (Duféletl965, Bowers and Stamp 1992, Adler
et al. 1995). These IGs are known to have a deteeféect on pathogens (Marak et al. 2002a)
and generalist and non adapted specialist insetiVioees of P. lanceolata (Bowers and
Puttick 1988, Bowers 1991). However, they functam oviposition cues for the specialist
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butterfly Junonia coenia (Pereyra and Bowers 1988) aMtklitaea cinxia (Nieminen et al.
2003) and as feeding stimulants for at least sdmelerspot butterflies (Bowers 1983).

The P. lanceolata plants used for this experiment were the offspifiglé full-sib
crosses. Eight of these crosses were made betwaentp with low levels of leaf IG (“L
crosses”) and eight between parents with high seeélleaf IG (“H crosses”). The parents
originated from two selection lines previously degh after four generations of artificial
selection for low and high leaf IG concentratioMaak et al. 2000). Previous studies have
shown that average leaf IG levels differ ca. faaldfbetween lines, but that considerable
variation is present among individual plants withinese lines as well (Marak et al. 2000,
2003). On average, offspring from L crosses ares #xpected to have lower leaf I1G levels
than offspring from H crosses, but considerablaavian is expected within these sets of
crosses as well, providing a range of IG levelsmgnrosses used in this study.

Set up
Sixty seeds from all the 16 crosses were germinatediater agar in a growth cabinet (L:D
14:10h; 25/15°C). After 14 days, seedlings weraspéanted into plastic pots (diameter
13.0cm, height 11.2cm, volume 970ml) with sand. gdts were placed on saucers so that
nutrient solution spilled from the bottom of thet pould be reabsorbed by the soil or plant.
The experiment consisted of three treatments (TéHlg a clipping-and-regrowth
treatment (C), a treatment allowing root weightireation in treatment C at the time of
clipping (E) and an unmanipulated growth treatn{e€ht In treatment C, shoots were clipped
just above the caudex and harvested eight weeks tfinsplantation (T8). Roots were
allowed to regrow new shoots for another five weeksl roots and regrown shoots were
finally harvested 13 weeks after transplantatiod3)T Since we lack weight measurements
for the roots of these plants at the moment ofpatig (T8), in treatment E an additional set of
plants from each cross was grown under identicatlitons, which was entirely harvested at
T8. Finally, to allow comparison of growth and chstny of clipped and regrown plants with
those of unmanipulated plants, an additional sedlafts from each cross was grown under
identical condition as C but without clipping: theset was harvested at T13 (treatment U).

Table 6.1 Overview of the treatments to investigate regrow#ipacity in different genotypes of
Plantago lanceolata. All treatments were performed under nutrient parad nutrient rich conditions.

Time (T) Treatment
(weeks) C E U
Clipping and Root growth :
l Regrowth Estimation Unmanipulated
0 Germination Germination Germination
2 Transplantation Transplantation Transplantation
8 Shoot harvest Shoot and Root -
harvest
Shoot and Root Shoot and Root
13 -
harvest harvest
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Every treatment was performed under two nutriemddmns; rich and poor. The first two
weeks all the plants received the same amounttoients (50ml of a 1/32 strength Hoagland
solution) to germinate well. After two weeks werstd the two nutrient levels. Half of the
pots of each treatment received a low nutrientlies@ml of a 1/32 strength Hoagland’s
solution from T2-T4 and a 1/16 strength Hoaglarskition from T4-T13 (poor). The other
half of the pots received a high nutrient levelmb®f a 1/8 strength Hoagland’s solution
from T2-T13 (rich). Full strength Hoagland's soduti contained: 5mM Ca(N§, 5mM
KNO3, 1mM KH,PQ,, 2mM MgSQ, 174M C;0H1.FeNOgNa, 931M H3BO3, 18uM MnCly,
1.5uM ZnSQ,, 0.6uM CuSQ,and 1.M NazMoO..

All plants were watered individually three timesvaek. During the last five weeks
(after the first harvest of treatment C), pots @atment U (not clipped) received 100ml
solution to meet their increased water demandsowttlowering soil nutrient concentration.
In total the experiment consisted of 16 genotype3 txeatments x 2 nutrient levels x 6
replicates, i.e., 576 plants.

Measurements
For all plants we scored the day they produced tlrst inflorescence. After eight weeks
(T8) the shoots of all the plants in treatment @ #me whole plants of treatment E were
harvested. For all the harvested plants we measbhesdumber of rosettes, number of leaves
and the length and width of their longest leaf. Thets were rinsed clean. After harvesting,
all plants were separated into roots, vegetatiw®tshand reproductive parts and all fractions
per plant were put at -80°C before freeze-dryinfie®drying, the plant parts were weighed to
determine their dry mass. The leaf samples fronh gdant from treatment C were used for
HPLC analyses. Similarly, at T13, roots, vegetasheot parts and reproductive shoot parts
of all plants in treatment C and U were harvestadl the same parameters were measured as
above. Leaf samples of all plants from treatmenar@ U (T13) were used for HPLC
analyses.

Since we wanted to relate regrowth ability of pgainom different crosses in treatment
C to both their IG levels and their root dry weigltthe time of defoliation we estimated dry
weights of roots in treatment C at T8. First, wéefl general linear models to estimate how
well root dry weight of plants in treatment E colld predicted from their shoot dry weight
and the cross from which they originated. Both $hdry weight and cross significantly
affected root dry weight under nutrient-poor coiudis (F s, = 358.8, P<0.001 andi§¢,=
4.76, P<0.001, respectively, interaction n.s.) ander nutrient-rich conditions {ks = 89.23,
P<0.001 and f5, 59 = 3.91, P<0.001, respectively, interaction naxplaining 84% and 68%
of variation in root dry weight under nutrient-paord rich conditions, respectively. Then, the
parameter estimates from these analyses were asestitnate root dry weight of plants in
treatment C from their shoot dry weight in treatin€énhand the cross from which they
originated.

Chemical analyses

Samples of all the dry leaves (from treatment G&ftand from treatment C and U at T13)
were ground to a fine powder with a ball mill (typ#M 301, Retsch GmbH & Co., Haan,
Germany). Ground leaf material (25mg) was extradgtedOml of 70% MeOH and was
shaken overnight. The crude extract was filtereshgudVhatman filter paper #4 and the
filtrate was diluted ten times with Milli-Q wateFfhe concentrations of the IGs aucubin and
catalpol were analysed by HPLC using a Bio-Lc ([2orCorp., Sunnyvale, USA) equipped
with a GP40 gradient pump, a Carbopac PA 1 guard3@mm) and analytical column (4 x
250mm), and an ED40 electrochemical detector fdsguliamperimetric detection (PAD).
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NaOH (1M) and Milli-Q water were used as eluent3:90, 1ml/min). Retention times were
3.25 min and 4.40 min for aucubin and catalpolpeesively. Peaks were analyzed using
Chromeleon version 6.60 (Dionex Corp., SunnyvalgAl)

Statistical analyses

The effects of Line (selection line from which patseof the crosses originated), Cross (nested
within Line), Nutrient level and their interacticgffects on the different plant traits were
analyzed using GLM (Generalized Linear Models) (SAS.2, procedure GENMOD, SAS
Institute, Cary, NC) with a normal error distribartiand an identity link function. Dependent
variables were transformed prior to analysis ifessary to improve normality. The number of
leaves and all weight measurements were In-tram&fdrand the IG levels were square root-
transformed. In addition, we used (Pearson) cdrosla to look for associations between
(cross means for) leaf IG levels and (cross meansdgrowth, reproduction, or regrowth
capacity. Allocation costs of chemical defenceeins of growth, reproduction, or regrowth
would show up either as Line effects for theseddrisn GLM (lower performance by plants of
the H crosses), or as negative correlations betweess-means for these traits and cross-
means for leaf IG levels.

Table 6.2 Effects of nutrient level, selection line and @dgested within selection line) on leaf
concentrations of allelochemicals (aucubin, catfalipdal iridoid glycosides) and plant charactecist
(leaf area of the longest leaf, number of leavethermain rosette, number of side-rosettes and sumb
of flowering stalks) in three groups & antago lanceolata plants. Values are quasi-F values from
GLM analyses of deviance (* P<0.05; ** P<0.01; *#<0.001).

df  Aucubin Catalpol Total IG Leafarea # LeavesRogettes # Stalks

Untreated plants T8

N: Nutrient 1 2001 124~ 13077 356.9° 291.8" 20.7° 255"
L: Line 1 55.3" 35.97 94.4™ 5.0 83.6" 20.2" 0.5
C:Cross(L) 14 1.7 5.1 1.9 2.3 1.5 1.3 1.6
N*L 1 6.3 0.7 3.9 7.3 6.8* 17.2” 0.5
N*C(L) 14 0.6 1.2 0.9 0.8 1.4 1.4 1.6
Error 153

Untreated plants T13

N: Nutrient 1 90.6" 36.7" 89.57  428.2" 4015 68.2° 2885
L: Line 1 58.2" 30.4" 62.2" 41.6° 69.2™ 17.0° 7.0
C:Cross(L) 14 0.3 1.2 0.4 1.7 33 2.5 35"
N*L 1 25.6" 10.9° 25.2" 24.7" 17.77 22.2" 7.3
N*C(L) 14 0.3 0.5 0.3 1.3 1.5 0.6 30
Error 159

