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ABSTRACT

Global environmental change affects not only species, but also their interactions, e.g. host-parasitoid
relationships, exceedingly common in nature. Boloria eunomia is a well-known vulnerable butterfly species,
but its parasitoid had never been profoundly investigated. In this thesis, we focused on the relationship
with one of its parasitoid, the Cotesia eunomiae wasp. Firstly, the relationship was investigated from the
host side. The study of the impact of habitat quality on the parasitoid prevalence revealed that suboptimal
habitats may be used by the butterfly to decrease the mortality due to parasitoids (enemy-free space).
Then, based on a literature review, we studied how ecological and/or morphological factors of Lepidoptera
caterpillars explain why some species are parasitized by a larger set of Braconidae parasitoids. Secondly,
we undertook different studies to study the relationship from the parasitoid side. An olfactometric study
did not succeed in detecting infochemical compounds that are attractive for Cotesia females during
their host search. Improvements in the experimental design are suggested. Then, we discussed how
parasitoids affect the growth of their caterpillar host, and how the condition of the host affects survival
of the parasitoid larvae. Finally, genetic analyses were conducted to characterize the metapopulation
structure of C. eunomiae. However, microsatellite loci failed to reveal inter-individual and inter-population
polymorphism. Finally, we explored the possible role of the caterpillar parasitism as a regulatory factor of
population dynamics...
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THE CURRENT BIODIVERSITY CRISIS

Biodiversity crisis context

Worldwide, the Earth experiences a considerablelegate degradation: all
levels of life organization, genes, species, edesys, entire landscapes are
injured (Mooney 2010). This is called the sixth diersity crisis. During
the past, our planet has been shaken by drastidsetieat have profoundly
affected it and demonstrates that life is vulnexglite last event took place
65 million years ago and corresponds to the defoisthe dinosaurs, Myers
and Knoll 2001). But nowadays, the global environtabchange is no more
natural. Indeed, natural systems are affected byanuactivities, which
deplete our collective natural capital (Ehrlich awdlson 1991, Mooney
2010). Moreover, none of the previous crises has ls® instantaneous and
so important, with global biodiversity disappearmtgan unprecedented rate
(Sala et al. 2000). Among the almost 55000 plard animal species
assessed, nearly 17000 are known to be threateitedextinction, while
more than 700 have disappeared over the past 508@rs ye
(http://www.iucnredlist.org/), and if present trendontinue this could even
be worse (Myers and Knoll 2001). These observatimve lead scientists to
draw, over the last century, the alarm regardimgldiss of biodiversity. This
has allowed the awareness of the Earth problemeteldp at virtually all
levels, from local to nation states and to inteoratl treaties. Therefore, at
the international scale, several organizations hsas the Convention on
Biological Diversity CBD, the Intergovernmental Raion Climate Change
IPCC, the International Union for Conservation oétite IUCN) have
created conventions giving precise goals concernibigpdiversity
conservation. For example, for 2010, the Intermatiorear of Biodiversity,
the 190 Countries belonging to the Convention ooldgjical Diversity
should have reduced the rate of biodiversity Id3alriford et al. 2005,



Scholes et al. 2008) but at this date there i$ atilack of substantive
progress (http://www.cbd.int/information/statemestiml).

Causes and consequences of the biodiversity crisis

The world and its ecosystems are threatened byaenapid changes: loss
and fragmentation of natural habitats, increasingpapheric C@levels and
associated climatic change, deposition of anthrepmglly fixed nitrogen
and biotic invasions (Tylianakis et al. 2008). Mflese causes have been
grouped under a more general concept: global emviemtal change (GEC).
The effects of GEC are perceived on populationscamdalter the networks
of interactions among species (Tylianakis et aD7)0 The final effect of
these drastic changes results in the decline éoextinction) of species and
the modification of community composition.

Human activities have profoundly changed the laads at an ever
growing speed. Not only habitats are destroyedtdwgricultural and urban
development, road construction, deforestation, &gt also the remaining
habitat patches often become exceedingly fragmefiteese two effects on
natural habitats are the most important causesopilption extinctions
(Saunders et al. 1991a, Fahrig and Merriam 199%4ri¢grd 997, Sih et al.
2000, Ceballos and Ehrlich 2002). Destruction dura habitats leads of
course to local extinction of populations, whilebhat fragmentation can
have several effects on the local population dynanof a species in the
remaining patches which ultimately may affect thére metapopulation of
that species (Bull et al. 2007). Thus, a decreagaich size usually leads to
a reduction in the local population size of a spgcDue to this reduction in
size, populations are highly sensitive and moreejutible to extinction from
stochastic perturbations (Shaffer 1981, Gilpin @allé 1986, Caughley
1994, Morris and Doak 2002): demographic stochiégticandom variation

in demographic parameters due to the chance \ariati individual birth



INTRODUCTION 5

and death), genetic stochasticity (changes in ealfebquencies due to
founder effect, random drift or inbreeding), andieanmental stochasticity
(variation in the external environment, and botimpgeral and spatial,
affecting demographic properties of an entire pafoh) (Shaffer 1981,
Morris and Doak 2002).

All species are linked in networks of biotic réaiships (Ricklefs
and Miller 2000). These interactions, occurring various spatial and
temporal scales, can differ in strength and in sigither positive
(facilitation), negative (inhibition) or neutral §ble i.1). These interactions
involving all species (from the soil to the air) ynee more susceptible to
GEC, as they are sensitive to the phenology, bebaviphysiology and
relative abundances of multiple species (Vidal afstharntke 2001,
Tylianakis et al. 2008). Species interactions amn@reg the most important
forces structuring ecological communities (Gilmarale 2010). Any change
in interspecific interactions may, consequently,ofpundly perturb
community composition and functioning (Berg et 2010, Barbosa 1988,
Thompson 1996). Such changes happen because, ama sommunity,
species do not have the same potential in theilogioal and evolutionary
responses to deal with global changes. Accordingdent studies, climatic
change has already caused phenological mismatbhearfott et al. 2007,
Both et al. 2009, Primack et al. 2009). Moreover,small and isolated
habitat fragments due to a pollinator deficit,ppaars that plant population
viability decreased through inbreeding depressiord aeduced seed
production (Lennartsson 2002). The importance ofiseoving these
interactions and associated processes, as weltahgponent species, has
been stressed repeatedly (van der Putten et af, Zod)/field et al. 2009),
particularly as humans rely directly or indirecityn ecosystem services
associated with species interactions, such aspabn (through the yield of
many crop and by the contribution of the healthyctioning of unmanaged

terrestrial ecosystems Memmott et al. 2007) andlodical control.



Preserving diversity is therefore dependent on @y interactions
(Tylianakis et al. 2008).

Tablei.l. Categories of relationships between species (regtiftom chapter 20 in
Ricklefs and Miller 2000).

Effects of interaction

on
Type Of. Species 1 Species 2 Example of interaction
interaction
Competition Negative Negative
. . Predator-Prey
Consumer- E)(:smve ][:I)?gatlve Parasite (Parasitoid)-Host
resource Herbivory
consumer resource .
Disease
Detritivore- Positive  Indifferent
detritus
] ] N Pollinisation
Mutualism Postive Positive Symbiosis

The knowledge of multispecies interactions is fameéntal to
understand the regulation of biodiversity and thmpact of environmental
changes on communities (Berg et al. 2010) in oraldretter preserve them.
The best way to describe community and populatariogly might be to
study all complex trophic interactions of multipkpecies. Besides, new
frameworks and conceptual tools emerge to undefstaow species
interactions are affected by global change and¢dipt the impact of such
changes on species (Gilman et al. 2010). Nevedbgeteophic interactions
are so complex and various that understanding simglstems is often a
useful prelude in order to understand more complexs (Murdoch et al.
2003b). Among all interactions, the consumer-reseupne plays an
important role in regulating population dynamicsmenunity structure, and
diversity, and has been mentioned as being a fuedtahunit of ecological
communities (Rayfield et al. 2009). Indeed, virly&very species is part of

such kind of relationship, as a consumer of liviegources, as a resource for



INTRODUCTION 7

another species, or as both. Such interactionsraegldition, fundamentally
prone to being unstable. Therefore, understandingsumer-resource
relations is required to study population dynamieds (Murdoch et al.
2003a). Ecological theory has already producedaatify of models for this
interaction as Lotka-Volterra and Nicholson-Baileyodels and later
modifications of the original equations (for an owew of this classical
theory, see Murdoch et al. 2003a).

Insects regroup the largest number of specielseaEarth scale and
are present in all landscape. They are also camsidas being a major
component of communities and ecosystem involvethamy multi-species
interactions, whether as prey, predator, paragitdinator or herbivore
(Samways 1996). Therefore, they are included inyn@msumer-resource
interactions either as the resource or the consumsect herbivores are
attacked by a wide range of natural enemies (Targasmet al. 2001, Hooks
et al. 2003). Determining and quantifying the impafcthese enemies on the
insect populations is a key question in ecologyagitoids, one of the insect
consumers, have potentially a high influences oairtlinsect resource

population dynamics (Hawkins et al. 1997).



EVIDENCE OF HOST-PARASITOIDSINTERACTION IN NATURE

Host-parasitoid relationships are exceedingly commio nature and
particularly in insect world. Parasitoids represext least 10% of all
metazoan species, they are included in almost edfedtrial insect
communities and few insect species are exempt &tiack of parasitoids
(Godfray 1994). They also included some of the mepetcialized
relationship and pose challenging research quesabout the ecology and
evolution of interactions at all levels from mol&uto population, to

community and to ecosystem (Ehrlich and Hanski 2004

What is a parasitoid?

Parasitoids are insect species whose larvae dei@loaturity by feeding on
the still-living bodies of other organisms, usuaihsects, and eventually
killing them (Godfray 1994). Parasitoids are abuntdand diverse insects
that are present in nearly all terrestrial ecosyste Parasitoids could
constitute 20-25% of all insect species (Godfrap4)9 with the most
important genera belonging to Hymenoptera wasps Biptera flies

(Godfray 1994).

The basic life history of such organisms has bdescribed in
details by several authors (e.g. “Parasitoids: ehal and evolutionary
ecology” by Godfray 1994; “The spatial and tempadgthamics of host-
parasitoid interactions” by Hassell 2000; or “Péaoid population biology”,
by Hochberg and Ives 2000). The life cycle is dplitwo well distinguished
phases: adults are free living, whereas larvaeaacboth predator and
parasite (Fig. i.1 illustrates one example of pitoak life cycle). For the
second phase, depending on the host stage on thigicHarvae are feeding,
one can group parasitoids into egg, larval, pupal,adult parasitoids.

Parasitoids that lay eggs in one stage and develttyie next stage are called
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egg-larval or larval-pupal parasitoids. For theosetphase, the development
may be gregarious (gregarious parasitoids lay plalteggs and many
individuals can develop per host) or solitary ¢soli parasitoids usually lay
one egg in a host); moreover, larvae may be intemaxternal to the host
as they develop (respectively, as endoparasitaidsctoparasitoids) (Shaw
2006). According to the moment in which the hoskilked as a result of
parasitoid larval development, a distinction is méeétween koinobiont and
idiobiont parasitoids. The first ones let their h@®ntinue to develop
(usually continuing to feed, and being able of -pe#fserving behaviours)
after the female parasitoid has oviposited intomtereas the second ones
kill or irreparably immobilize the host at the tinoé attack (Askew and
Shaw 1986). It is suspected that koinobionts haviag intricate
physiological relationship with their host tendhave relatively narrow host
ranges, while the host ranges of idiobionts tendo¢o potentially wide
(though in practice resource security may allownthéo evolve as
specialists) (Askew and Shaw 1986, Shaw 2006). baipg on the number
of host species that a parasitoid can attack, @me distinguish between
generalist parasitoids that attack and develop wida range of host species
and specialist parasitoid species that use onlyasng limited number of

host species. Table i.2 summarizes the main cleistits of parasitoids.
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Life cycle of Cotesia glomerata, a braconid parasitoid
of imported cabbageworm. -
RCET T

¥ larvae develop in caterpillar .

% i 0 e ez
lemale lays eggs in caterpillar pupae in silken cocoans

A é adulls amarge v
- oy Bar indicates
LI lile size of adult

{~7 mm long)

Figurei.l. Example of a caterpillar endoparasitoid life cy@etesia glomeratds a
Braconidae  parasitoid attacking Pieris rapae caterpillars.  (source:
http://www.nysaes.cornell.edu/ent/biocontrol/pa@ds/cotesia.html).

Tablei.2. Major distinguishing features of parasitoids.

o endopar asitoids: develop in host body
2 types of parasitoids

ectoparasitoids: develop on host body

koinobiont: allow the host to develop until
Host survival after parasitoid parasitoid egression
oviposition idiobiont: the host is killed or irreparably

immobilized at ovipotision

Number of individual solitary: one individual

emerging from the host gregarious. more than one individual

specialist: one host species

Number of hosts ) )
generalist: more than one host species
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This group of animals has long been neglected dnservation
biology (Shaw and Hochberg 2001). However, the iseitg of specialist
parasitoids to habitat change is greater thandhé#teir hosts (Kruess and
Tscharntke 1994, Lei and Hanski 1997, Ryall andriga®005, Shaw 2006,
Hilszczanski et al. 2005). Indeed, existing at bigtrophic level, they are
more likely to be eliminated by stochastic everitey are also highly
vulnerable to periods of host scarcity (each hpsties being the keystone
resource for the host specific parasite) (Thomp$686). Some authors
argue that specialist parasitoids of threatenetshsi®uld be conserved not
only for their own sake, but also for that of thest (Shaw 2006).
Furthermore, parasitic wasps being dependent oontaxically diverse
groups of insects (e.g., Askew and Shaw 1986), gh HWiversity of
parasitoids is generally accompanied with a higlerdity of herbivores.
Therefore, it appears that the monitoring of paiasiasps could be useful
to follow the recovery of habitat biodiversity, éikorest in plantation stands
(Maeto et al. 2009).

Parasitoid and their host relationship

The relationships between hosts and parasitoitsnxéommunities
are frequently linked in complex food webs, withrtifier potentially
structuring influences arising from the presence hyfperparasitoids
(parasitoids of parasitoids) (Muller et al. 199@Jhen we look at the pair-
wise interaction -host and parasitoid-, much knolgée has been gained on
the study of pest and their biological control, ehiprovides key
components of species interactions, but not nedbssaddresses the
processes involved in long-term stable interactitv occur in natural,
unmanaged systems (Hawkins et al. 1999). Thes@&sthdve shown among
others that parasitoids can effectively reducesthe of their host population

(see Hawkins et al. 1999, Hochberg and Ives 2008Xamples). As being a
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consumer-resource interaction, the resource, winsclnere the host, is
automatically killed. It is therefore clear thatrasitoids can have an impact
on the number of adult herbivores of that genematichis could lead to a
reduction of herbivores in the next generatiorhd total number of (larval)
offspring is also decreased. In a more “naturatesyy studies realized on
the ecology of Melitaeini butterflies (Wahlberg &t 2001, Ehrlich and
Hanski 2004) have brought several information onstiparasitoid
interaction. According to these studies, it is ol that parasitoids are an
important part of their complex of natural enemid®ore 1989, Lei and
Hanski 1997) and it was suggested that they cdalglgppredominant role in
the population dynamics of butterflies (Ford andd=b930, Lei and Hanski
1997, van Nouhuys and Hanski 2002b). But in natsyatems, the existence
of such top-down control using parasitoids on hagpulations is still to
confirm. It has been suggested that in naturalasaos, entire parasitoid
complexes, rather than single species, controintimber of herbivores or
parasitoids associated with another source of dhtains. Alternatively,
many systems are likely to be controlled by 1) dmotup processes, where
the number of herbivores is dependent on the amamdt quality of
resources supplied through the plants, and 2) pydtavn processes, where
predators or parasitoids numbers depend on the ewoftherbivore hosts.
Furthermore, in many instances the population dyosnof hosts and
parasitoids are greatly influenced by variationgimvironmental conditions
like weather regimes (Redfern and Hunter 2005,e8t&n et al. 2005).
Another possibility is that parasitoid populati@re themselves regulated by
a higher trophic level such as hyperparasitoida (fauhuys and Tay 2001).
Currently, many authors agreed that in natural camties, both bottom-up

and top-down regulations play a role simultaneausly
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THE HOST BUTTERFLIES

Butterflies, as other insects, suffer of undergathgnges (Samways 1996,
Fonseca 2009). Their populations, since severakysaw, are dramatically
decreasing (Van Dyck et al. 2009). Studies with iaterest for this
ecological topic have been fulfilled during the tpesntury and each year
new ones abound in ecological journals. Butterftiage been the subject of
various studies in population, metapopulation (&gomas and Hanski
1997, Baguette and Schtickzelle 2003), and commuaitology (e.g.
Steffan-Dewenter and Tscharntke 2002, Tscharntle. &002b), to a large
extent because they are conspicuous and are fribgties targets of either
conservation effort or pest control (van Nouhuyd Bianski 2002b).
Butterflies interact with other species in theamanunity, species at
higher, lower and equal trophic levels. Understagdhe link between a
butterfly species and another organism is of gimabrtance in ecology in
order to better understand the studied system lsatta better protect the
two species involved. One important and obligateraction (herbivory
type) is the relation between caterpillars and rthest plant. Another
relationship, occurring mainly in the Lycaenidamily, is the one implying
caterpillars and ants (myrmecophily) (Elmes e2@D1, Thomas 2002). This
well-studied relationship is usually a mutualisine tlarvae secrete sugars
and amino acids, which are harvested by the amtslgdo and Thomas
1992). Butterflies represent also choice prey f@dptors (including birds,
mammals, lizards and arthropods such as spiderdags). Moreover, all
immature stages (eggs, larvae and pupae) of therfbytlife cycle can be
attacked by parasitoids (Dempster 1984, Wahlbefi) 20an Nouhuys and
Lei 2004, Stefanescu et al. 2009). The relatiorsshyetween attacked
butterfly host and parasitoid species have beeokew in several studies
(Wahlberg et al. 2001, Anton et al. 2007, Stefanegcal. 2009), as well as

the tritrophic relation involving the first levelf guch interaction (the host
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plant) (Nieminen et al. 2003, Fatouros et al. 200%jeed, natural enemies
of herbivorous insects are influenced in variouysMay the food plants of
their host species; for example checkerspot lasepiester iridoids from
their food plants to defend themselves (Niemineralet2003), and some
volatile compounds released by herbivore infestiedtp attrack parasitoid
wasps (Havill and Raffa 2000). In the Pieridae fgnparasitoids have been
invoked to explain the change of host plant (Ohsaki Sato 1994). Besides,
parasitoids are one factor suspected to be redpersi the fluctuation of

butterfly population size, some being able to pteskisappear populations
of their host (Hanski and Kuussaari 1995).

GENERAL OBJECTIVE OF THISTHESIS

As stressed before, a better knowledge of the doten between two
species is useful to understand and protect theneruenvironmental
changes. The host-parasitoid relationship studiethis thesis corresponds
to the bog fritillary butterflyBoloria eunomiaLepidoptera: Nymphalidae),
as host at the caterpillar stage of the parasiteadp Cotesia eunomiae
(Hymenoptera: Braconidae: Microgastrinae). In Baigi biological and
ecological aspects (metapopulation, genetic, habitispersal...) of this
butterfly species were deeply studied, makBigeunomiaa well-known
species (e.g. Schtickzelle et al. 2002, Schtickz&003, Baguette and
Schtickzelle 2003, Schtickzelle et al. 2006, Twlat al. 2009). However, its
relation with parasitoids has never been profoundiestigated. In 1996,
caterpillar parasitism was detected but withouthfeir studies (Waeyenbergh
and Baguette 1996). Thus the objective of thisishés twofold: 1) to

improve knowledge of this specific relationship,imiahow the two species
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interact and 2) to investigate the possible rolepafasitoid in its hots

population regulation.

STUDY SYSTEM

The herbivore: The bog fritillary butterfly

e Description

B. eunomias a small fritillary with average wingspan of 8240 mm. The
lesser fritillaries all tend to look very similandhe upper surface of the
wings with black markings on an orange-brown to batkground. The
outer margin of the wings is lined with silver chewns. The bog fritillary is
best characterized by the submarginal row of pespbts surrounded by a
black rim on the underside of the hindwing, whisforange with light non-
metallic bands (Fig. i.2). Females differentiatenfrmales through a darker
upperside of the wings, a bigger abdomen, andiag bedler than males.

Figure i.2. Underside of female (left, picture from C. Turlura)d male (right,
picture from N. Schtickzelle) wings.
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* Geographic range and habitat

B. eunomiais a glacial relict species. It presents a didooous boreo-
alpine distribution (Fig. i.3)This specialist butterfly species inhabits, in
Western Europe, peat bogs and unfertilized wet meadvhere the Bistort
(Persicaria bistortal.; Polygonaceae) grows. It is the only host plaht
caterpillars and food plant of imagoes in this édits distribution area (Fig.
i.4).

s
\& 3

Figure i.3 European distribution oB. eunomia Figure i.4. Persicaria bistorta

(reprinted from Fichefet et al. 2008). leaves (top: typical habitat of
caterpillars) and  flowers
(below: adults food).
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e Ecology

Adults are on the wing in one generation (univetspecies) from May to
July, showing a marked protandry process (malesapp before females)
to maximize their expected number of matings. Dwrihe flight period,

males actively patrol in host plant patches lookiog emerging females.
Small, cream-colored eggs with longitudinal ribe kid in groups of 2-20
either under host plant leaves or on surroundiagtpl The reddish-brown
caterpillar has many branched spines. Third- amdtttie instars overwinter.

The life cycle is represented in figure i.5.

Small clutch
of eggs

First instar caterpilla
{before the diapause)

Boloria eunomia

life cycle

Female

Last instar caterpillar
(after the diapause)

algls|&1l<s | = ola g |2
5188|285 |3(3(|8|8|5|4&
Egos

Larva

Pupa

Adult

Figure i.5. Life cycle of B. eunomia(pictures of adult, eggs and pupae from C.
Turlure).
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« Status

In Europe, according to theJCN Red List of Threatened Speci@san
Swaay et al. 2010B. eunomiais considered as of least concern at both
geographical Europe and the EU27 levels. In Wadlpits current status is
considered as rather rare and the species is iméemd protected by law
(Fichefet et al. 2008).

The parasitoid

This butterfly is known to be parasitized at thevdh stage by aCotesia
species (Waeyenbergh and Baguette 1996, GoffarDen@ast 2000) but
this aspect has not yet been profoundly investijaiéne parasitoid wasp
species attacking. eunomialarvae belongs to the Braconidae family, the
second largest family of parasitic wasps (Shaw ldadhberg 2001). This
species was in the past misidentifiedGmstesia vestaligHALIDAY 1834)
(Shaw 2003). It is now recognized as a new sp€sis species description
in Shaw 2009).

« TheCotesiagenus

The current usage of the generic naGwesia(Hymenoptera: Braconidae:
Microgastrinae) is relatively recent (Mason 19&ijd the previous literature
pertaining toCotesiaspecies used the traditional nadpantelesFoerster
(which now has a more restricted application: Mat881).Cotesiaspecies
are all koinobiont endoparasitoids, which can dgveduccessive broods on
a single host generation (Shaw et al. 2009).

Many Cotesiaspecies are important natural enemies of agrialltu
and forestry pests, and a few have been manipukddaiocontrol agents.
One, C. glomerata(Linnaeus), is a common parasitoid of the Eurasian

cabbage white butterflies (speciesRagris Schrank) and has been studied in
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considerable detail both in the laboratory andhinfteld, with the generation
of a vast associated literatu@otesiaspecies are also known to parasitize
Melitaeini butterflies, such allelitaea and Euphydryasspecies which are
parasitized byCotesia melitaearunmand Cotesia bignelli The potential
impact of these parasitoids on their host poputasosuspected large (Ford
and Ford 1930, Porter 1981, Lei and Hanski 199%, Nauhuys and Lei
2004).