Clipped and regrown plants T13

N: Nutrient 1 6128 48* 631.0° 238.77 436.8" 40.7" 3005
L: Line 1 24.6" 0.7 36.3" 22.4™ 88.8" 10.6~ 4.7
C:Cross(L) 14 0.3 8.0 0.2 2.8 1.9 2.0 4.8"
N*L 1 7.6* 0.4 9.1 15.0° 18.37 17.2” 8.7
N*C(L) 14 0.3 2.8 0.2 1.7 0.8 1.3 1.9

Error 159
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Results

Differences in leaf iridoid glycoside levels between the crosses

Leaf IG concentrations after eight weeks (at T8)enegpproximately twofold higher in plants
from the high crosses than in plants from the loasses (Table 6.2; Fig. 6.1C). Leaf 1G
concentrations at T8 also varied significantly aganosses within lines (from which the
parents originated), resulting in a three- to ffmld range of variation in mean leaf IG
concentrations among offspring groups from the iff@reént crosses. Both variations in leaf
aucubin and in leaf catalpol concentrations cootetd to differences in total IG levels
between the lines (Table 6.2, Fig. 6.1A and B).fll&concentrations were 1.7 fold higher
under nutrient-poor conditions than under nutrigcit-conditions (Table 6.2, Fig. 6.1C), but
the relative difference between high and low cressas unaffected by nutrient supply (no
interaction nutrient x line, Table 6.2).
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Figure 6.1 Leaf iridoid glycosidepercentages of aucubin (A), catalpol (B), total(Q or catalpol tc
total I1G ratio (D) of the dry weight, d?lantago lanceolata lines selected for low (black bar) and high
(white bar) leaf iridoid glycoside concentratiorBants were grown under nutrient poor or rich
conditions and harvested at T8 (8), T13 (13) oraen from T8 until T13 (R).

104



Chapter 6

Leaf IG concentrations in plants that had regroarealipping (C) differed from those of
untreated plants (U) at the final harvest (T13)}wo ways. First, only under nutrient-poor
conditions, regrown leaves of plants from high sessagain had higher IG concentrations
than those from low crosses. Under nutrient-richditions, leaf IG concentrations of plants
from high crosses were as low as those from lovgsae (nutrient x time interaction, Table
6.2). Second, under nutrient-poor conditions, aucwoncentrations in leaves of regrown
plants (C) were higher than in untreated plants @u} catalpol concentration were lower,
resulting in a lower catalpol-to-total I1G ratio ¢Fi6.1D).

Table 6.3 Effects of nutrient level, selection line and @d@eested within selection line) on the dry
weight of different plant parts and the ratio obtitotal biomass in three groups Bf lanceolata
plants. Values are quasi-F values from GLM analysksleviance (* P<0.05; ** P<0.01; ***
P<0.001).

df Leaves Stalks Shoots Roots Total Root fraction
Untreated plants T8
N: Nutrient 1 1006.6 28.4" 1026.7" 161.97 432.7"7 103.87
L: Line 1 0.1 0.1 0.1 2.4 1.4 55
C:Cross(L) 14 26 1.5 2.5 47" 3.6 40"
N*L 1 1.0 0.1 1.0 2.5 3.0 1.5
N*C(L) 14 0.5 1.5 0.5 1.1 0.8 1.7
Error 153
Untreated plants T13
N: Nutrient 1 8615 232.17 193.5" 2.9 1172.8°  1445.8"
L: Line 1 0.6 0.1 0.1 0.2 0.2 2.0
C:Cross(L) 14 29 47" 19.4" 3.1" 1.9 2.2
N*L 1 0.8 0.1 0.0 0.7 1.8 1.5
N*C(L) 14 2.0 3.3" 20.4" 1.9 1.2 1.0
Error 159
Clipped and regrown plants T13
N: Nutrient 1 6784 169.2” 1248.8" 0.8 728.3" 511.9"
L: Line 1 0.0 0.1 0.0 4.0 1.6 7.7
C: Cross(L) 14 24 4.4” 1.3 1.8 1.6 1.4
N*L 1 0.0 0.0 0.2 1.4 3.0 1.7
N*C(L) 14 1.0 2.4 1.0 1.1 0.7 1.2
Error 159
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Growth costs of iridoid glycosides

Total dry weight of plants varied significantly angpcrosses, both at T8 and T13 (Table 6.3),
but plants from high crosses did not have a lowe¢al tdry weight than plants from low
crosses (Table 6.3; Fig. 6.2G), indicating thareh@as no growth cost of producing high
levels of leaf 1G. This is confirmed by the absewnfe negative correlation between cross
means for leaf IG and total dry weight at T8 (rertipoor: r=-0.31, n=16, P=0.24; nutrient-
rich: r=-0.13, n=16, P>0.5) or T13 (nutrient-po*:0.17, n=16, P>0.5; nutrient-rich r=0.34,
n=16, P=0.20). However, biomass allocation pattams plant architecture differed between
plants from high and low crosses. First, plantsnfieigh crosses invested relatively less in
roots: at T8 their root mass fraction (root/totadrbass) was significantly lower than that of
plants from low crosses (Table 6.3; Fig. 6.2H). yféso tended to produce less root mass,
but this difference was not significant (Fig. 6.2Rd 6.3A). Second, shoot architecture
differed between plants from high and low crosdelsnts from high crosses produced
significantly fewer side rosettes and leaves pantp{Table 6.2; Fig. 6.2A, C) but the leaf area
(length x width) of their longest leaf was sign#itly larger than that of plants from low
crosses (Table 6.2; Fig. 6.2D). Third, at T13, whesst plants under nutrient-rich conditions
had initiated reproduction, plants from high crespeoduced fewer flower stalks, than plants
from low crosses (Table 6.2; Fig. 6.2B). This irsd&s a potential reproductive cost of high
leaf 1G production, although the reduced numbeifiamfer stalks was not accompanied by a
significantly lower reproductive biomass (Table &rfti 6.3).
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Regrowth costs of iridoid glycosides

At T13, the shoot mass produced by plants thatlesh clipped at T8 (C) was positively
correlated with their estimated root biomass attitime of defoliation (Fig. 6.4; nutrient-poor:
r=0.38, n=95, P<0.001; nutrient-rich: r=0.25, n=P20.05), but did not differ between plants
from high and low-IG crosses (Table 6.3; Fig. 6.28pwever, plants from high-IG crosses
did produce fewer inflorescences after defoliativein plants from low-IG crosses (Table 6.2,
Fig. 6.2B), as was observed for untreated plantsldt Moreover, at low nutrient supply, the
root biomass of plants from high-1G crosses, tiraaaly tended to be lower than that of low-
IG crosses at the time of defoliation (Fig. 6.2gs now significantly lower than that of
plants from low-1G crosses (Table 6.3, Fig. 6.ZH)ere also was a significantly negative
correlation between the IG concentrations of thiedint crosses at T8 and their root biomass
after clipping at T13, under nutrient poor condigo(r =-0.60, n=16, P<0.02; Fig. 6.3B). At
high nutrient supply, the difference in root weidigtween plants from low- and high-IG
crosses was not significant.
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Discussion

Growth costs

A fundamental assumption of most plant defencertbgeas that limited resources lead to
allocation constraints, often depicted as trade-b#tween the production of secondary plant
compounds and other fitness-enhancing traits. k& #bbsence of natural enemies the
production of these defence chemicals will haveelis costs. In our study we did not find
trade-offs between chemical defence and growtlbo¥@ ground vegetative plant parts at two
nutrient levels. Plants from high-IG crosses didenhaignificantly lower root mass fractions
and tended to produce less root mass than plamts [bw-1G crosses, suggesting a potential
cost of chemical defence in terms of fewer resaitet for allocation to the roots. However,
due to the large variation among crosses withirecsigin lines, the negative association
between leaf IG level and root mass was not stalbt significant. The only significant cost
that was observed was that plants from high-IGsgegroduced fewer inflorescences under
nutrient-rich conditions. This finding is consistemith other studies reporting reproductive
costs of chemical defence (Berenbaum et al. 19&%hg&r and Berenbaum 1997) and
confirms results from a previous study fh lanceolata based on the same selection lines
(Marak et al. 2003).

Increased costs of chemical defence under conditwith environmental stress are
expected, based on the arguments that a giventmegasin defence more strongly constrains
other fithess-enhancing traits at low than at higgource levels. However, the precise effects
will depend on the type of stress and the typehengcals involved. IGs are carbon-based
secondary metabolites. According to the carbonignttrbalance hypothesis (Bryant et al.
1983, Bryant et al. 1988, Tuomi et al. 1988), @ant resource-limited environments divert
their carbon reserves accumulated beyond growthinegents to secondary metabolism
without a trade-off in growth (Bryant et al. 198%)deed, we observed higher levels of IGs
under nutrient poor conditions, as previously show. lanceolata (Darrow and Bowers
1999, Marak et al. 2003) without observing strongeguctions in growth or reproduction
than under nutrient-rich conditions.