* The case of€otesia eunomiae

A detailed description of this species has beelizeghrecently by Mark
Shaw (Shaw 2009). Except for sexual differencedesnand females are
morphologically identical. They length 2.4mm (Fid) and have a black
body with slightly brown wing membrane.

Figurei.6. C. eunomiaeictures (extracted from Shaw 2009). 1.: wing,f@male
profile.

This Cotesiaspecies is a gregarious koinobiont endoparasittsd.
total host range is actually unknown but (Mark Shpers. comm.)C.
eunomiaemight be specialized oB. eunomiacaterpillars. Many aspects of
its life cycle are still unknown. However, we susiphat this species has, as
the other Cotesia species, several generations in one host generatio

Actually, we known that post diapauBe eunomiacaterpillars are attacked
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by this Braconidae, which emerges in concert frtsvhost in June forming
small yellow cocoons to pupate (Fig. i.7). Adulteezged on average 14
days after pupation (unpublished data). Furthermaeecalso known (Annex
[11.1) that female wasps accept to lay eggBineunomiafirst and second

instar caterpillars.

~a

B. eunomia caterpillar
before parasitoid egression

Beginning of larval parasitoid
Bgression

All larval parasitoid have emerged \
and begin to spin yellow cocoon i

Emergence from yellow coccon
of adult wasp

Figurei.7. Successive stages of parasitoid egression fr@&nmeunomiacaterpillar.
After parasitoid egression, caterpillars walk d parasitoid cocoon muff and die a
few days after.

During our field work, hyperparasitoid species ehiag C.
eunomiaehave been collected. Until now, at least threeciggehave been
identified (Fig. i.8):Gelis agilis(Fabricius) (Ichneumonidae: Cryptina&,
proximus (Foerster) andLysibia nanus (Gravenhorst) (Ichneumonidae:
Cryptinae) (MR Shaw, personnal communication). Ttedy are very
common parasitoids dfotesia(and other parasitoid) cocoor@. agilis a
flightless generalist species, is also known taackttC. melitaearum
(parasitoid of Melitaea cinxia caterpillars) (Wahlberg et al. 2001, van

Nouhuys and Hanski 2002b, Stefanescu et al. 20083. species can even
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cause local extinction ¢C. melitaearumpaopulations, which affects lar-
scale population dynamics of the I butterfly #an Nouhuys and Tay 20C
van Nouhuys and Hanski 200).

Lysibla hanus  Gelis proximis  Gelis agilis Hyperparasitoid
‘\Coresia /erunomiae /, Parasitoid
Boloria eunon/ria caterpillar Butterfly
Persicatia bistorta Plant

Figurei.8. The parasitoid food web associated vBoloria eunomian Pisserotte

The study area

This study was conducted a56 ha peat bog, the Fange de Pisserotte n
reserve (¥, Belgium, 50°13'N, 5°47’E), located in the Plaiedes Taille:
landscapeThis choice lies within the framework of researchealized by
the UCL in the peat b of this landscape, where butterfli€goffart anc
Waeyenbergh 1994, Goffart et al. 2), plants, birds, mammakge studie
since a long timebut where parasitoids are still not welbcumente.
Moreover,B. eunomi is still a long time studied in this Belgiaagior (e.g.
Baguette and Neve 1994, Néve et al. 1994, Nevd. 4986, Petit et a
2001, Schtickzelle et al. 2007, Turlure et al. Zf).

In the Fange de PisserottP. bistorta occurred in 27 differer
patches (24053 n (Fig. i.9). Habitat type of each patch was previot
determinedaccording to the presence and abundance of pla&tiegand
characterized as being either wet mea¢, in which species such
Deschampsiacespitos, Anemone nemorosaccurred, short sed fens

whereM. caeruleapredominates, fen grasslands characterised byspliiar
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Valeriana reptansAngelica sylvestrisCirsium palustre rushes represented
mainly by Juncus acutiflorus Viola sylvestrisand Rumex acetosaor
heathlands, where Ericaceae speckac€inium vitis-ideaand Vaccinium

uliginosun), Polytrichum spandCalluna vulgarisare found (Turlure 2009).

Habitat type
], wel mepcows

Figurei.9. Map of the study area: the Fange the Pisserotte heibitat type of the
P. bistortapatches : wet meadows (pink), heathlands (wighghes (green), short
sedge fens (red), fen grasslands (blue).
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OUTLINE OF THE THESIS

This thesis is divided in three parts. The firsttps composed of the first
two chapters and regroups information gatherecherhbst species, the bog
fritillary butterfly. The second part, chapters43and 5, considers the side of
the parasitoid species. The last part focuses enntpact of the parasitism
on its host population dynamics at a temporal scale

In the first part, the point of view of the hostasvconsidered. In
Chapter |, we addressed the question of how caterpillar ornabitat and
parasitoid prevalence interact to shape habitacgeh in the bog fritillary
butterfly B. eunomia In this system, we focused on the importance of
enemy-free space for the butterfly to reduce impeaictparasitism. In
Chapter I, we tried to understand why some Nymphalidae Hiytepecies
are attacked by a higher number of Braconidae wHsps others. Thus, a
literature-based database of host-parasitoid ictierss was constructed. To
find explanations to these observations, the ingmoe of some ecological
and morphological factors of butterfly hosts wevaleated. Results of this
study was used to understand why our long termystafdtwo peat bog
Nymphalidae in BelgiumB. eunomiaandB. aquilonari$ has revealed that
only the first specief3. eunomiawas parasitized during its last larval instar.

In the second part, we brought more informationceoning the
parasitoid species. FirstyChapter 111), a preliminary study investigated
three categories of infochemicals proved, in stditother host-parasitoid
systems, as significant volatiles odors permittmgarasitoids to locate their
host. Indeed, the survival of parasitoids is gyeddpendent on their spatial
and temporal presences with their hosts. To ensuh coincidence,
parasitoids need not only to synchronize their tgraent with their hosts
but also to locate and to identify them. Infocheatsglay an important role
in the interactions between organisms; therefohallaunderstanding of the

sensitivity with which a wasp responds to variooatiles associated with
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the lower trophic levels would contribute to a betknowledge of the tri-
trophic interaction between a parasitoid, its lawst the host plant. Secondly
(Chapter 1V), we addressed the question of h@weunomiaealters the
development of its host. Indeed, parasitoids apidl to influence their
host development so that their quantitative andlitgtige nutritional
requirements are met. And finallZljapter V), genetic analyses have been
carried out with a twofold aim: 1) to understand thetapopulation structure
of C. eunomiag and 2) to see if superparasitism, a really common
phenomenon in parasitic wasp and notably in o@mesiaspecies, is also
present in our studied species. Specific microls@taharkers have been
developed in this aim.

In the last part of the thesiCliapter VI), we presented the
interaction of the two species and more precistlgnd how parasitoids
could play a role in its host population dynamithis question has been
asked several times with different organisms. Sdvauthors argue the
importance of parasitoids in natural butterfly plapions. Here, we explore
the question using our studied systdBn éunomiaandC. eunomiagfor the

Pisserotte population.



PART ONE

HOST PARASITOID RELATIONSHIP:

FROM THE HOST SIDE
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PARASITISM COST OF LIVING IN A HIGH QUALITY HABITAT IN THE

BOG FRITILLARY BUTTERFLY.
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ABSTRACT

Habitat quality and the impact of natural enem@&gl} as parasitoids) might
profoundly affect metapopulation dynamics and Vighi mainly through
effects on habitat carrying capacity and populatikine, respectively.
However, their relative impact has usually beensa®red independently.
Here we address the question of how caterpillaritétalguality and
parasitoid prevalence interact to shape habitacgeh in the bog fritillary
butterfly Boloria eunomia Caterpillars feed on a unique host plant and are
parasitized by a specialist was@ptesia eunomiae We first classified
caterpillar habitat quality by relating caterpilldensity to descriptors of
different microhabitat types. Secondly, we investiggl parasitoid prevalence
in those different micro-habitats. Our results shthat caterpillars and
parasitoids mapped onto the same microhabitat typesly patches with
high abundance of the butterfly host plant withiretwmeadow type
vegetation. Accordingly, we suggest that both engnlg females and
parasitoids use the same cues for habitat seled®m consequence, there
should be a fitness cost f& eunomiafemales to lay their eggs in places
where parasitoid prevalence is high. We indeedctiedethatB. eunomia
females frequently laid eggs in habitat types tivare suboptimal for
caterpillars (such as fen grasslands). This sugdbat the lower parasitoid
prevalence in these suboptimal habitat types cobai@nces lower
caterpillar survival, leading to an overall similswrvival in optimal (wet
meadows) and suboptimal (fen grasslands) habipeistySpreading eggs in
both habitat types is thus expected to be a safdegy to mitigate the
adverse possible effects of environmental stoatibstiand parasitism
prevalence on offspring survival unequal among afiabitat types. In this
system, the specialist parasitoid acts as a daleuboptimal habitat use by
its host, evidencing the importance of heteroggneitthe butterfly habitat

as providing enemy-free space.
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[.1. INTRODUCTION

Facing a considerable loss of natural habitatsyels as animal and plant
species loss, conservation biologists have usedraleecological theories
and concepts to elaborate conservation guidelirafirig 2003). Among
these, the metapopulation theory (e.g. (Hanski 1888 references therein)
has already a long history in conservation ecoldggwever, evidence
accumulates that patch size and connectivity tfie.two key parameters of
the metapopulation paradigm) are not sufficientléscribe the functioning
of most metapopulations. Local aspects of popuiatignamics should also
be included, especially habitat quality (Thomasalet2001, Dennis et al.
2006, Turlure et al. 2009), trophic interactionsd@® and Tscharntke 2001,
Tylianakis et al. 2007), and phenology that areerofiltered in these
changing environments (Lei and Hanski 1997, Shawalet2009). In
particular, predation and parasitism are importaophic interactions,
affecting individual habitat selection, metapopigiatdynamics, community
structure and ecosystem functioning (van der Pudteal. 2004, Haddad et
al. 2009).

Several factors influencing butterfly metapopuatidynamics have
already been studied (Hanski et al. 1995, Wahleem. 2002, Schtickzelle
and Baguette 2004), such as environmental stochgs{Sutcliffe et al.
1996), variation of weather conditions (Roy and fhlas 2003), or site
management (Schtickzelle et al. 2007). Neverthefess studies examined
the role of caterpillar parasitism in these dynanflmut see van Nouhuys and
Hanski 2002b), and its consequence(s) on the patbér habitat use.
However, parasitism impacts the metapopulation dyos both through
temporal changes in local population sizes andutfitochanges in spatial
pattern of habitat use. Indeed, according to trergrfree space hypothesis
introduced by Jeffries and Lawton (Jeffries and tcaw1984), parasitoids

can drive their hosts to use suboptimal habiteds dine free of enemies. In
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the case of butterflies, parasitoids play an ingrdrtole as a major driver of
temporal population dynamics and population sizen@Pster 1984). In
Euphydryas auriniacyclic trends of both parasitoid and butterflypptation
sizes have been observed since a long time (Fardrard 1930, Klapwijk et
al. 2010). Studies on the parasitoid compleMefitae cinxiabrought much
information about the dynamics of the host speaes its primary
parasitoids, but also of the higher trophic levels. hyperparasitoids) (Lei
and Hanski 1997, van Nouhuys and Hanski 2002bjadRards also induce
modifications of realized ecological niche, maitiyough changes in host
plant use (Lill et al. 2002). Indeed, some spewiese observed to shift from
their highest quality host plant to a plant witHoaver quality value but
(temporally) free of parasitoid attacks. Here weu on spatial shift in
habitat selection according to parasitoid prevaenc

The bog fritillary, Boloria eunomia(ESPER, 1799, Lepidoptera,
Nymphalidae, formerlyProclossiana eunomjais a vulnerable butterfly,
whose caterpillars feed only on the bisteersicaria bistorta((L.) STAMP,
1753, Polygonaceae), and are parasitized by theiadige parasitoid wasp
Cotesia eunomiae (CAMERON, Hymenoptera, Braconidae). While many
studies focussed on the butterfly (e.g. Schtickzetlal. 2006), the influence
of parasitism on its habitat use and its metapadipmaynamics has not been
investigated to date. In this paper, we addresdath@wing question: how
does microhabitat quality influence the tri-troplmteraction “host plant -
butterfly - parasitoid™? In order to do so, we a&sse the importance of
habitat quality descriptors in explaining the splatiariation in caterpillar
density and survival, and their associated riskbeing parasitized. Our
working hypothesis is that caterpillar density aparasitoid prevalence
should be highest where microhabitat quality isropk This means that the
parasitoid prevalence should be lower in suboptimarohabitats. If this
hypothesis is true, parasitoid prevalence shouldkese the differences in

caterpillar fitness between optimal and suboptiimabitats. To investigate
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this hypothesis, we related caterpillar density gratasitism rate to
descriptors of habitat quality. Observed local kigbaterpillar density could
be the result of a better survival, a higher ihiibundance of eggs due to
oviposition choices made by females, or both; wes timdividually tracked
females ofB. eunomiato address their egg-laying preferences accortting
habitat quality. We finally discuss 1) how catdggildensity and parasitism
rate were related to microhabitat features, andth®d importance of
suboptimal habitat, providing enemy-free space, {oreta)population

persistence.

[.2. MATERIAL AND METHODS

Study system

B. eunomiais a univoltine butterfly, flying from the end @flay to the
beginning of July in Belgium. It is strictly spekizzd onP. bistorta used
both as the host plant for caterpillars and théawgaant for adultsFemales
deposit clutches of a few eggs on or near the plast. Hatching occurs in
June-July, and solitary larvae feed for about twanths up to the diapause
without building any nest. In the following sprinigrvae resume feeding,
and bask on old leaves of plants suclbaschampsia cespitos@ryopteris
cristata or Molinea caeruleaThey moult several times before the 15 days
pupation period. In Belgium, the life cycle Bf eunomiais completed in
one year. Recently, Turlure et al. (2009) definggh lquality microhabitat
for caterpillars as places with a high host plamiralance, grass tussocks
and specific microclimatic conditions (temperatanel humidity).

Cotesia eunomiags a gregarious koinobiont endoparasitoid (i.e. th
host development continues after being parasitized] several wasps

emerge from each host larvae) specialise@® oaunomiacaterpillars (Shaw
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2009). At the time of writing, it is the single prary parasitoid known of
bog fritillary last instar caterpillars. Wasp laev@&merge from last instar
caterpillars in June. Details of the life cycletlois species are still unknown.
This study was conducted on a 56 ha peat bog,ahge~de Pisserotte nature
reserve, located in the Plateau des Tailles lap#s(a-E Belgium, 50°13'N,
5°47’E). P. bistortacovered 24053 m? (Fig. I.1) in 38 patches of défe
vegetation types (i.e. wet meadows, fen grasslandsrushes; see (Turlure
20009) for details).

S TS -

A/

V4

/
N/

.;
/
/
(\ * — T N

Caterpillar status

* not parasitized Rolayi river

* parasitized
* no caterpillar [T1 Limits of the study area

P. bistorta patches

Figure 1.1. Map of the study site, the Pisserotte peat bogreateserve in S-
Belgium. The map shows habitat patchesBoreunomiabutterfly (patches of the
host plantP. bistortg, and the locations of vegetation plots, with mmfiation about
the presence (circle) or not (cross) of a catempiind its parasitism status (black
circles = parasitized caterpillars; white circleamparasitized caterpillars).

Sampling B. eunomia caterpillars

During spring 2005 (from 15 May to 5 June) and 20®6m 11 May to 7
June), bistort patches were sampled several tibeta/éen 2 and 7 times per

patch, summing to 150 hours) by visual inspectorcdllect B. eunomia
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caterpillars (all next to last and last instarsegaitlars at that period of the
year). The sampling effort in each host plant patets proportional to its
area (Pearson correlation tests: R = 0.62, n #°26,0.001 for 2005; R =
0.59, n = 23P = 0.003 for 2006).

Caterpillars found in the field were geolocalizeg GPS, and
brought to the lab to be reared individually urgilpation or parasitoid
egression (Choutt & Schtickzelle, unpub. ms). Alfgsitoid wasps and adult
butterflies were then released in the field at &xact place where the

caterpillar was collected.

Describing habitat quality

Descriptors of butterfly habitat quality were resed in 1 m2 plots for both
the 216 locations of collected caterpillars (placedtrally over caterpillar
position) and a series of 855 control plots, ranigarhosen in places within
the bistort patches where no caterpillar was foafter repeated search (Fig.
[.1). The number of control plots was higher than ¢aterpillar plots in
order to cover the overall heterogeneity of theitaabFour descriptors were
measured for each 1 mz2 plot:

1) Abundance of the host plaAt bistorta(HOST), the single food
source of botlB. eunomiecaterpillars and adults in the study area. Each pl
was divided in 25 equal squares, and host plamadnce was estimated on
the basis of its presence on each square, i.ezerodo 25 scale.

2) Microhabitat topography (TOPQO). We counted atle plot the
number of grass tussocks, essentially composeB.ofespitosaand M.
caerulea

3) Plant species composition (VEGE). To summarigant
composition at the scale of the study site, a Détek Correspondance
Analysis (DCA, Canoco Version 4.5; Ter Braak andil&mer 2002) was

performed on the abundance of the 68 plant spee@sded at the scale of
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the study site (1071 caterpillar and control plo(§ig. 1.2a). The
combination of the two axes (VEGE1 and VEGE?2) wtfld specific plant
associations in peat bogs: wet meadows charadaddsiza high density db.
cespitosa(positive values of VEGE1), rushes dominated Juncus sp.
(negative values of VEGEL), and fen grasslands wifferent flowering
plant species (positive values of VEGE?2).

4) Local microclimatic conditions. Temperature, istore and
luminosity indexes were computed as the weighted pllant abundance)
average of Ellenberg’s indicator values of plargécsps for each parameter
(Ellenberg 1974). This procedure took advantagiefintegrative character
of the plant presence over time, and hence wasnaige than instantaneous,
direct measures using data loggers. The three péeasnbeing highly
correlated (Pearson correlation tests: n = 10K.0@001 for all), they were
combined into two independent variables using Mvaic Component
Analysis. CLIM1 was positively correlated with aflicroclimatic variables
and CLIM2 was positively correlated with moisturadanegatively with
temperature and luminosity.

Fig.l.2b provides a summary of the spatial comibim#arrangement
of these descriptors of habitat quality. Host plaftundance differed
according to the vegetation type. Thus, higher hmanht densities were
found in wet meadows, and slightly decreased in desssslands and in
rushes. Besides, humidity, temperature and lightvmegatively correlated
with VEGE1 and positively with VEGE2, highlighting microclimatic
gradient from warmer, more opened and moister fassfands and rushes,

to colder, darker and drier wet meadows.
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Figure 1.2. Summary of study site vegetation. a) Graphical espntation of
Detrented Correspondence Analysis (DCA) on plartis abundance recorded on
1 m2 plots (see text for details). Black and grgyases represented position of each
plant species; the bigger and darker the square, nlore the plant species
contributed to the axis formation. Plant speciethwhe highest influence were:
PerB =Persicaria bistorta JunC =Juncus sp.SphA = Sphagnum sp.DesC =
Deschampsia cespitos#olC = Molinea caerulea AneN = Anemone nemorosa
Gras = Grasses; GalSGalium saxatile ValR =Valeriana repensAngS =Angelica
sylvestris CirP = Cirsium palustre Lysi = Lysimachia sp.DesF =Deschampsia
flexuosa CarN =Carex nigra PolY =Polytrichum sp.TriE = Trientalis europaea
PotP =Potentilla palustre ViolP = Viola palustris RumA =Rumex acetosd@ryC

= Dryopteris cristata MouS = Moss. b) Three major vegetation types (wet
meadows, fen grasslands and rushes) are distrilalbed the two DCA axes. The
existing microclimatic gradient is displayed, asllves the host plant gradient: a
bigger density being found in wet meadows.
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Relating caterpillar abundance and rate of parasitito habitat features

Caterpillar density and parasitism prevalence weskated to habitat
descriptors using linear models. Due to multicaénty between the
biological variables investigated, a multimodekir@nce approach, based on
corrected Akaike’s information criterion (AlCc), wa&hosen. This statistical
method consists of several steps (for details seederson 2008 and
references therein). (1) Generalized linear modslgresponding to all
possible combinations of explanatory variablesfitted to the data. (2) The
power of each model to explain existing variationthe response variable is
assessed through the AICc value. (3) The relatimportance of each
explanatory variable is quantified through its Al®@eight (computed as the
sum of AICc weight of all models where this explamg variable appears).
Those having the largest AICc weight predominantifect the response
variable. (4) A multimodel averaged estimate ofhebeta parameter and its
standard error is computed as the mean of estirgates by each individual
model, each individual estimate being weighted ey AICc weight of the
model.

A multinomial distribution with cumlogit link furion was used for
modelling the caterpillar density, as it took fimedalities in the dataset (0
for control plots, 1, 2, 3 and 4 caterpillars péot pvere observed in the
field). A binomial distribution with logit link fuotion was used for

modelling the caterpillar status (parasitizesshot parasitized).

Estimating potential sampling bias

In many host-parasitoid interactions, parasitoid/da may lengthen the
caterpillar stage, so that adult parasitoids emefehe right time to
encounter new hosts to oviposit (Vinson et al. }998 the case the
caterpillar sampling occurred at a time when ungtrzad caterpillars had

already pupated, the observed parasitism rate cobeldoverestimated,
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biasing the results. A sensitivity analysis wagdfare performed on three
subsets of the parasitism data. We removed incrgdsactions of the data
collected during latest dates, where potential @stémation of parasitism
rate might happen. The same statistical analyses/iqus section) were
performed on the observed data set and three subd¢hined by: (1)
removing dates where all collected caterpillarsemgarasitized; removing
dates where (2) 20% or (3) 10% of the unparasitcadrpillars should have
already pupated. In this procedure, we derivedt¢hgporal distribution of
caterpillar pupation from the temporal distributiohemergence of adults,
obtained from Capture-Mark-Recapture (CMR) datatle$ B. eunomia
population (Choutt and Schtickzelle, unpub. daiajpg an average 15 days

for pupation duration.

Mapping B. eunomia egg laying behaviour

B. eunomiafemales were individually tracked in the field frd®th June to
6th July 2004 to evaluate the female propensitfaip eggs in various
vegetation types. Females were tracked during 20 oniuntil the female
was lost, from a sufficient distance to preventymbing their behaviour. For
each laying event, we recorded the number of egigs their precise GPS
location, and the vegetation type. We then compatethdex of egg density
for each vegetation type using the following formjulaking into account

differential sampling effort and vegetation typagability:

Egg Femal
[( jEffort_track)x( ema?gEffort_CMFﬂ

Area

with Eggs the total number of eggs laid, Effortckr#he total duration of the
tracks, Females the total number of females cadigthig CMR (Choutt and
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Schtickzelle, unpub. data), Effort. CMR the humb&ICMR sessions, and

Area the total area of the considered vegetatipa.ty

[.3. RESULTS

A total of 101 (in 87 plots) and 147 (in 129 ploB) eunomiacaterpillars
were collected and reared, in 2005 and 2006 respgctfrom which 76
(75%) and 112 (76%) were parasitized. Fig. l.1sillates the spatial

distribution of caterpillars found in the field.

Caterpillar abundance and parasitism rate are refhto the same habitat

features

The same habitat descriptors (HOST, VEGE1 and VBGERthermore

acting in the same direction (Table 1.1), had thghést effect on both
caterpillar density and parasitism prevalence. Bligtaterpillar density and
parasitism prevalence were largely, but not pesfesuperposed (Fig. 1.3),
being found in microhabitat characterized by abuhd@st plant. The high
importance of quadratic terms of VEGE1 and VEGHERdates the existence
of an optimum for both caterpillar density and g#tism prevalence in one
vegetation type, i.e. wet meadows. Additionally, renacaterpillars were
found where microclimatic conditions were coolearkar and moister (i.e.
under higher values of CLIM2). CLIM1 and TOPO hadlight effect on

both caterpillar density and parasitism prevalenBensitivity analysis
showed no indication of a bias due to potentiabieening of caterpillar
stage by the parasitoid larvae. Results were indéadst identical in terms
of the relative impact of habitat descriptors onrasdism prevalence

between analyses based on full and truncated detgfSg. 1.4).
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Table 1.1. Multimodel inference on the relative influence @biitat descriptors on
caterpillar density and parasitism prevalence @trad or unparasitized status).
AICc weight represents the relative importance tod descriptor in explaining
variation in the Y response variables (see textdetails). The ranking is very
similar for the two responses (descriptors withghei> 75% are shown in bold for
easier reading). Furthermore, the most influem&dcriptors act on both responses
in the same direction. CLIM1.: positively correlatedh all microclimatic variables;
CLIM2: positively correlated with moisture and négaly with temperature and
luminosity; HOST: host plant abundance; TOPO: numbé grass tussocks;
VEGE1: negatively correlated with humidity, temgera and light; VEGE2:
positively correlated with humidity, temperatureddight.