Regrowth

Regrowth capacity implies saving and storing ofrgpeand nutrients in organs that are
relatively free from attack. These reserves candadlocated after herbivory. Plants from
which their leaves are frequently consumed, areeebeg to have low shoot:root ratios and a
well developed regrowth mechanism, whereas pldrds dre rarely consumed would have
high shoot:root ratios and a poor regrowth mectmar(idan der Meijden et al. 1988). Since
plants from high-IG crosses had lower root masstifvsas than plants from the low-I1G
crosses, we hypothesized that plants from highfi§3ses might also have a lower regrowth
capacity after defoliation. Contrary to this exp@icn, the shoot mass at T13 produced by
plants that had been clipped at T8 (regrowth) ditidiffer between plants from high and low
crosses, indicating that there was no cost of h@production in terms of shoot regrowth
after defoliation. However, under nutrient-poor diions, plants that had high levels of leaf
IGs at the time of clipping had significantly lowesot biomass at the final harvest (T13).
This could indicate that under nutrient-poor coiodis plants from high-1G crosses are well
able to regrow new shoots, but do so at a sliglatlger expense of new root growth than
plants from low-1G crosses. After a single defatiatevent we would therefore not see a
negative effect of IGs on shoot regrowth. But agostregrowth is strongly and positively
correlated with root mass at the time of defoliatiore expect that after repeated defoliation
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the progressively stronger reduction of root mddsigh-IG plants will eventually result in a
reduced capacity of shoot regrowth compared tollGvplants.

Effect of clipping

The two IGs aucubin and catalpol differ in thewlbgical activity (Bowers 1991, Marak et al.
2002a). Catalpol is considered the more toxic ef tiio for generalist herbivores (Bowers
and Puttick 1988, Bowers 1991, 1992). Consequethiéyrelative contribution of aucubin and
catalpol to the total 1G pool is biologically rewv. Clipping affected the levels of the two
IGs in the leaves. Except for low-IG plants undetrient-rich conditions, all plants that were
clipped (C) had a significant lower amount of gathlthan unclipped plants (U) and the ratio
of catalpol to total IG was lower in regrown plantéeaves than in leaves of untreated plants.
Stamp and Bowers (1994) also found that in plants &bove-ground parts clipped and
regrown for five weeks, the regrowth plants hacdwaer catalpol tot total IG ratio. After
defoliation, regrown shoots may therefore be maiscaptible to generalist herbivores than
shoots of plants that were not defoliated.

In summary, we detected small allocation costs hefnucal defence in terms of reduced
numbers of inflorescences and a tendency to proldssearoot mass by high-IG plants. After a
single defoliation event, we did not observe adratf between resistance and tolerance, i.e.,
plants with high levels of a trait (IG level) thainfers resistance to generalist insects did not
have lower tolerance (shoot regrowth capacity) thkamts with lower 1G levels. However,
since high IG plants did suffer reduced root biosnafter a single defoliation and since root
mass strongly determines shoot regrowth capacity, expect that trade-offs between
resistance and tolerance will become apparent edfgrated defoliation. Alternatively, it is
possible that local adaptation results in the atsei correlations or in a positive correlation
between defence and regrowth even if a physiolbgriade-off between growth, defence and
storage exists (de Jong and van der Meijden 2000).

Acknowledgements

We thank L. Reudler Talsma and R. M. Niermeyertf@ir help with weighing and grinding
of the samples and F. Rinaldi for her help with &L C-analyses. This study was supported
by a grant from the Earth and Life Science Fouwdat{ALW) of the Netherlands
Organization for Scientific Research (NWO).

110



Chapter

Summarising discussion




Summarising discussion

In this thesis | studied interactions involving @ural plant-herbivore-parasitoid complex to

analyse the occurrence, mechanisms and consequeinagsotential conflict between direct

and indirect plant defences. The main focus in shisly was to explore the effects of genetic
variation in plant allelochemistry on plant prefece in herbivores and on the performance of
herbivores and their parasitoids in a natural systélany studies examining the effects of
plant defence on the behaviour and developmentnséci herbivores and their natural

enemies have been performed with crop species. Birated plants which have been the
subject of artificial selection may have alterelélachemistry and nutrient content (Benrey et
al. 1998). For instance, it has been frequentlyeoted that domesticated plants have lower
levels of defensive chemicals than their wild rglg (Rhoades 1979, Evans 1993).

When does a potential conflict become a real conflict?

There are two possible conflicts between directiaddect defences. First, when constitutive
secondary metabolites and volatiles are produceaugfhn the same biosynthetic pathway,
there can be an allocation trade-off between thee defence systems and this is a potential
conflict. This trade-off is not necessarily a “raste allocation” trade-off, but rather in the
sense that up regulation of particular metabolanbhes may result in fewer precursors for
other metabolic branches. If, due to this trade-pfants that possess high levels of direct
defence chemicals emit quantitatively less volatiter herbivore damage (herbivore
induced plant volatiles: HIPV), or volatiles thatdess attractive to natural enemies such as
parasitoids, then this suggests that there may ¢@n#lict. However, this conflict will only
exist if the natural enemies that are recruitedugh the release of HIPV are beneficial for
the plant’s fitness. | conducted preliminary expemts in which | addressed this potential
trade-off between iridoid glycosides (IGs) and &mpid volatile production, but they are not
part of this thesis. The first preliminary analyseggest that plants selected for high 1Gs may
have lower mono/sesquiterpenoids. However, theadtschave to be analysed in more detail
and additional experiments verifying the effectstlod attraction of parasitoids are needed.

A second potential conflict arises when plant deéechemicals are either passively
stored or actively sequestered by the herbivordshane a harmful effect on the performance
of their natural enemies. In the case of the gdisétzerbivore-parasitoid interaction in this
study (Chapter 3), we see that the direct defehesnicals are potentially harmful for the
generalist herbivores (e.g., longer developmeng tilower pupal and adult weight) whereas
the performance of the generalist parasitoids veagorrelated with levels of allelochemicals
in the herbivore’s diet. In fact, some of the gatist parasitoids actually developed more
rapidly and attained greater adult weights wheirr thests fed on plants containing higher
levels of defence compounds. Consequently, in #s® ©f the generalists there is probably
little (potential) conflict between the direct aimdirect defences.

For the specialists, however, effects are moredason-specific. In the case of
Melitaea cinxia, levels of IGs inPlantago lanceolata actually appeared to be positively
correlated with its performance. This supportsdbetention of several researchers (Ehrlich
and Raven 1964, Bernays 1988, Malcolm 1995, Huettaf. 1996, Schoonhoven et al. 2005)
who argue that oligophagous herbivores are oftétetbadapted than polyphages to exploit
plants containing specific types of secondary campg. This is because of a trade-off
between the number of different food sources tharaivore can use and the efficiency with
which it can use each of these sources (Singer,1B88hays and Minkenberg 1997).
Furthermore, the performance of parasitoids assmtiaith M. cinxia was not negatively
correlated with levels of IGs in host diet, eveough high levels of these compounds were
sequestrated in larval tissues of the host calerp(IChapter 3)Even so, fewer caterpillars in
the field were parasitized by the parasit@dtesia melitacarum when they fed on plants
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containing high levels of catalpol. Consequenthgré may be a conflict between direct and
indirect defence systems, at least whé&fe cinxia and C. melitacarum are concerned.
However, we do not know if the variation in therattiveness irP. lanceolata plants toC.
melitacarum females reveals genetic differences in the exmessf volatiles that contrast
with 1G levels.

In contrast withM. cinxia, development of the other specialist herbivahaonia
coenia, was negatively correlated with levels of IGs ierltivore diet. Other studies df
coenia also have shown that, although this herbivore isgegrefers to feed on and shows
enhanced growth on IG diet in-vitro (Bowers andtiekit1988, 1989), assimilation efficiency
of the herbivore is lower on diets with high levelsIGs (Camara 1997a). Furthermore, the
performance of. coeniais lower when reared on plant genotypes with hidéeels of IGs in
the field (Adler et al. 1995). Even when the metaboosts are high, sequestration may still
be a low-cost method of dealing with ingested I&d.icoenia due to the fact that larval
sequestration of IGs reduces rates of predatidheriield (de la Fuente et al. 1994, Dyer and
Bowers 1996). In the case &fcoenia there may be a (potential) conflict between threali
and indirect defences d?. lanceolata. Although larval development time and the pupal
weight of J. coenia are negatively correlated with 1G-levels in therdl| the herbivore
sequesters IGs, therefore the caterpillars mayeltertbdefended against their natural enemies
(Bowers and Stamp 1997, Theodoratus and Bowers, B28fhp 2001, Armstrong and Stamp
2003). Further research exploring the effects afusstration on more specialized (and
possibly better adapted) natural enemies, suchaasipoids, will hopefully shed more light
on the extent of conflicts between direct and ieclidefences in this system.

Efficiency of the third trophic level

Many species of koinobiont endoparasitoids attackumber of stages and/or sizes of their
hosts, although parasitoid development is onlyroged when specific stages are attacked
(Askew and Shaw 1986, Pettit and Wietlisbach 1@8&jfray 1994, Croft and Copland 1995,
Elzinga et al. 2003, Harvey 2005). In chapter twexédmined performance (survival, body
mass and development time) of the parasitbjdosoter didymator in different instars of two
host species that vary significantly in growth pig between and within the various stadia
| found parasitoid development varied significantiyth the host species on which the
parasitoid was reared. The optimal instar for paosdevelopment also differed between the
two host species we tested: f§vodoptera exigua the optimal instar was L2, whereas for
Chrysodeixis chalcites L3 hosts were of the highest quality for the depaient of H.
didymator. Under natural conditions, the role of plant defein mediating spatio-temporal
interactions between herbivores and their parasta little studied. However, if there is a
positive correlation between the levels of phytatexn plant tissues and development rate in
their herbivores, this suggests that the tempauehttbn for each instar would be extended.
This might benefit parasitoids by increasing thestiso ‘window of susceptibility’ to
parasitism (the ‘slow-growth-high-mortality-hypoti€; Clancy and Price 1987, Benrey and
Denno 1997, Williams 1999).

When is plant defence beneficial in terms of fithess?

From the point of view of the plant, the optimafatee strategy is to be able to avoid or
reduce herbivore damage to a point where fitnesgs, (8ed production) is not impaired. This
may depend on the relative benefits of investinthenproduction (constitutive or induced) of
allelochemicals against the metabolic costs ofrtegpression (van Dam et al. 2000). The
balance may also differ for defence against gerstsand specialists. Clearly, the most
effective defences against generalist herbivoresdaect defences, which are often highly
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toxic to them. In addition to their toxic effectgveral studies have reported that IGs function
as feeding and oviposition deterrent for generalesbivores (Kubo et al. 1985, Bowers and
Puttick 1988, Puttick and Bowers 1988). Howeveg, situation with specialist herbivores is
much less clear. Not only was the developmem ofinxia apparently enhanced when reared
on high IG lines of. lanceolata (Harvey et al. 2005), but Bowers (1991) reportedat 1Gs
also function as feeding and oviposition stimulafuts several specialist herbivores in the
western United States.

Based on these observations it appears that timmalmlefence strategy for plants may
differ between generalist and specialist attackeos.specialist herbivores, control by natural
enemies is probably more effective than direct mieds, but this critically depends on the
nature of the interaction between the herbivore imdatural enemy. Predators are the most
efficient, because they usually kill the herbivamemediately, which has direct benefits for
plant fitness. However, in nature most arthropoedptors are generalists, which means that
they are often not adapted to cope with exposubhegio levels of allelochemicals contained in
their prey. For instance, several generalist pogdatncluding wasps, mantids and spiders are
deterred by the IGs sequesteredJbyoenia caterpillars (Bowers 1980, 1981, Theodoratus
and Bowers 1999, Stamp 2001, Armstrong and Stan@®3)2@By contrast, parasitoids are
often more specialized than predators, and are dssamed to be better able to cope with
sequestered allelochemicals. However, in parasitb@v efficient they are also depends on
several important factors including the feedingatetgy of the immature parasitoid, the
relative size of the adult parasitoid to its hdstod size, and ultimately how these factors
affect plant fitness. Parasitoids that paralyz&ilbrthe host immediately (idiobionts) are of
course the best indirect defence for the plant,vieay many parasitoids do attack hosts that
continue feeding and growing throughout much of twoaurse of parasitism (so-called
koinobiont parasitoids). Most solitary koinobiorgseatly reduce the amount for feeding
damage by the host, and arrest host developmeheipenultimate instar (Jones and Lewis
1971, Vinson 1972, Harvey et al. 1999). Howevesadme cases usually involving gregarious
koinobionts, parasitized caterpillars consume ewveare plant material than healthy
caterpillars, presumably a form of host regulatitiat ensures sufficient resources are
available for development of the immature paraggqiSlansky 1986, Coleman et al. 1999).
In these circumstances, the benefits of the plaatruiting’ parasitoids as measures of
indirect defence must be seriously questioned ¢earMeijden and Klinkhamer 2000).

Direct defence chemicals and oviposition choice

IGs are known to function as oviposition cues fug specialist butterfly). coenia (Pereyra
and Bowers 1988). | examined oviposition choicénin closely related specialist butterflies,
M. cinxia and M. athalia and of the specialist parasito@l melitaearum. Butterflies that lay
their eggs in clusters, such as checkerspots x@ected to spend more time in discriminating
amongst potentially different food plants for theffspring than solitary egg laying species
(Singer 2004). A highly discriminating female ttdglays her oviposition by rejecting most
hosts can simply lay a larger cluster when she texdlg does ovipositM. cinxia females
clearly decide where to oviposit based on cues diégin from the plant (chapter 4), where in
M. athalia the surrounding of the host plants plays a biggkr (chapter 5).

In dual choice experimenkd. cinxia clearly prefers to oviposit on plants with a highe
level of aucubin (chapter 4) and these resultsraagireement with a field study (Nieminen et
al. 2003). However, | can exclude the possibillattthe higher levels of aucubin were a
consequence of induction following ovipositing, dese the leaves of the plants were
sampled before the oviposition. | also found tatinxia females need a certain threshold to
distinguish between different IG levels (chapterstiggesting that the absolute level of IGs
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should be above 1% of the dry weight, or, convgrdéiat the difference between the plants
should be large enough for females to distinguishthe field, the size of the plant is a
positive visual stimulus and thus plants with mie&ves received more eggs. Host plant size
IS an important aspect, because host plants shmeilthrge enough to support the early
development of an entire brood (often more thandheoh larvae) that hatch from the egg
batch. Most importantly, the adult female shoul@ase to oviposit on plants growing in
aggregated stands where the larvae can easily toadiacent plants when the natal plant is
exhausted (Andrewartha and Birch 1954, le Masur#4). As soon as the eggs hatch, the
youngM. cinxia larvae spin a communal web on the host plant. @aheé are restricted to the
natal plant until later in development (e.g., aft@nter diapause) when it is exhausted of
tissues and the caterpillars are forced to disperseljacent plants (Kuussaari et al. 2004). In
contrast taM. cinxia no correlation was found between oviposition pefee inM. athalia

for a host plant species and the average |G comtetitat species. This indicates that the
butterflies either cannot discriminate among pldrdsed on their IGs or that they can, but
make choices based on other factors.

Despite the fact that specialist herbivores uguattur a physiological cost of dealing
with secondary metabolites in their preferred hpbaht (Camara 1997a), several studies have
shown thaMM. cinxia larvae perform better on plants with a higher lexfelGs than on plants
with a lower level of IGs (Harvey et al. 2005, Saaminen et al. 2007). Another advantage
of feeding on plants with IGs, is through protestegainst natural enemies by sequestration
of these defence chemicals (Camara 1997b, Suomii €001b). IGs can only exert direct
effects on higher trophic levels if these highephic levels are actually exposed to the
allelochemicals in their diet, e.g., the trophiwdeimmediately below. Thus, if IGs are
sequestered by the herbivores, they can directlyence the primary parasitoids and if the
primary parasitoids sequester these compoundssaime is true for primary and secondary
hyperparasitoids. In my study | even found trade>s in the fourth trophic level (Chapter
3), the first time, as far as | know, that this bagn described.

Costs of direct defence chemicals

A fundamental assumption of most plant defencertbeas that limited resources lead to

allocation constraints, often depicted as trade-b#tween the production of secondary plant
compounds and other fithess-enhancing traits. k& #bbsence of natural enemies the
production, transport, storage, self-detoxificatiantivation and/or turnover of these defence
chemicals will have fitness costs. | detected sralification costs of chemical defence in

terms of a reduced number of inflorescences arnehdenhcy to produce less root mass by
high-IG plants. After a single defoliation event,did not observe a trade-off between

resistance and tolerance, i.e., plants with higklteof a trait (IG level) that confers resistance
to generalist insects did not have lower tolerafst®ot regrowth capacity) than plant with

lower IG levels. However, since high IG plants didfer reduced root biomass after a single
defoliation and root mass strongly determines shegitowth capacity, | expect that trade-offs
between resistance and tolerance will become appafter repeated defoliation events.

Epilogue

For the plant, the most efficient means of defemgainst herbivores depends on the identity
(e.g., feeding biology) of the attacker. Directatefe compounds are probably most effective
against generalist herbivores, but often not agam®e specialised and thus better adapted
herbivores. In this case, indirect defences, thinoing release of HIPV as ‘SOS signals’ are
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likely to be more effective in reducing herbivor@tage. The importance of indirect defences
may, in turn, hinge critically on their reliabilityn recruiting natural enemies, and this may
vary depending on the degree of structural heter@ige in the landscape and the plant
community (Cronin and Reeve 2005). Indirect plagfiedces are undoubtedly most reliable
when the plant is intimately involved with the mailenemy, as occurs with the production of
domatia, extra-floral nectarines, etc., where theiral enemy either lives on the plant itself or
spends a considerable amount of time on it (Agraatval. 2000). When the interactions are
not so intimate, for instance with natural enentiieg are often some distance from the plants,
HIPV may be much less reliable signals for plamhdge. In this situation it may be better for
the plant to invest in direct defences rather ihdass reliable indirect defences. Thus far, the
basis of our understanding of the role of indidefences has been primarily based on simple
lab studies or in crop systems where plants exis$ti; in monocultures and often have
adapted allelochemicals. Future studies should airexploring the relative importance of
direct and indirect defences in focal plants granim habitats that vary significantly in terms
of species richness and spatial heterogeneity. Whissnable us to determine how reliable
HIPVs are in recruiting natural enemies in natsgstems and over what kind of spatial
scales they operate.