Variables Variable weight Parameter estimate (+SEM)

Density Status Density Status
HOST 99% 79% 0.560 (+0.170) 0.265 (+0.133)
TOPO 37% 47% 0.036 (+0.042) -0.117 (+0.105)
CLIM1 30% 34% 0.009 (+0.070) -0.105 (+0.174)
CLIM12 38% 37% 0.056 (+0.064) 0.105 (+0.135)
CLIM2 99% 30% 0.443 (+0.128) 0.032 (+0.065)
CLIM22 68% 27% -0.244 (+0.155) 0.017 (+0.050)
VEGEL1 100% 96% 1.044 (£0.183) 1.224 (+0.403)
VEGE1? 100% 98% -0.670 (x0.167) -1.366 (+0.437)
VEGE2 93% 35% -0.306 (+0.113) -0.060 (+0.082)
VEGE2? 100% 87% -0.609 (+0.130) -0.370 (x0.157)
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Parasitoid prevalence

e

@ not parasitized
© parasitized

Caterpillar status

Caterpillar density prediction
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Caterpillar density
no catergillar
© >= one caterpillar

Figure 1.3. Observed and predicted density of B. eunomiacaterpillars and (k
parasitoid prevalence within the two dimensiongbresentation of vegetatic
(VEGE). The high importance of quadratic forms oEGE1l and VEGE2 i
explaining variation in the two responses varialdd to the existence of ¢
optimum. Predictions were computed using mcaveraged value of parame
estimates (Table I.1).
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B 3) Full dataset
B b} without dates where all caterpillars were parasitized
Oc)without dates where 20% of the unparasitized should have already pupated

Od)without dates where 10% of the unparasitized should have already pupated

Figure |.4. Sensitivity analysis performed on caterpillar pdis® status date
Results of the sensitivity analysis performed otewgllar parasitism status @ to
assess the possible sampling bias due to lengthefithe last instar caterpillar It
by parasitoids.: a) complete data set, b) first dangp dates where all collecte
parasitized caterpillars were deleted, ¢) and €)stmpling dates above rectively
the 10% and 20% pupae recruitment rate were remofvadalyse:

Female egg laying behavic

Females laid 226 eggs (in 42 batches, with 2 toed@gs per batch; r
difference in batch size between habitats of diffierquality, on-way
ANOVA: F2, 37 = 2.30, P = 0.116) during the 1337 minutes otkirzg.
Among the three types of vegetation (Fil.2), females laid egc
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preferentially in wet meadows, to a lesser exterien grasslands and rarely
in rushes (Fig. 1.5a). The density of caterpillfsbowed the same pattern
(Fig. 1.5b). Caterpillar survival until the laststar stage (estimated as the
ratio between caterpillar density and egg densigs slightly higher in
rushes and wet meadows compared to fen grasslgigdd.6c). But survival
until pupal stage (estimated as the ratio betweagranasitized caterpillar
density and egg density) was very similar in ferasgtands and wet
meadows (Fig. 1.5d), likely because parasitoid plence was more
important in wet meadows compared to fen grassldRdg 1.5b); it was

quite lower in rushes.
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Figure I.5. Comparison of frequency and survival B. eunomidife stages in th
three main vegetation typ Relative indices of (a) density of eggs, (b) densit
parasiized (grey) and unparasitized (black) caterpillée¥,survival from egg to la:
instar caterpillar, and (d) survival from egg toppa. Due to the method
computation (see text for details), these indices relative values that can
compared betwee vegetation types (FG: fen grasslands; RU: ruski¢st: wet
meadows) but their absolute values have limitedrineg
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|1.4. DISCUSSION

The density oB. eunomiaaterpillars and the prevalence of parasitisnCby
eunomiaecovaried and were explained by the same thredaideitures,
being both higher (1) in places with high host plabhundance, (2) in wet
meadow type vegetation, and (3) under cooler ancerhamid conditions.
Areas with higher caterpillar density and parasitiprevalence were
however not perfectly superposed, the former betegtred on wet
meadows, the latter on host plant abundance. Aot this difference,
female butterflies would have a higher probabitifyavoiding the parasitism
of their offspring by laying their eggs in marginadrts of wet meadows,
where the host plant is less abundant. This rehkeltefore suggests that
parasitism could induce the use of suboptimal halby the host, where
expected lower offspring fithess is compensatedth®y lower impact of
parasitism. Consequently, suboptimal habitats iketylto be important for
the butterfly’s population dynamics and persistemsean enemy-free space
where the mortality of caterpillars due to paradias relaxed.

Given the high specialization of both butterflexsd caterpillars on
P. bistortg the influence ofP. bistorta abundance in predicting spatial
variation of caterpillar density was expected, hews1 for other species
(Konvicka et al. 2003, Betzholtz et al. 2007). Ngwhtched caterpillars are
not so mobile and have to quickly find enough rmanht material to feed.
Therefore, patches with high bistortadensities are likely to provide better
opportunities for females to both feed and layrtleggs, resulting in higher
density of eggs and subsequently caterpillars. tige type and
microclimatic conditions also played an importagierin explaining spatial
variations of caterpillar density. They are intigigtlinked in the field in the
way they define the suitable micro-environment fbe species. Some
vegetation features, such as vegetation heighsaodtural complexity, are

known to influence the incidence of caterpillarssmme butterfly species
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(Anthes et al. 2003, Betzholtz et al. 2007), whileroclimate is important
for caterpillar development (Alonso 1997, Kuhrtaét2005).B. eunomiais
an ectothermic glacial relict species and accoldidgpends upon precise
thermal microenvironments to attain and/or maintaptimal body
temperatures. It is therefore not surprising thtathe microhabitat scale
caterpillars are preferentially found in cooler amdre humid conditions.
Plant architecture, like grass tussocks, have baewn to offer a variety of
temperature conditions (Gotthard 2008) that canubed by caterpillars
through behavioural thermoregulation (Turlure et alAlonso 1997).
Nevertheless, we did not detect any effect of thendance (or presenes
absence) of tussocks on caterpillar density; tliisable being probably
included in the synthetic descriptors of vegetatomposition.

Several, non-mutually exclusive, mechanisms mapla@x the
higher parasitism prevalence in higher quality tetbi(1) Parasitoid wasps
may be attracted during their search for host Bgctdry or visual cues
emitted by the caterpillars (Dicke et al. 2003,irgte et al. 2007), by.
bistorta or by a combination of both, like the chemicalessed byP.
bistorta leaves when eaten by caterpillars (Penuelas &08b, Gols et al.
2008). Since botP. bistortaandB. eunomiavere more abundant in higher
quality habitat, attractive cues should be stroribere. (2) Besides the use
of host density as a cue, parasitoid might increbe@ search efficiency
when the host density is higher (Umbanhowar eR@03, Bezemer et al.
2010). (3) Alternatively, parasitoid search effrag might be lower in
suboptimal fen grassland habitat types becauseeafific features of the
vegetation, such as taller or structurally more glex vegetation (Andow
and Prokrym 1990, Randlkofer et al. 2007, Obermeateal. 2008). (4)
Higher habitat quality might also enhance cateapitjuality and survival,
providing better prospects for parasitoid progevan(Alpen et al. 2003),
hence increasing their attractiveness for parasitdithese latter are able to

evaluate the quality of their hosts (Godfray 19%Qwever, this study was
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not planned for discriminating the mechanisms acting for the observed
higher parasitism prevalence in higher quality tedbi

Whatever the mechanism(s) responsible for highaterpillar
density and higher parasitism prevalence, resiiltisi® study highlight their
spatial matching within the habitat of the buttgrihdicating that a cost is
paid B. eunomiacaterpillars living in a high quality habitat, terms of
higher risk to be parasitized 6/ eunomiaavasps. Escaping parasitoids is a
challenge for potential hosts. Because limited moeat ability does not
give caterpillars much leeway, this challenge resvéo the adult females,
mainly through the fine-tuning of their egg layibghaviour to the parasitoid
behaviour. In some species, females use a lowdityghast plant species to
avoid parasitoids (Ohsaki and Sato 1994). Giversthiet monophagy oB.
eunomiacaterpillars and adulta Western Europe, switching to another host
plant seems to be no option. Females tended tenerdfally lay their eggs
in habitat type providing the locally optimal swrai for caterpillars (i.e. wet
meadows). But caterpillars living in these high lguahabitat types were
also more likely to be parasitized. Consequenthg higher caterpillar
survival observed in wet meadows seemed nearlyrtbddy an elevated
mortality due to parasitism, leading to similar aleegg to pupae survival
in fen grasslands and in wet meadows. Since similarival rates for pupae
have been observed in wet meadows and fen grassi@atichuck and
Schtickzelle, unpub. data), this translates intailar fitness for females
laying their eggs in both habitat types. Henceséhesults suggest that egg-
laying in a habitat suboptimal for caterpillar sual appears a working
solution for females to relax caterpillar mortaldye to parasitism. Laying
eggs in wet meadows and in fen grasslands couldlibea strategy of risk
spreading, as mentioned for other butterflies (Alpanese et al. 2008).
CMR data provided some support for this hypothd€8t of females caught
in fen grasslands and/or wet meadows at least ondifferent days were

caught in both habitats. Further investigationstlos system are necessary
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to determine to what extent parasitism ®@yeunomiaeaffectsB. eunomia
metapopulation dynamics.

Variation in habitat quality and habitat selectimay allow a given
species to better cope with the natural or humdndad variations in
resources or environment. Habitats that seem subalpinay in fact be very
useful, or even essential, to population persigeraffering temporary
enemy-free space and hence, possible resistanspetific enemies. In a
metapopulation context, such heterogeneity alsticgaates in decoupling
the dynamics of the local populations, becausenamuan cause (e.g. climate
change) may differently affect local populationffeting in habitat quality
(Liebhold et al. 2004). However, we expect thaiapaoid search behaviour
will also be under strong selection pressures,|@hging the long-term

advantage of the use of sub optimal habitats (Hetatl 2006).
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WHY SOME HOSTS ARE MORE HEAVILY PARASITIZED THAN
OTHERS? A META-ANALYSIS OF THE RELATIONSHIP
BETWEEN NYMPHALIDAE CATERPILLARS AND BRACONID

PARASITOIDS.
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ABSTRACT

Nymphalidae caterpillars have diverse defenses rategt against their
predators and parasitoids attacks. Here, we tésthfflerent ecological and
morphological factors usually considered as putatiefense mechanisms
against parasitoid wasps were related to the nurobéraconidae wasp
species attacking Nymphalidae caterpillars. To leacthis issue, we
performed a meta-analysis of literature data. Sdvercological and
morphological factors were used as predictor vémbn a multimodel
inference approach with the number of parasitoithcking European
Nymphalidae species as the response variable. géaadistvs. generalist
character of the host and the morphological charistics of the host were
significantly related to the number of Braconidaargsitizing butterfly
caterpillars. Life history traits of the host waret related to the response
variable. A higher number of Braconidae wasps jittzad Nymphalidae
caterpillars when the host was a generalist spggiesfed on a higher
number of host plant families, more frequently @arbaceous host plants
compared with woody hosts, and in different habiygies). Additionally,
green caterpillars with spins had a higher pasasiforessure compared with
other body colors and design. Despites the metbsiaamay be limited
and/or distorted by possible biases, this studypramide some useful clues
improving the knowledge of the evolutionary ecolagythe parasitoid-host

relationship.
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I1.1. INTRODUCTION

Caterpillars of butterflies and moths are amongntiest common herbivores
found in a great diversity of terrestrial ecosystemhere they are involved
in several food webs (Stamp and Casey 1993). Lepida caterpillars
interact with both the bottom (such as their hdah) and the top (such as
their predators) levels of the trophic relationshipesides, among the
diversity of predators (such as birds, lizards,dem@) and pathogens
attacking these organisms, parasitoids represeni@ortant mortality factor
for butterflies (Dempster 1984, Hawkins et al. 199Killing not only
caterpillars but also eggs and pupae (only rarelylta are parasitized)
(Shaw et al. 2009). They are then believed to gtyompact on the butterfly
population dynamics, because of the associatedpdéte mortality (van
Nouhuys and Hanski 2002b). The most frequent pardsi attacking
Lepidoptera caterpillars belong to Diptera (mostigchinidae) (Sheehan
1994, Gentry and Dyer 2002) and Hymenoptera (mdahigeumonidae and
Braconidae) orders (Weseloh 1995, Shaw et al. 2009)

To counteract parasitoid attacks, caterpillarsesgvin defenses,
including chemical, behavioral, morphological, giitysiological means, or
a combination of these (Gross 1993, Veldtman e@07, Barbosa and
Caldas 2007a). These defenses against natural eneatur at three levels
that are both spatially and temporally separatéae: grimary level consists
of morphological (like coloration), ecological (@ikegg-laying strategies,
number of generations per year and food plant apea&iion) and behavioral
defenses (like shelter building and group feeditigt prevent enemies from
encountering the caterpillars. Once the caterpilas been detected or
attacked, the secondary level of protection campiowided by additional
morphological and behavioral characteristics such fairs, spines,
regurgitating, thrashing, or dropping. Tertiary efefes, analogous to an

immune system, act after enemies have overcomdirftetwo lines of
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defense and include cellular and endocrine mecimenie resist not only to
parasitoids, but also to parasites and pathogems$3@993).

Some of these defenses have already been invokedplain the
parasitoid species assemblage of hosts or theeimcéd of parasitism. For
example, host feeding niche and ecological charatts of hosts are
correlated with parasitism rate and the richnespashsitoid assemblages
(Hawkins and Lawton 1987, Mills 1993). Studies brs ttopic concerned
either herbivores living in plant structures suslgalls or leaf mines (Bailey
et al. 2009), tropical Lepidoptera species (Geatrgt Dyer 2002), or studies
of the entire parasitoid community (Hawkins and k@aw1987, Barbosa and
Caldas 2007b). Here we go a step further by cdimgolor the phylogenetic
diversity in the host-parasitoid relationship. Welested the Nymphalid
butterflies as representative host species, bedhisés a well-known and
diversified family of European butterflies with dossted morphological and
ecological characteristics. Besides, we chose theacddidae as
representative parasitoids because this family ofméhoptera is
taxonomically well delimited in Europe, and itsatébns with Nymphalid
species are well known (Shaw et al. 2009).

We focused here on the relationship between thmbeu of
Braconidae parasitoid species attacking a Nympéaeligiven host species.
Our working hypotheses are the following:

1. The diversity of parasitoid species is reldatethe habitat range of
the host. More generalist hosts and species wildrger distribution are
expected to be parasitized by a larger number spwaecies.

2. Host species with a complex life history cyc{several
generations a year, diapause at the egg or adgkst..) will be attacked by
a lower number of parasitoid wasps.

3. Given the cost of developing defense mechanisiost species
with cryptic caterpillar and particular body desigill be parasitized by a

lower number of parasitoid species.
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To test these hypotheses, we built a literatusethadatabase of
host-parasitoid interactions, focusing on Europddymphalidae and
Braconidae species. We scanned the existing literagbout (1) the
distribution and the niche breadth of the buttesili(2) their life cycle, and
(3) the morphological characteristics of the caliams. We then related
these three groups of factors to the number ofsgard species attacking
caterpillars using a multi-model inference approa€imally, both the
relevance of the selected factors explaining thebar of parasitoid species
attacking caterpillars and the potential bias a6 tkind of studies are

discussed.

I1.2. MATERIAL AND METHODS

In a first step, we recorded all known relationgiring a Braconid species
as a parasitoid of the caterpillar stage of a Nyatighbutterfly. This
information was extracted from Shaw et al. 2009,ictwhis the most
comprehensive publication on the subject to dasethds paper compiled all
the information known in the literature, other sms of information would
not give any extra information. In a second sthp,ibcidence of parasitism
relationships was quantified for each Nymphalidad Braconidae species
by the number of relations recorded between thécisg and Braconidae
parasitoids or Nymphalidae hosts, respectivelother words, each species
was characterized by the number of times it isst boa parasitoid.

Several factors have been considered to explanvtriation in
parasitoid species humber among host (see Tafiléod.a summary). Here
are presented all the factors considered and élsswciated hypotheses with
regards to parasitism pressure; factors 1-3 rétatee distribution and the

specialistvs. generalist character of the host butterfly spedestprs 4-6 to
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its life cycle, and factors 7-8 to the morphologjicharacteristics of its
caterpillars. Ecological data for each butterflyecps were collected in
Carter et al. 1988, Bink 1992, Tolman and Lewingtt®99) and the
Appendix 1 of the European Red List of Butterfl®an Swaay et al. 2010).
These eight factors are detailed below.

1) Number of habitat types used by the butterfly o&urope We
summed up the different habitat types used by eatterfly species. Hosts
occupying wider habitat types (generalist spec@suld be exposed to, and
hence attacked by, a higher number of parasitediep (Askew and Shaw
1986).

2) Number of host plant families used by the buttehibst in
Europe.Butterflies feeding on a larger number of host ts#ashould also be
exposed to, and hence attacked by, a higher nuofilparasitoid species (De
Moraes et al. 1998, Dyer and Gentry 1999, Gentdy yer 2002). This is
reinforced by the fact that generalist parasitoitlg to their relative lack of
plant-derived chemical defenses (Bernays and Grdle88), may use more
polyphagous hosts than specialist parasitoids.

3) Architecture of host plantLarger or structurally more complex
host plant species, such as shrubs or trees cothpareerbaceous plants,
support more phytophagous species (Askew and SB&@&, Hawkins and
Lawton 1987, Dyer and Gentry 1999). This might kesua higher number
of parasitoids species attacking caterpillars fegdin such species (Askew
and Shaw 1986). Host plants used by Nymphalidaerméars were then
classified as woody species (i.e. trees and shahs¢rbaceous species and
the percentage of herbaceous species used wattadcu

4) Host egg spreadingNymphalidae females have different laying
strategies: eggs are laid singly, in small clutctasin big batches up to
hundreds of eggs (Stamp 1980, Dennis 1992). Siacasjioids may locate
more easily hosts that are grouped (Vinson 199&gayious caterpillars

should be characterized by a higher number of pardspecies.
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5) Number of butterfly generations per ye&tost species having
more than one generation per year are expecteg ito dontact with a larger
number of parasitoid species (Hawkins 1988). Onatieer hand, species
with more than one generation per year are moedylito uncouple their life
cycle from parasitoid attacks.

6) Overwintering stageBraconidae wasps attack mostly hosts at the
caterpillar stage, with most species being koinebi@ndoparasitoids.
Species overwintering at the caterpillar stage ofégr longer opportunity to
a higher number of parasitoids species to be itacdnto find their host.

7) Host morphology Morphological defenses of the host, such as
spines, may require specific adaptations of pamasit Parasitism of spiny
caterpillars should then be restricted to a fewenlper of adapted specialist
parasitoids than parasitism of hairy and smootlsone

8) Host color. Cryptic species may be more difficult to find that
colorful ones. Caterpillar coloration has been prbwo be important to
explain their susceptibility to parasitism in sorapecies (Barbosa and
Caldas 2007c): those caterpillars that were notvbrevere more often
parasitized. Here we used a three level clasdificatark (brown and black

caterpillars), green and other colors.
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A linear model (multinomial error distribution armimlogit link)
was used to regress the number of Braconidae tmdaspecies attacking
caterpillars of each Nymphalidae species (simgifiethree classes: 1, 2 or
> 3) with the previously described factors. Due toe tpossible
multicollinearity between the biological variabiesestigated, a multimodel
inference approach, based on corrected Akaike'sramdtion criterion
(AICc), was chosen (Burnham and Anderson 2002)hWhits method, the
AICc value assessed the power of each model taiexpkisting variations
in the number of Braconid species attacking Nymphapecies, and the
relative importance of each described factor isngjfiad through its AlCc
weight. Explanatory factors with a AlICc weight abdd0% were considered
as having a significant effect the number of Bradospecies attacking
caterpillars of each Nymphalidae species. The amalyere realized with

SAS software (www.sas.com).

I1.3. RESULTS

We found that 36 Nymphalidae species (among the pikties found in
Europe, Van Swaay et al. 2010) were attacked bBra8onidae species, in
a total of 54 relations (Annex Il.1). Braconidae sps attacking
Nymphalidae caterpillars were grouped in 8 gen€he Cotesiagenus was
the most presentCotesia melitaecarum,the most generalist species
parasitized 10 different butterfly species. Theritigtion of the number of
parasitoid species per host is shown in Figure. IMbst Nymphalidae
species were parasitized by one parasitoid speciely, one Maniola
jurtina) was parasitized by 5 wasp species. There is latice between the

number of parasitoid species that attacked a ghvast species and the
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number of hosts that these parasitoid species ldecta attack (Spearman
rank correlation: R = 0.003, n = 54, p = 0.99).

30 1
25 1
20 +
15 4

10 -

Number of Nymphalidae species

1 2 3 5

Number of parasitoid species attacking Nymphalidae caterpillars

Figure 11.1. Frequency distribution of the number of host-pacégirelationships
according to the number of Braconid species attackach Nymphalidae caterpillar
host.

Several factors explained why some Nymphalidaecispewere
attacked by more Braconidae wasp species than sot{ieable I1.2).
Morphological characteristics of the caterpillarslgactors relating to the
specialistvs generalist character of the host were the mosvagit to explain
the number of Braconidae species attacking Nymghhabsts. Factors
relating to the life history traits of the host weweakly related to the
parasitoid species number. Thus, a higher numbBrafonidae wasps were
found for (1) green caterpillars, (2) with spines their body, (3) with a
broader diet, (4) feeding preferentially on herlmasecompared to woody

host plant, and (5) with a wider habitat profiles.
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Table I1.2. Results of the multimodel inference on the influeioé caterpillar body
characteristics and ecological factors) on the remalh Braconidae wasps attacking
Nymphalidae caterpillars. AICc weight represents tblative importance of the
descriptor in explaining variation in the responvsgiables (see text for details).
Descriptors with weight > 60% are shown in bolddasier reading.