How direct and indirect defence mechanisms intedlapends on the combination of
species involved, as well as on the expressiorengg that control the defences. A possible
conflict between these two defence strategies mag d the plants that are most attractive to
natural enemies also posses stronger direct chemdéfances that exhibit clear negative
effects on the performance of predators and paidsjtor when there are trade-offs between
these two kinds of defences. Future studies withrabplant species should examine whether
these conflicts really exist in nature.
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Plantenafweer

Omdat planten niet kunnen vluchten voor hun vijandezich kunnen verstoppen, moeten ze
in staat zijn zich te verdedigen of vraat kunnelergren. Planten hebben verschillende
soorten mechanische en chemische verdedigingsmisaotiem ontwikkeld tegen planteneters
(herbivoren). Er kunnen drie typen van verdedigi@eshanismen onderscheiden worden:
directe afweer heeft direct effect op de herbivoondirecte afweer trekt de vijanden van de
herbivoren aan, en als derde kan een glaetant zijn, waardoor de plant minder last heeft
van de herbivorenvraat. Daarnaast kan de plantahjeer voortdurend gereed hebben nog
voordat hij is aangevallen door een herbivoor; kiget constitutieve afweer. Andere
afweermechanismen werken pas nadat de plant woadgeareten, de zogenaamde
induceerbare afweer. De meesten plantensoorten gebruiken verschilléyyen van afweer,
mechanisch en chemisch, constitutief en geinducelegder allemaal samen voor zorgen dat
de plant zich kan verdedigen tegen zijn vijanden.

Directe afweer

Onderdirecte afweer vallen alle planteneigenschappen die ervoor zodgé¢rde plant minder
aantrekkelijk is voor herbivoren of die de prestatvan de herbivoren negatief beinvioeden.
Directe afweer wordt verdeeld iantixenosis en antibiosis. Antixenosis zorgt ervoor dat
insecten worden verjaagd van de plant, waardoonmder vraat en ovipositie (het leggen van
eieren) optreden. Hierbij kun je denken aan de m®an een roos, maar ook chemische
stoffen op de oppervlakte van de plant die afsefekkend werken. Van sommige planten is
het bekend dat ze eieren nabootsen op hun bladereandere vrouwtjes te ontmoedigen ook
hun eieren daar te leggelntibiosis zorgt ervoor dat de overleving, groei en repro@ucan

de herbivoren die van de plant eten, gereduceerdemoHet wordt vaak veroorzaakt door de
productie van giftige chemicalién in plantenweefsel

Indirecte afweer

Indirecte afweer zorgt ervoor dat de kans groter is dat natuurhjfanden (predatoren) van
de herbivoren bij of op de plant aanwezig zijn ep inoment dat de plant aangevallen wordt.
Er zijn verschillende manieren waarop de plant umdijke vijanden van zijn herbivoren kan
aantrekken. Planten kunnen bijvoorbeeld zorgen bescherming door speciale structuren
te produceren, zoals domatia. Domatia beschermenatiaurlijke vijanden tegen slechte
weersomstandigheden en tegen grotere hyperpredatdes vijanden van de natuurlijke
vijanden). Een andere manier is om voedsel aanetéeb. Dit kunnen pollen van de plant
zijn, maar sommige planten hebben ook specialeaotges waar ze nectar kunnen produceren
buiten de bloemen. Het aanbieden van voedsel zargt een verhoogde activiteit van de
predatoren op bepaalde gebieden van de plant. Este dnanier om predatoren aan te
trekken, is door viuchtige geurstoffen te produnekeen plant kan deze stoffen aanmaken als
reactie op vraatschade. Predatoren kunnen dit danociéren met de aanwezigheid van
herbivoren op de plant.
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Tolerantie

Wanneer een plant niet in staat is zichzelf te e@digen tegen zijn herbivoren, kan het
voordelig zijn wanneer een plamderant is. Een plant is tolerant wanneer het weefsekerli
kan doorstaan met weinig verlies van fitness (devilelheid toekomstige nakomelingen)
vergeleken met een plant zonder schade. Een ptanhiervoor zorgen door reservestoffen
op te slaan in organen die niet aangevreten worbigygorbeeld in hun wortels. Verder
kunnen ze ervoor zorgen dat ze, als reactie od,veaa verhoogde fotosynthese en opname
van voedingsstoffen hebben, waardoor ze in stgasaeller te hergroeien.

Interacties tussen directe en indirecte afweer

Het is onwaarschijnlijk dat directe en indirectevaér onafhankelijk van elkaar opereren in
een plant. Natuurlijke vijanden van herbivoren (ddirecte afweer) kunnen bijvoorbeeld
negatieve gevolgen ondervinden (slechtere groget®osterfte) wanneer zij rupsen aanvallen
die eten van planten met veel afweerstoffdine(te afweer). De meeste studies die kijken
naar de interacties tussen directe en indirecteafvzijn gedaan met landbouwgewassen.
Landbouwgewassen hebben vaak lagere gehaltes veectedafweerstoffen dan hun wilde
verwanten. Ze zijn hier vaak op geselecteerd, omadatian beter smaken, want mensen
houden vaak ook niet van de afweerstoffen in pfan@m een goed begrip te krijgen van de
interacties tussen directe en indirecte afweeetsdins belangrijk om dit te bestuderen in een
natuurlijk systeem. In dit proefschrift beschrifde verschillende proeven die ik heb gedaan
met een natuurlijk plant-herbivoor-sluipwespsyste®m nadruk in dit proefschrift ligt op de
directe chemische verdediging van planten en hieictehiervan op de hogere trofische
niveaus, in dit geval rupsen, hun sluipwespen @imiaen) en de sluipwespen van deze
sluipwespen (hyperparsitoiden). Parasitoiden zigedten, voornamelijk sluipwespen maar
ook sluipvliegen, die hun eitjes op of in een andsect leggen (de gastheer) en waarvan de
larven zich voeden met het insect dat uiteindedigaft. Hyperparasitoiden leggen hun eitjes
in of op de larven van parasitoiden. De larven eoezich met de larve van de parasitoid, die
uiteindelijk sterft. Je kunt onderscheid maken enssolitaire en gregaire parasitoiden, die
respectievelijk één eitje of meerdere eitjes iropfeen gastheer leggen. Vervolgens kun je
nog ondescheid maken tussen parasitoiden die e wmo hun gastheer direct stoppen en
diegenen die hun gastheer laten leven en groesémet larven van de parasitoid volgroeid
zijn. Veel parasitoiden kunnen verschillende sovoitesecten aanvallergéneralisten), in
tegenstelling tot diegenen die zich maar in ééreef beperkt aantal gastheren kunnen
ontwikkelen gpecialisten).

Parasitoiden kunnen op twee manieren zorgen datgsl minder schade ondervinden
van herbivore insecten. Ten eerste doden ze huhegas, waardoor het aantal herbivoren in
de volgende generatie vermindert. Ten tweede zorgehparasitoiden ervoor dat individuele
gastheren minder eten als ze geparasiteerd zijn.

De vraagstelling

De hoofdvraag in dit proefschrift is: wat zijn diéeeten van directe chemische afweer op de
voorkeuren en prestaties van generalistische eniadisische herbivoren en hun hogere
trofische niveaus, in een plant-herbivoor-(hypergaoidsysteem? In de verschilende
hoofdstukken van dit proefschrift komen deelvrageet betrekking tot de hoofdvraag aan
bod. In hoofdstuk 2 onderzoek ik wat het optimale gastheerstadium werparasitoid
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Hyposoter didymator is en of dit verschillend is voor verschillendestigersoorten. In
hoofstuk 3 onderzoek ik wat het effect is van de directe afatedfen van smalle weegbree
(Plantago lanceolata) op de groei, ontwikkeling en overleving van tweerschillende
generalistische herbivoren, twee specialistischibivaren en hun sluipwespen. Worden deze
afweerstoffen opgeslagen in de herbivoren en huipwespen. Zijn er verschillen tussen
specialisten en generalisten? Hoofdstuk 4 onderzoek ik of de directe afweerstoffen van
smalle weegbree en de grootte van de plant invloeltben op de eierlegkeuze van de
specialistische veldparelmoervlinder. hoofdstuk 5 onderzoek ik welke gastheerplanten
worden geprefereerd door de specialistische bospaeevlinder voor ovipositie. Zijn dit ook
de meest geschikte voedselplanten voor haar nakuyeel en komen ze voor in de
omgeving waar de vlinder te vinden is?Hoofdstuk 6 kijk ik tenslotte of er kosten zijn
verbonden aan het hebben van hoge niveaus vanedaieeerstoffen voor smalle weegbree.