Parameter estimate

Variables Modality Variable weight (+SEM)

Number of habitat profiles 68.82% 0.992 (+0.6)
Number of host plant family 87.23% 1.408 (+0.696)
:/r? eogg‘fré’;%%‘iﬁs SREEES M 86.18% 7.793 (£4.341)
Morphology spiny 92.61%

smooth -10.198 (£5.517)
Host color dark 85.76% -9.419 (34.634)

green

other -6.19 (+4.127)
Host cluchness gregarious 15.87% 0.059 (+0.212)

solitary
Number of host generation one 40.89%

more than one -0.735 (+0.67)
Overwintering stage caterpillar 18.82%

other -0.18 (+0.349)
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I1.4. DISCUSSION

The basic hypothesis that generalist hosts spaceemore parasitized than
specialists is strongly supported in our analyBiather than segregating
species in specialists generalists on a subjective basis, here we used th
different criteria to relate the niche breadth be thumber of parasitoid
species. Firstly, host species living in many hattifpes were parasitized by
a larger number of parasitoid species. Secondlsgt Hipecies that feed on a
wide variety of plants were attacked by a largember of Braconidae
species. Thirdly, we found evidence that more Bnatae parasitoid species
attacked hosts feeding on herbaceous plants these tfeeding on woody
plants. These three criteria are obviously not peselent: oligo- or
polyphagous butterflies are more prone to live ifiecent habitat types
simply because they are able to feed on differesdt Iplants, whereas
butterflies feeding on woody host plants are re&d to forested habitats.
However, these three criteria provide complementanrsights on the
specialist-generalist continuum, and their convecgeas well as their strong
support in the inference model selection approdelarly reinforces the
conclusion that generalist hosts and species widrger distribution (i.e.
living in more habitat types) are expected to beagiized by a larger
number of wasp species. In a patchy landscapera@estespecies living in
different habitat types are clearly more abundduaint specialists at the
landscape scale. Accordingly, our finding corregi®oto the general trend
documented in the literature on host-parasite iocgighip, abundanhosts
usually being attacked by richer parasite faunap {¢azquez et al. 2005).
Two different evolutionary processes acting on lihet and on the
parasitoid respectively could contribute to gereethis pattern: according to
the enemy-free space hypothesis, hosts could teagloit new habitats to
escape the parasitism pressure, whereas accordinthet Red Queen

hypothesis, parasites will preferentially specalon the most abundant host
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species (Poulin et al. 2000). Altogether, these twocesses could also
explain the lack of specificity of parasitoids akismg generalist host species:
given the diversity and abundance of their potémtists, these parasitoids
have no advantage to evolve specialized strategias. result contradicts
the situation reported on real parasites (referttngrganisms benefiting at
the expense of their host), where parasite spatiasking those host species
that harbors a richer parasite fauna are more sftenies-specific (Vazquez
et al. 2005). Competition between parasites shaitiegsame host at the
same time, which is obviously ineffective amongasépids, may explain
this difference.

None of the factors relating to the life histomaits of the host
explained the number of Braconidae wasps attackihygmphalidae
caterpillars in our meta-analysis. Richness of gheasitoid fauna was not
explained by the host egg spreading, solitary arefagious caterpillars
having the same risk to be parasitized by one verak wasps. Solitary
caterpillars may be more difficult to detect thaegarious ones. However,
even if colonial webs formed by caterpillars mayhamce detection by
parasitoids, it could also provide protection (Welse€l995). For example,
parasitoids attackingcuphydryas phaetowraterpillars usually stay on the
outside of the web, attacking caterpillars on thdase or those that can be
reached by probing into the webbing (Stamp and Bsew888, Gross 1993).
Aggregation may increase the efficacy of a defehgeincreasing its
magnitude, such as more stinging hairs or a ladgarharge of a chemical
defense. Gregarious caterpillars may also incréase feeding efficiency
reducing their development time and thus reducihg window of
vulnerability to natural enemies (Clark and Fae®®7, Stefanescu et al.
2009).

The lack of relation between host life cycles #rerichness of their
parasitoid fauna was unexpected. This might rdsah a long coevolution

of the host-parasitoid relationship, which has celg for a perfect match
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between the life cycles of both partners. The tetastudy of the parasitism
of Apanteles bignellion Euphydryas auriniandeed revealed that up to three
regular generations of the parasitoids occur in geeeration of the host
(Porter 1983).

Spiny caterpillars support a larger richness afagiéoid fauna. It
seems therefore that spines on caterpillars areanotfficient physical
barrier to prevent parasitism, even if those of ynelmeckerspot caterpillars
(Euphydryas sp.have been shown to be long enough to prevenbsitipn
by a common parasitoidApanteles euphydriidggGross 1993). As spiny
caterpillars have a reduced susceptibility to pi@da (Dyer 1997),
parasitoids can have a selective advantage tohese thosts with a lower
probability of predator attack. Indeed, endopao#dit use their host for a
large portion of their life cycle; therefore, a h@sotected from predation
may represent enemy-free space for parasitoidsd{vian et al. 2007).
Besides, spiny caterpillars are often associatéidl @ther characteristics like
the production of conspicuous damage to host pleaves that make
caterpillars more apparent to generalist parasitoihereas smooth species
tend to be solitary and produce inconspicuous danf@goss 1993).

Insect color is more commonly associated with wiefe against
parasitoids. Indeed, previous studies (Barbosa Gaidas 2007a) showed
that caterpillar color had the greatest influence susceptibility to
parasitism; green caterpillars having the highesell of parasitism. We
show here that green caterpillars face also a highersity of parasitoid
species. Melanic caterpillars could be more residtaboth ecto- and endo-
parasitoids. Indeed, melanism is associated widvagéd phenoloxidase
activity, which in the haemolymph is associatedhwgireater capacity to
encapsulate and/or to melanize foreign objectsludeg parasites and
parasitoids that enter the haemocoel (Wilson e2@01). In this study, the
color classification of caterpillar species hasrbbased on the human vision

only (Higginson and Ruxton 2010). Further invedimas are needed to
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consider the whole visual spectrum of Hymenopteesps, such as ultra
violet colors (Briscoe and Chittka 2001, Desouleral. 2010).

Several biases can distort and/or limit the sigaifce of our
analysis. First of all, the number of host-paraditoelations is likely
underestimated. All Nymphalidae species listedhe tlatabase have not
been studied with the same intensity. As increasiieggeographical range
over which a study is conducted often directly @ages the number of
observed host-parasitoid relationships, the numdfeBraconidae wasps
parasitizing Nymphalidae species may be underettmeéSuch effects of
sample size have been reported in other host-paichsiommunity species
(Memmott et al. 2000). Moreover, although it is Wwetcognized that
generalist host species are heavily parasitizedsheild account for this
result cautiously. Indeed, one host species cgmabasitized on only one of
its host plant or in one habitat type, while instetudy we have considered
its complete host plant range (Weseloh 1995). vanhyus and Hanski
(1999) showed that. melitaecaruma specialist parasitoid &fl. cinxiain
Aland, successfully parasitizes those caterpiltaugs that fed oWeronica
spicatamore often than those that fed Brantago lanceolataMoreover,
interspecific competition between parasitoids fesgly occurred
(Stefanescu et al. 2009, van Nouhuys and Punju)2@b@ can lead to the
exclusion of one of the partners involved in thitien. Furthermore, the
susceptibility of one species to parasitism canirfluenced directly or
indirectly by the environment such as the preseotether herbivore
species, different interactions in the communitytfee spatial structure of
the habitat (Barbosa et al. 2007, Barbosa and €&l@87a, Bergerot et al.
2010). Finally, as we have no data on the parasitiate inflicted by
Braconid wasps on their host, species attacked Isynaller number of
parasitoid species may in reality suffer fr omhighgarasitism rate.
However, despite this cautionary tale, we thinkt tbar study provides

useful clues that can improve the understandindp@fevolutionary ecology



DATABASE ANALYSIS 67

of the parasitoid-host relationship. We hagbriori decided to restrict our
analysis to European Nymphalid butterflies andrtperasitoids. However,
it should be relatively simple to apply the samehudology to other study

systems.
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ANNEX I1.1.

List of host-parasitoid relationships implying aaidlars of a Nymphalidae

butterfly as host and a Braconidae wasp as pai@sito

Butterfly Butterfly Parasitoid Parasitoid
genus species genus species
Aglais urticae Cotesia vanessae
Aglais urticae Cotesia vestalis
Apatura ilia Psilomastrax pyramidalis
Apatura iris Psilomastrax pyramidalis
Argynnis adippe Cotesia addippevora
Argynnis aglaja Cotesia selenevora
Boloria eunomia Cotesia eunomia
Boloria selene Cotesia selenevora
Charaxes jasius Meteorus pulchicornis
Coenonympha oedippus Diolcogaster abdominalis
Coenonympha  pamphilus Aleoides coxalis
Coenonympha tullia Diolcogaster abdominalis
Coenonympha tullia Aleoides coxalis
Erebia aethiops Cotesia tetrica
Euphydryas aurinia Cotesia bignellii
Euphydryas aurinia Cotesia melitaearum
Euphydryas desfontainii Cotesia melitaearum
Euphydryas maturna Cotesia acuminata
Euphydryas maturna Cotesia bignellii
Euphydryas maturna Cotesia melitaearum
Hipparchia semele Cotesia vestalis
Lasiommata maera Cotesia tetrica
Limenitis camilla Meteorus colon
Limenitis camilla Cotesia sibyllarum
Limenitis populi Glyptapanteles vitripennis
Limenitis populi Protapanteles sp.
Limenitis reducta Cotesia sibyllarum
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Butterfly Butterfly Parasitoid Parasitoid
genus species genus species
Maniola jurtina Meteorus versicolor
Maniola jurtina Cotesia tetrica
Maniola jurtina Cotesia tibialis
Maniola jurtina Cotesia vestalis
Maniola jurtina Aleoides coxalis
Melanargia lachesis Aleoides coxalis
Melitaea athalia Cotesia acuminata
Melitaea athalia Cotesia melitaearum
Melitaea cinxia Cotesia melitaearum
Melitaea deione Cotesia melitaearum
Melitaea diamina Cotesia melitaearum
Melitaea didyma Cotesia acuminata
Melitaea didyma Cotesia lycophron
Melitaea didyma Cotesia melitaesarum
Melitaea parthenoides Cotesia melitaearum
Melitaea phoebe Cotesia acuminata
Melitaea trivia Cotesia lycophron
Melitaea trivia Cotesia melitaearum
Nymphalis polychloros Cotesia vestalis
Pararge aegeria Protapanteles incertus
Polygonia c-album Microgaster subcompletus
Pyronia tithonus Cotesia tibialis
Vanessa atalanta Cotesia vanessae
Vanessa atalanta Microgaster nixalebion
Vanessa atalanta Microgaster subcompletus
Vanessa cardui Cotesia vanessae
Vanessa cardui Cotesia vestalis
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A STUDY CASE: RELATING OUR FIELD OBSERVATION TO THE

GENERAL PATTERN DESCRIBED USING THE META-ANALYSIS

Our long term study of two peat bog NymphalidaéB&igium 8.
eunomiaandB. aquilonarig (e.g. Schtickzelle and Baguette 2004, Turlure et
al. 2009) has revealed that last instar caterpiltae parasitized only iB.
eunomia Such a finding raised the question as to why tVasely related
Nymphalidae species present such a divergence. gUsasults and
conclusions brought by the analysis presented puely, we here focused

on this question.

Caterpillars of the two species were sampled iat fs@gs of two
Belgian highlands: the Plateau des Tailles andPtaeeau de Recogne (Fig.
[1.2). All habitat patches were sampled by visuaspection to collect
caterpillars. In the Plateau des Taill&, eunomiawas collected in the
Pisserotte peat bog aml aquilonarisin six different nature reserves (Fig.
I1.2). In the Plateau de Recogne, the two speciee wampled in the same
peat bog: The Troufferies de Libin (Fig. I1.2). T@ll.3 summarizes the
number of collected caterpillars for the two Nymiutee species as well as
their status (parasitizeds pupated) according to the sampled site and the

year.
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{ R GF: Grande Fange, M: Massotais,
N: Nazieufa, P: Pisserotte, R: Robiefa
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Figure 11.2. Location in Belgium of the two sampled highland$ieTPlateau des
Tailles and the Plateau de Recogne. Inserts raggesampled sites in the Plateau
des Tailles:B. eunomiacaterpillars were sampled in one site (Pisseraottd)e B.
aquilonaris caterpillars were sampled in all the other sitasthe Troufferies de
Libin, in the Plateau de Recogne, the two speciErewampled.

Table 11.3. Number of collected caterpillars for the two Nymliti@e butterfly
species studied according to year and sampleBiteunomiawas the only species
for which parasitism was observed

Species Sites Caterpillars status 2005 2006 2008 2009
parasitized . 31
Libin pupated ) 82
. dead for unknown reasons . 7
B. eunomia
parasitized 76 112 9 60
Pisserotte pupated 25 18 16 91
dead for unknown reasons 1 17 1 19
Libin . 35 5
Pisserotte 45 40 19
B. Grande Fange . . 38
aquilonaris .
Massotais . . 5
Nazieufa . . 10

Robiefa . . 2
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Caterpillars collected in the field were broughthe lab and reared
individually in Petri dishes (outdoor temperatuned dight fluctuations).
Every two days, faeces and old plants were rema@retinew host plants
added to ensure caterpillars were fad libitum This was done until
unparasitized caterpillars pupate, and parasit@dvak emerge from
parasitized caterpillars. When parasitoid larvaerged from the caterpillar,
they were placed in a laboratory chamber (tempexa®0°C, photoperiod
L:D 16h:8h) for pupation. Some adult parasitoids revekept for
identification, while the others were releasedheilt site of origin, as were

adult butterflies.