Het studiesysteem:
Smalle weegbree, de specialistische en generalistische herbivoren en hun
(hyper)parasitoiden

Smalle weegbreePlantago lanceolata, is een kruidachtige plant die overal ter wereld
voorkomt. Als directe chemische afweerstoffen hdefte plant iridoide glycosiden (IG), een
groep van bittere, terpeen-achtige stoffen, waarvd@ belangrijkste in smalle
weegbreeaucubine en catalpol zijn. Deze stoffem aigchrikwekkend voor generalistische
herbivoren, maar kunnen juist aantrekkelijk zijnowspecialistische herbivoren waardoor
deze eerder hun eieren afzetten op planten met d¢pelgates van deze stoffen en hun rupsen
gestimuleerd worden deze planten te eten. De géesteradie ik gebruikt heb in mijn studie
zijn de Floridamot,Spodoptera exigua en de Turkse motChrysodeixis chalcites en hun
sluipwespenHyposoter didymator en Cotesia marginiventris. Ik heb drie verschillende
specialistische herbivoren gebruikt in mijn ondedzolen eerstdunonia coenia, een Noord-
Amerikaanse schoenlappersvlinder, waarvan de rugkeen eten van voedselplanten die 1G
bevatten. Als tweede specialist heb ik de bosparetainder, Melitaca athalia, gebruikt.
Deze vlinder heeft veel verschillende voedselplanteaar ook die bevatten allemaal 1G. De
derde specialist is de veldparelmoervlinddelitaca cinxia. Deze vlinder is een rode lijst-
soort in Nederland en komt nog sporadisch voorumZimburg. De vlinders en rupsen die
ik gebruikt hebben komen van Aland, een eilandesgtio het zuidwesten van Finland. Hier
komt deze vlinder nog veelvuldig voor. De rupserbrgiken hier smalle weegbree en
aarereprijseronica spicata) als voedselplant, welke beide iridoide glycositematten. Van
deze specialist heb ik ook de specialistische pardenCotesia marginiventris en Hyposoter
didymator gebruikt en hun hyperparasitoid&elis agilis enMesochorus cf stigmaticus.

Het optimale gastheerstadium

Natuurlijke vijanden van herbivoren zijn een poi&let vorm van directe afweer voor een
plant. Zoals eerder uitgelegd kunnen planten demteiunlijke vijanden op verschillende
manieren aantrekken. De efficiéntie van deze ictérafweer is afhankelijk van het effect dat
de natuurlijke vijand op de herbivoor heeft. Pamiden hebben vaak een optimaal
gastheerstadium waarin zij hun gastheer parasitémedit optimale stadium kunnen zij zich
sneller ontwikkelen en/of groter groeien en heblagneen grotere overlevingskans. In
hoofdstuk 2 heb ik gekeken naar het optimale gastheerstadaon de sluipwesplyposoter
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didymator op twee van zijn generalistische gastheren, deidaimot en de Turkse mot.
Hiervoor heb ik de sluipwesp alle stadia van detlgasn laten parasiteren. Voor de
Floridamotzijn dit er vijf en voor de Turkse mot zddyposoter didymator laat zijn gastheer
doorgroeien nadat ze geparasiteerd zijn. Wanneekleeme rups geparasiteerd wordt, eet en
groeit deze dus nog verder. De larven van dezpws&sp voeden zich met het weefsel van de
rupsen en niet alleen met het hemolymfe (insecteat)l Hierdoor hebben zij niet alleen een
minimale grootte van een gastheer die geschiktos \nun ontwikkeling, maar ook een
maximale grootte, omdat consumptie van de helehgastnodig is om succesvol uit de
gastheer te kunnen komen. Aangezien de rupsen edrukksemot een stuk groter worden
dan de rupsen van de Floridamot, was de verwachkiagle Floridamogen betere gastheer
zou zijn voorH. didymator. Maar in tegenstelling tot de verwachting bleekTadrkse mot
kwalitatief superieur aan de Floridamot wat betosftoverleving, het aantal sluipwespen dat
zich tot volwassen wesp ontwikkelde en de wespggott de Turksemot kon de sluipwesp
zich dus in grotere rupsen ontwikkelen dan in aei&&mot In beide gastheersoorten was het
percentage sluipwespen die zich tot volswasserpwsp ontwikkelde het laagst in de
grootste gastheerstadia. Het succes van een pédadie zich met het weefsel van zijn
gastheer voedt, is dus afhankelijk van de kwaliggitde grootte van zijn gastheer en het
optimale gastheerstadium verschilt dus per gastbeetr

De effecten van iridoide glycosiden op de ontwikkeling van specialistische
en generalistische herbivoren en sluipwespen

Eén van de directe afweermechanismen van plantgn tberbivoren is de productie van
chemische stoffen. Het effect van deze stoffen thoeft beperkt te blijven tot alleen de
herbivoor maar kan ook invloed hebben op de hogefsche niveaus in de voedselketen,
zoals de predatoren en sluipwespen van de herbiloboofdstuk 3 heb ik gekeken naar de
effecten van twee directe afweerstoffen van sma#legbree, de IG aucubine en catalpol, op
de ontwikkeling van twee generalistische en tweecipistische herbivoren en hun
sluipwespen. Daarnaast heb ik gekeken of deze estoffok worden opgeslagen
(gesequestreerd) in de weefsels van de specilllisicinxia en haar parasitoiden en
hyperparasitoiden. In het algemeen was de ontwilkdkelan de generalistische herbivoren
negatief gecorreleerd met de 1G niveaus in de praaar dit effect was niet zo duidelijk terug
te vinden bij hun sluipwespen. Bovendien, doordabivoren zich langzamer ontwikkelen
wanneer ze eten van planten met een hoog IG gehslteet optimale stadium voor de
parasitoid langer beschikbaar, waardoor de kamnsuopesvolle parasitering groter is. Bij de
specialistische herbivoren verschillen de effecteesenJ. coenia en M. cinxia. De
ontwikkeling vanJ. coenia was langzamer wanneer de rups at van planten emeteog
gehalte aan IG, terwijl dit juist omgekeerd was wbdh cinxia. Hetzelfde patroon was te
vinden in Cotesia melitaecarum, een gregaire sluipwesp vavl. cinxia rupsen. Ook zij
ontwikkelden sneller in rupsen die aten van smakegbree planten met een hoog gehalte
aan IG. Wanneer we kijken naar de sequestratiedeamidoide glycosiden iM. cinxia en
haar (hyper)parasitoiden, dan vinden we deze staéfirig in de rupsen, poppen en adulten
vanM. cinxia en ook in de pophuiden waar de vlinder al is kitgeen en de rupshuiden waar
de sluipwespen uitgekomen zijn. Ook werden auculeinecatalpol teruggevonden in de
sluipwesperC. melitaecarum enHyposoter didymator en in de hyperparasitoid€elis agilis

en Mesochorus cf stigmaticus. De effecten van directe afweerstoffen werken des
effectiefst tegen genralistische herbivoren. Maarkan een conlict ontstaan wanneer de

140



Nederlandse samenvatting

chemische stoffen (directe afweer) gesequestreerdem en een negatief effect hebben op de
natuurljke vijanden van de rupsen (de indirecteeaiiju

Iridoide glycosiden en andere planteigenschappen als ovipositieprikkels

Een andere eigenschap van IG is dat ze kunnen wedte ovipositieprikkel voor
specialistische herbivoren en als voedselstimwas hun rupsen. Ihoofdstuk 4 beschrijf

ik het effect van IG en plantgrootte (voornamelj&t aantal blaadjes), van de waardplant
Plantago lanceolata (smalle weegbree), op het ovipositiegedrag van plecialistische
vlinder, M. cinxia (de veldparelmoervlinder). Een eerdere studie reeelfide soorten liet al
zien dat er een verband is tussen een hoog aucubirau in de plant en de keuze van
vlinders om hun eitjes op deze plant te leggen,rnradeze studie werd geen onderscheid
gemaakt of het niveau in de plant zorgde voor dpasitiekeuze (actieve keuze) of dat de
ovipositie het hoge niveau in de plant veroorzadkiductie). Ik heb een aantal twee- en
meerkeuze experimenten uitgevoerd met plantenatigchillen in 1G niveau, in kooien en in
het veld. In de kooien vond ik een positieve catreltussen het aucubine niveau in de plant
voor ovipositie en het aantal oviposities, wat amigdat er een actieve ovipositiekeuze is
voor planten met een hoger aucubineniveau. Detegsallaten ook een drempelwaarde zien
voor de concentratie, namelijk 1% van het drooggktviOnder dit concentratieniveau maken
de vrouwtjes geen onderscheid tussen de IG niveade planten. In tegenstelling tot de
kooiexperimenten, bleek in het veld de grootte danplant belangrijker te zijn dan de
hoeveelheid IG, waarbij op grotere planten (metmbégadjes) meer ovipositiegebeurtenissen
waren dan op Kkleinere planten, onafhankelijk vann hohemische afweerstoffen.
Waarschijnlijk hangt het dus af van de omgevingkeedignalen het belangrijkst zijn voor de
ovipositiekeuze van de vlinder.

Dat niet alleen de chemische afweerstoffen belgngijn in de ovipositiekeuze, is
ook duidelijk in hoofdstuk 5, waarin ik gekeken heb naar de ovipositievoorkdabitat
gebruik en geschiktheid van de voedselplant voaraalere specialist op smalle weegbree,
de bosparelmoervlindekelitaea athalia. In een grote kooi (26 x 30 x 3 m) heb ik gekeken
naar de ovipositiekeuze van deze vlinder. Er zijmt &erschillende waardplanten gebruikt die
allemaal I1G bevatten. De planten die het meestujjgbwerden zijn: aarereprijsvéronica
chamaedrys), gewone ereprijs\(. spicata) en smalle weegbreeP( lanceolata). Al deze
planten groeien in open weidegebieden, wat ovem@ahknet de plaats waar de volwassen
vlinders het vaakst vliegen in het veld. Het veilschwaardplant en habitatgebruik tussen
Aland, Finland (waar deze proeven zijn gedaan) edeee regio’s waar deze vlinder
voorkomt, kan een weerspiegeling zijn van lokalapassingen aan het landgebruik en de
geologie van het gebied, waardoor er clusters Vaime& open weidegebieden zijn ontstaan.
Ondanks het feit dat alle waardplanten WAnathalia IG bevatten, was de ovipositiekeuze
binnen de groep van waardplanten en tussen deidoéie planten binnen een soort
grotendeels onafhankelijk van het IG niveau in ¢Enip Alhoewel de vlinders specifieke
plantensoorten kiezen voor hun ovipositie, is deale omgeving van deze waardplanten
belangrijker dan hun IG niveau. Planten in groepergeven door kale grond, ontvingen
significant meer ei-groepjes dan planten in groepeigeven door vegetatie. De rupsen van
M. athalia hadden bijna geen voordeel van de waardplantkesare hun moeder. Ze
ontwikkelden zich even goed op alle plantensoogeruikt in het ontwikkelingsexperiment,
behalve opv. officinalis waar ze het slecht op deden. Deze plant werd dervoar ei-afzet
het minst gekozen door de vlinders.
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Kosten van iridoide glycosiden

Veel natuurlijke plantenpopulaties hebben genetisefariatie in het niveau van hun
chemische afweer tegen herbivoren. In smalle wesglsr er ook variatie in IG niveau. E€én
van de factoren die eraan bijdraagt dat deze varimstaat, zijn de zogenaamde fitthess-
kosten van chemische afweer, waardoor ze mindeomealkngen kunnen produceren.
Wanneer deze kosten er zijn, zou dit betekenenndde afwezigheid van herbivoren, de
productie, het transport, de opslag, de ontgifjgian de activering van chemische
afweerstoffen zou leiden tot een lagere fithessgeazaen de stoffen die gebruikt worden voor
afweer niet gebruikt kunnen worden voor groei, tex¢éng en reproductie. lhoofdstuk 6
beschrijf ik een hergroeiexperiment waarin ik hetkaken of er trade-offs zijn tussen
resistentie en een specifiek element van toleranéevermogen tot hergroei na ontbladering.
Planten met verschillend 1G niveau heb ik onderetweedingscondities laten groeien, rijk en
arm. Na acht weken heb ik de bovengrondse biomaggeknipt en de planten laten
hergroeien gedurende vijf weken. De vragen die ildavbeantwoorden zijn: 1) hebben
planten met een hoog IG gehalte kosten in termenwatel- en bladgroei, 2) hebben deze
planten een verminderd hergroeivermogen na bladgezh 3) zijn deze kosten duidelijker bij
een gebrek aan voedingsstoffen (nutriénten)?

Ik vond geen verschil in totale massa geproducelea hoge en lage IG planten.
Hoge IG planten produceerden wel minder bloeiarepr¢ductie kosten) en investeerden
minder in hun wortels dan lage IG planten. Na hegrwas de wortelmassa van hoge IG
planten die groeiden onder lage nutriéntencondisemificant lager dan die van lage 1G
planten onder dezelfde nutriéntencondities. Aaregedie wortelmassa voor hergroei positief
gerelateerd is met de bovengrondse massa na hergeygvacht ik dat na herhaalde
ontbladering, hoge IG planten er uiteindelijk nietslagen om hun bladhergroei vol te
houden. Trade-offs tussen resistentie (in dit géndlhebben van een hoog IG niveau) en
tolerantie in dit systeem, zullen waarschijnlijk spaichtbaar zijn na herhaaldelijke
ontbladering.

Conclusies

Wat kan er geconcludeerd worden over de effecten waloide glycosiden op de
verschillende herbivoren en sluipwespen, en velleohide observaties tussen de
generalistische en  specialistische  herbivoor-pariasi combinaties? Uit de
ontwikkelingsexperimenten is duidelijk naar voreekgmen dat er een groot verschil is
tussen specialistische en generalistishce herbivdbérecte afweer werkt goed tegen de
generalistische herbivoren; ze ontwikkelen langzamerden minder groot en de kans op
parisitering neemt toe (langere periode dat zepdenale grootte voor parasitering hebben).
Voor hun sluipwespen zijn geen negatieve effeceenl@ gevonden. Voor het generalistische
systeem bestaat er dus geen probleem tussen deeddreindircte afweer. Dit verhaal wordt
anders voor de specialisten. Voor de specidlisbnia coenia, zijn directe afweerstoffen
effectief; de rupsen groeien langzamer en hebberager popgewicht. Hiertegenover staat,
dat deze rupsen in staat zijn de IG te sequestrétiendoor worden ze oneetbaar voor veel
generalistische vijanden (de indirecte afweer varpknt). In dit geval kan er dus wel een
conflict tussen de directe en indirecte afweer damlant ontstaan. Vodd. cinxia, is het nog
weer anders. Hier hebben de directe afweerstofanpesitief effect op de ontwikkeling van
de herbivoren, waardoor de tijd dat ze beschikbganoor hun natuurljke vijanden, speciaal
voor de sluipwespen juist wordt verkort. Ook \WAncinxia is bekend dat zij IG sequestreren.
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Deze sequestratie heeft geen negatieve invloec antivikkeling van de parasitoiden, maar
uit proeven in het veld is wel gebleken dat rupsenplanten met een hoog gehalte aan
catalpol minder worden geparasiteerd dan rupsesndpr planten. In dit gevahebben hogere
gehalten aan IG dus niet alleen een negatief effedlirecte afweer (snellere ontwikkeling
van deruspen) maar ook op de indirecte afweer rgakgns op parasitering van de rups). Hoe
een plant zich dus het best kan verdedigen, haygteen groot deel af van wie de aanvaller
is. Voor generalisten werkt directe afweer primagambij specialisten is waarschijnlijk
indirecte afweer effectiever, mits de directe afing indirecte afweer niet tegenwerkt.

Meer onderzoek is nodig naar de effectiviteit vdm indirecte afweer. Worden
natuurlijke vijanden van herbivoren eerder aandgd®a door planten met hoge of lage
directe afweer? De eerste resultaten van mijn @oadér(niet opgenomen in dit proefschrift)
lijken erop te wijzen dat planten met veel direafiweer, minder viuchtige stoffen uitscheiden
na vraat. Maar dit is slechts gebaseerd op twestgrigenotypen, één met veel en één met
weinig directe afweerstoffen. Het is ook goed mikgedat niet de hoeveelheid vluchtige
stoffen, maar de samenstelling van deze stoffemnigeik is voor de aantrekking van
bijvoorbeeld sluipwespen. Voorts is het, wanneemdguurlijke vijanden eenmaal door de
plant zijn aangetrokken, natuurlijk nog van beldnog effectief ze zijn in de bestrijding van
de herbivoren. Een predator is het meest effeciefgezien deze de herbivoor opeet en
meteen verdere schade aan de plant voorkomt, madatpren zijn vaak generalisten en dus
gevoelig voor de directe afweer van de plant. Oecékiteit van een sluipwesp hangt van
verschillende dingen af, zoals in welk stadium darrups valt de sluipwesp aan, is hij solitair
of gregair en laat hij de rups nog groeien of vetlaij de rups? Voor de plant is het dus van
belang de juiste natuurlijke vijand aan te trekkdoe betrouwbaarder het signaal is dat de
plant afgeeft na vraat, hoe groter de kans is egidte “hulptroepen” worden gerekruteerd.

Een ander aspect van IG is dat het ovipositieudéert voor specialistische vlinders.
Voor M. cinxia enJ. coenia is het bekend dat ze vooral eieren leggen op gamtet een hoog
IG gehalte. Voor een plant in een omgeving met epelcialistische herbivoren, is het dus
beter om niet te veel directe afweerstoffen te kabbhangezien het de ovipositie stimuleert en
in het geval vam. cinxia ontwikkelen de rupsen zich ook beter op planten eesethoog I1G
niveau. Maar op plekken waar juist geen speciatib® herbivoren zijn, maar meer
generalistische herbivoren zou een plant juistijm directe afweer moeten investeren. Dit is
een effectieve afweer tegen generalistische hemaiven doordat het hun ontwikkelingstijd
vertraagt, verlengt het de tijd dat ze aangevatiamen worden door hun vijanden. In een
situatie waar zowel specialistische als generatie® herbivoren veel voorkomen, is een
intermediair niveau van directe afweerstoffen em egede tolerantie (bijvoorbeeld
hergroeivermogen) waarschijnlijk de beste verdedjgi

Verdere studies aan natuurlijke plantenpopulatieshivoren en hun natuurlijk vijanden zijn

nodig om te onderzoeken of conflicten tussen drect indirecte afweer echt voorkomen in
de natuur en wat de invloed is van vluchtige stoffe de rekrutering van natuurlijke

vijanden.
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Bijna vijf jaar na het begin van mijn promotieonzaek zit ik dan achter mijn laptop, in
Finland, om mijn dankwoord te schrijven. Het gee# een raar gevoel nu dan echt met het
allerlaatste voor mijn proefschrift bezig te zijdet NIOO heb ik al vier maanden geleden
achter me gelaten, maar ik mis de goede sfeer vateréh nog steeds. Vooral de
gezamenlijke koffie-, lunch- en theepauzes, waarger volledig op de hoogte werd gebracht
van de nieuwtjes van allerlei aard. ledereen opfiét heeft bijgedragen aan de gezelligheid
daar, maar sommige mensen wil ik graag in het bgeo bedanken.

Ten eerste natuurlijk Arjen, heel handig dat jodewur tegenover die van mij zat en
deze bijna altijd openstond. Zo kon ik altijd binme&andelen als ik de statitiek weer eens niet
begreep, een idee had voor een nieuw experimegewbon even jouw mening wilde weten.
Omgekeerd werkte dat natuurlijk ook, als je al weatang niets van mij gehoord had, dan
stond je ook zo in mijn kamer, om te vragen of &éEmaal nog wel goed ging. Op deze
manier is het gelukt om, ondanks wat strubbelingdmet begin, dit proefschrift te schrijven.
Zonder jouw hulp was dat niet gelukt. Ten tweeds daar natuurlijk Jeff, altijd in voor een
praatje. Naast jouw mening over politiek en klinsgatandering heb je me ook heel wat
geleerd over parasitoiden. Wanneer ik weer eenscigiie nodig had voor €én van mijn
artikelen, dan kon ik altijd op jou rekenen. De steewist je wel uit je hoofd te geven, erg
handig! The third perzon | like to thank is Saskyéthout your help | would have been lost
on Aland. You didn’t only show me the way to aletfield plots, but also helped me figure
out new experiments, when the wasps didn't wardadavhat we wanted them to do. | also
would like to thank you and your family for the Ipaslity in your house, when the Biological
Station was too full. | really enjoyed our coopematand hope we can work together again in
the future. Als laatste van mijn begeleiders wiLiuise bedanken. Je hield een oogje in het
zeil tijdens onze ‘maandelijkse’ bijeenkomsten. Miaren soms wat minder frequent dan
gepland, maar ondanks dat is toch alles, zelfeelcbmmissie, op tijd tot stand gekomen.

Naast hulp bij het denken en plannen, was ditfpobeift er niet gekomen zonder de
praktische hulp van een heleboel mensen. Als eeiktke Sonja bedanken voor haar wegwijs
in de wereld van de HPLC. Zonder jouw uitleg haddi& vele vele HPLC-samples niet
kunnen meten. Jouw protocollen staan nu ook hieFimtand op de computer! Naast de
HPLC heb je me ook geholpen in de kas. Zeker teemmor veldwerk op Aland was, heb jjj
samen met Hans mijn hergroeiproef verzorgd. Harskwian ook bedanken voor al zijn
werk in de kas (ondanks de rugpijn) en natuurlgkwvhet verzorgen van mijn rupsenkweken.
Daarnaast wil ik jou en Annelies bedanken voor eeetlige gesprekken en het lekkere eten
bij jullie thuis. Verder wil ik de hele werkgroewIP van harte bedanken voor de hulp bij mijn
experimenten toen ik op Aland was, voor de gezelifeer binnen de groep en de leuke
uitjes.

Zonder Gregor kan niemand praktisch werk doenatpOTE. Of het nu kasruimte is
die je nodig hebt, een klimaatkamer of ruimte vkooien in de tuin, Gregor is diegene die
het allemaal regelt en er ook nog voor zorgt datiente is voor iedereen. Je stond ook altijd
klaar in wit marsmannenpak als mijn weegbree wees @eplaagd werd door meeldauw of
luis en zelfs nu ik hier in Finland zit, kan ik f@g steeds mailen voor bestrijdingsadvies.
Bedankt! 1k wil Nicole en Kees bedanken voor hurphbij de GCMS, helaas staan de
resultaten van dit werk nu niet in dit proefschfifier jaar is toch echt te kort), maar ze zullen
niet verloren gaan. In dit rijtje wil ik dan ook ¥éher bedanken, die menig gasfles voor mijn
metingen heeft verwisseld. Daarnaast stond jeldtgar als ik weer een iets wilde lenen, en

145



Dankwoord

heb jij heel wat bestellingen voor me gedaan. Rlgviecher niet kon vinden, dan was Henk
altijd wel bereid om mij bij te staan bij de gasfMsselingen. Ook voor balansen die niet
meer wilden wegen, of het maken van digitale fotmigler de microscoop stond Henk klaar.
Dat je Veronica niet opdezelfde kolom kunt meten &kantago, daar kwam ik samen met
Roel achter. Roel ik wil je bedanken voor al dehtesche ondersteuning bij de HPLC, de
bereidheid altijd terug te willen komen als de HRkEer eens zijn eigen wil had, ondanks dat
het je vrije dag was en voor het uitzoeken vanuitg kolom voor het meten vaferonica.

Ab en Gilles bedankt voor het maken van mijn deaelbdeooien en het nasturen van de
noodset om een opening te maken, het repareredevanveelste lamp in de zuurkast en het
openschroeven van te strak dichtgedraaide maatheké&rder wil ik Suus en Chrisje
bedanken voor de administratie (zelfs nu betaaog mijn chemicalién), Gerda, Gerrie en
Elly voor alle formuliertjes, emailtjes, pakketjetc. die overal heen moesten, en natuurlijk
voor de gezellige kletsmomentjes als ik echt evenogg had van het schrijven en ik dan
maar 0,50 € kwam halen voor de snoepautomaat.

Behalve voor werk was er ook genoeg tijd voor fegreeid, tijdens de pauzes de
veluweloop, de werkgroepuitjes, de bhv-herhalingsda en het wachten op de pont. Hiervoor
wil ik met name Agaat, Annemieke, Christa, Ciskiy,EErik, Eva, Hanneke, Koen, Leonard,
Margriet, Maria, Paul, Paulien, Pella, Roel, Rolayiia, Tanja en Wietse bedanken.

Haluaisin kiittdd sinua, Kaisa, yhteistyostasi i@eesa. Illman tutkimustasi
ratamoverkkoperhosesta vaitoskirjani lukua 5 esiailemassa. Tydssa tehdyn yhteistyon
liséksi kdvimme mukavilla kavelyretkilla saaren yamip vietimme elokuvailtoja ja etsimme
tikankonttia. Haluaisin kiittad myods Annea, RiikkaKirkoa ja Suvia seurasta Naton
Biologisella asemalla.

De laatste twee jaar heb ik ook veel tijd doorgeht in Lausanne, om daar aan mijn
analyses en manuscripten te werken. Ik wil allesearvan de Nederlandse borrels bedanken
voor de gezellige avondjes. En patrticulier, jaiaisremercier Anne, pour sa compagnie, son
amitié, tous les pauses de café et de midi toujausssi sympats, rendant mon séjour a
Lausanne encore plus agréable. J'espére que nsigsom®s en contact et que nous aurons
beaucoup de visites et de bavardage a skype.

Naast mijn collega’s heb ik tijdens mijn OlO-pet&ook veel steun gehad aan mijn
“Marnix” vriendinnen, door onze gezellige jaarliksveekendjes weg, de landendiners,
kleurendates en noem maar op zorgden jullie voonatige ontspanning tijdens deze tijd.
Bedankt Annelies, Anneloes, Jacqueline Jessicaiedal In het bijzonder wil ik Andrea
bedanken, voor al haar vriendschap door de jaren!H& ben dan ook erg blij dat jij mijn
paranimf wilt zijn. Samen met Carmen en Ron errI@@ine en Rien, zorgde jij ook voor de
gezellige tijd op scouting. Ik wil jullie en alleakouters dan ook heel hartelijk bedanken voor
alle leuke, hectische zaterdagen, maar ook zeker watle weekend- en zomerkampen,
hierdoor had ik toch nog altijd een beetje vakadtier het jaar heen.

Zonder mijn familie was het me niet gelukt omptibefschrift te schrijven. Niet alleen
in woord maar juist ook in daad stonden zij altimbr me klaar. Ten eerste wil ik Renske en
Annamien bedanken voor hun gastvrijheid, de eaerstanden van mijn OIO periode kon ik
bij Renske en Wim in Bennekom terecht, en toen migubels al naar Finland verhuisd
waren, was er bij Annamien, Robin en Corné eenrgaspedje voor me. Ook met praktische
zaken hebben jullie mij geholpen. Annamien heeft &e nog steeds over dat ze naar
vlindereitjes gezocht heeft samen met een condycegude vieze dode rupsen die elkaar
opaten. Mama heeft heel wat maalbekers gevuld &rege en ook papa kan zich vast de
beschimmelde bladeren nog wel herinneren. Robirft reeer dan eens taxi voor me
gespeeld, wanneer ik weer eens in het weekendnietsnijn planten of beestjes moest doen,
en Dennis zorgde voor de nodige geestelijke ontlictramelijke inspanning, tijdens onze
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renhalfuurtjes op zondagochtend. Ook Lilian, hait mem wil ik bedanken voor hun
belangstelling en steun en Marin voor haar geZedidy Lieve familie, bedankt voor alle
hulp!

Als laatste dan de meest belangrijke persoon.efeleerst was je mijn drukke, altijd
aanwezige, troepmakende kamergenoot. Maar na dejadmaveranderde je in de nog meer
aanwezige, ook in mijn huis troepmakende vriendstaat altijd voor me klaar, met welke
vragen ik ook kom. Dan is het weer statistiekiklisiet begrijp, een vastgelopen computer of
hoe je iets schrjft in het Engels. Geduldig hebaljemijn versies van mijn hoofdstukken
gelezen en herlezen, mijn literatuurlijst tot op lkdemmma nagekeken en mijn wisselende
humeur tijdens het schrijven en herschrijven orhgen geduld. Op afstand en dichtbij heb je
me altijd gesteund tijdens mijn onderzoek. Jelntaéren we samen, hopelijk voor altijd
dichtbij elkaar, gelukkig blijven!
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