Whatever the study site and year (table 1l.3)ydhparasitism has
been observed in each case (all sites all yeard}.feunomiabut never for

B. aquilonaris

Our primary hypothesis was that aquilonariscaterpillars were not
parasitized because of the female egg-laying styatadeedB. aquilonaris
females lay eggs singly, contraryBoeunomiaones which lay eggs in small
clutch. As mentioned before by the database arsatgsults, it was unlikely
that the host egg spreading can determine the nuofitiBraconidae species
attacking a Nymphalidae butterfly. Moreover, by tisample of 16
caterpillars (all years and sites consideredabria selenganother related
and sympatric species that lays eggs singly andsevloaterpillars have a
solitary life strategy, we observed that they weyarasitized byC.
selenovera a Braconidae wasp. This example strengthens #iabdse
analysis results. Therefore, additional hypothesesd to be exposed to
explain whyB. aquilonariscaterpillars have until now never been observed

to be unparasitized:



STUDY CASE 73

1. Since we collected only the last instar catiamgi, the species can
be parasitized during the previous caterpillar estalyloreover, allB.
aquilonaris caterpillars were sampled in small and/or completsolated
populations. Since parasitoid species can be afiduy the small size and/or
the isolation of their host populations, this coalgplain why no parasitized
B. aquilonaris caterpillars were detected. It is now necessargditect
caterpillars from larger populations in a meta-gapan complex to validate
or refute this observation.

2. Caterpillars may minimize the risk of predatibg avoiding
encounter with parasitoidd8. aquilonaris caterpillars live inSphagnum
hummocks providing optimal cold temperature coodti (Turlure et al.
2010a). They might find both direct and indirectywdo escape parasitism
by sheltering in this vegetation structure (i.e.rotlgh behavioral
adaptations). Indeed, cold environment might prevemale parasitoids to
reachB. aquilonariscaterpillars (Fink and Volkl 1995).

3. The insect immune system is also a key defagamst parasitoid
attack (Gross 1993). Incompatible hosts often elat@ parasitoids by
encapsulation, a process in which hemocytes fomubilayered envelope
around the invading organism (Smilanich et al. 20@®. aquilonaris
caterpillars could use encapsulation of larval gigoa killing this parasitoid
before its development.

4. A last hypothesis can be related to the spaistribution of
populations of this relict species in Western EetoB. aquilonaris is
restricted to active peat bogs whaccinium oxycoccoshe only host-plant
of caterpillars. Following the natural distributioh peat bogs in the Tailles
highlands, populations of this butterfly are fragnesl. Such spatial
configuration can impede negatively parasitoid sme¢Tscharntke et al.
2002a).

Of course, these four hypotheses are not mutwallglusive. If

several are true, our chance to find any parasitoithis species will be
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considerably reduced. Furthermore, in the rich emplex living world, it

seems nearly impossible that a species is notipaeasat all.



PART TWO

HOST PARASITOID RELATIONSHIP:

FROM THE PARASITOID SIDE






CHAPTER Il

OLFACTORY RESPONSES OF COTESIA EUNOMIAE TO

VARIOUS HOST-ASSOCIATED VOLATILES .



| am grateful to Victoria Radchuck for her help dmet corrections.
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ABSTRACT

Behavioral events leading to successful parasitisalude host habitat
location, host location, host acceptance and dliffadnfochemicals from
lower trophic levels is considered essential in fomging behavior of
female wasps. By studying the system consisting iparasitoid,Cotesia
eunomiag and its hostBoloria eunomiacaterpillars, which fed exclusively
on Persicaria bistortaleaves, we aim to determine which trophic level is
more attractive for female wasps to locate hosttabbnd hosts. We tested
three categories of infochemicals, previously pcoas significant volatiles
odors to allow parasitoids to locate their hostirfpchemicals emanated
from the host itself and from the host producte¢&s), 2) infochemicals
released from the damaged host plant and 3) béwkhamicals enunciated
previously together. With our experimental desigfitybe olfactometer),
none was significantly more attractive f6r eunomiagfemales. It seems
however that females orientated toward infochersié@m the host itself or
the host by-products more rapidly than when vaatiémanated from the
damaged host plant leaves. However, the low numbexperiments did not
allow us to conclude definitively on the non deitmttof an effective
infochemical. Thus, the no attractiveness of waspgrds mechanically
damaged leaves could be explained by the capatifotesiafemales to
recognize infochemicals released by mechanicallgadgedvs eaten leaves.
Moreover, frass quantity may be too low to activagaction. Finally, since
host habitat and host location arrived mainly dgrparasitoid flight, our
experimental design may be inappropriate for stiatlys Other experiments

are discussed.
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I11.1. INTRODUCTION

The survival of parasitoids is greatly dependenttio® overlap with the
ecological niche of their hosts in terms of bothdiand space. To insure
such coincidence, parasitoids need not only to heymize their
development with their hosts but also to locate aodidentify them
(Lawrence 1981). Behavioral events leading to ss&foé parasitism include
host habitat location, host location, host accemaand suitability (Vinson
1976). Parasitoid wasps that forage for herbivorbasts evolved within
multitrophic systems. In such context, informatfoom lower trophic levels
is considered essential in their foraging behavget et al. 1991).
Hymenoptera parasitoids are known to use a vaoétinfochemicals to
search for hosts but also to locate food or mateson 1976, Turlings and
Tumlinson 1991, Turlings et al. 1991, Godfray 199%8gveral odors have
already been discovered and proved to be effidienthost finding and
recognition by female parasitoids. Thus, femaleapitwids can orientate
toward chemicals released by their host (e.g. wlatic hydrocarbons,
pheromones) or its products (faeces, silk, exuyiagthe host's food plant
(volatiles induced by feeding or oviposition), oy brganisms associated
with the host presence (bacteria, fungi) (Vet aick® 1992, Cortesero et al.
1993, Steidle and van Loon 2003, Steiner et al720Dwo types of stimuli,
involved in host habitat and host location, camiséinguished depending on
the source and area of their impact on parasitpitisson 1976). Volatile
allelochemical substances emitted by the host paateffective on long
distances (larger area of impact). Indeed, dubeaelatively large biomass
of the host plant, such stimuli are usually readilsailable, allowing the
parasitoid to move through the habitat of theirthbievertheless, they are
less reliable predictors of host presence andlsliiya(Vet et al. 1991). This
is why at shorter distances, information from thesth itself, often

characterized by a low detectability but a highakglity on the presence,
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identity, density and suitability of the host, be@s increasingly important
(Vet et al. 1991).

Infochemicals play an important role in the intgi@ns between
organisms, therefore a full understanding of thesswity with which a
wasp responds to various volatiles associated thighlower trophic levels
would contribute to a better knowledge of the rtophic interaction between
a parasitoid, its host and the host plant (van Ngshand Kaartinen 2007)
and at a larger scale of the evolution and funatipof ecological food webs
(Steidle and van Loon 2003). In a biological cohtantext, this information
proved to be crucial for the design of programd tnse parasitoids and
predators as biological control agents (NgiSong@muerholt 1997, Reddy et
al. 2002, Steidle and van Loon 2003). Here, thdistlsystem consists of a
Cotesia wasp, Cotesia eunomige specialized on Boloria eunomia
caterpillars, which feed exclusively, at least ime tBelgium sites, on
Persicaria bistortdeaves. In 1992, Vet and Dicke formulated the ephof
dietary specialization and infochemical use in redtanemies. According to
this classification, our system belongs to the Wigtpecialized group (as
many other relationships involving parasitoid spepi in which the
parasitoid species is specialist at the host IGaedording to MR Shaw) and
the host is itself specialist at the host plantelesuch type of specialist
species should use highly specific cues (Steidteem Loon 2003) to be
able to find a host.

In this preliminary study, we tested three -cat&gor of
infochemicals, previously proved as significantatidés odors, which allow
parasitoids to locate their host. Firstly, infochests emanated from the host
itself and from the host products (faeces) wereetesSecondly, parasitoid
females were confronted with infochemicals reledsath the damaged host
plant leaves. And finally, host plant with hostsrevplaced together to detect
if this infochemical was relevant f&. eunomiaevasps. Since all of these

odors are supposed to provoke a reaction in pardsfemales, this
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experiment aims to determine that one of these sodkrsignificativelly

attractive for host location.

[11.2. MATERIAL AND METHODS

The wasp

e Natural history

The wasp C. eunomiae (Hymenoptera: Braconidae) is a koinobiont
gregarious endoparasitoid attacking at least teedaterpillar instar of the
bog fritillary butterfly. Its life cycle is still at well known, but according to
the description made by Shaw and colleagues (Shalv 2009) the studied
species could have successive generations on ke diogt generation, as
other Cotesia Preliminary experiments, conducted to test if apdoid
females accept young instar caterpillars (first second) to lay eggs,
revealed that it is, indeed, the case (Annex )l.Therefore, for the
experimental design we hypothesized that the foaterpillar instars

represent suitable hosts f0r eunomiae

e Wasp collection and rearing

A total of 166B. eunomiacaterpillars collected in a peat bog within the
Fange de Pisserotte nature reserve (S-E Belgiufi,389, 5°47°’E) during
spring 2009 were brought to the lab and rearedl uhg parasitoid
emergence or the pupation time. All parasitoidowlcocoons were placed
in cages in a laboratory room permitting their depment (temperature:
20°C, photoperiod L:D 16h:8h). Adults &. eunomiaeemerged 15 days
after their pupation. Wasps were collected from ¢ingergence cages for

training and deposited in a climate room (tempeeat8°C, photoperiod L:D
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16h:8h) to prevent premature mortality events duart excess of activity.
All wasps which emerged the same day from one vage placed together
to allow for mating. They were supplied with a 20%ney-water solution.
Females used for experiments were assumed to te® rf@hce mating was

allowed) (Gross 1993) and without previous oviposiexperience.

Olfactometric device

Experiments were conducted in a dual-choice Y-tolf@ctometer made of
transparent glass (0.5cm diameter) with each armmextied to a glass
reservoir holding the odor source (Fig. 1ll.1). Atream was generated by a
pure air connected to a flowmeter, the flow rates firmed to Sml/min. Air
was passing through a filter before entering théactbmeter. The
olfactometer consisted of a glass tube divided thimnes (Fig. Ill.1): zone
1 (Z1), 3cm long, consists of the female entramea;azones 2 and 4 (Z2,
Z4), 10.5cm long, are two arms leading to resesv{#3 and Z5) 3.5cm
diameter, where the odor source was placed. Theaeavas illuminated
from beneath with uniform light. After each run,etlolfactometer was
disconnected from the air flux and thoroughly wakhéth water, rinsed
with 70% ethanol and dried.

The female was placed individually in zone 1 of tifactometer
and a flow of pure air entered through the two @ipoends. Each insect
was allowed to make a choice during 10min and eachused only once for
each treatment. The choice (reservoir with odoreservoir with no odor)
and the time that females spent in each zone vem@ded. A choice was
considered to be made when the female wasp wasrente a reservoir.

The position of the odor-emitting substance in taorer was
inverted between each test to avoid effects of dirgctional bias, in case

wasps would preferentially reject the right or kefin for external reasons.
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Figure I11.1. Olfactometric device. Z1, Z2, Z3, Z4 and Z5: detaed zones. Z3
and Z5: two reservoirs.

Sources of odors

To examine choice preference, four odor sources vested in a dual choice
experiment. We always tested one odor source pubn@é reservoirvs
nothing in the second. The first two treatments responded to
infochemicals emanated from the host itself:
- Treatment A: B. eunomiecaterpillars of the first or second
instarvs nothing,
- Treatment B: caterpillar frass (150mgpnothing.
Infochemicals from damaged host plant were testedd third treatment:
- Treatment C: mechanically damagBd bistorta leavesvs
nothing.
And finally, the last treatment combined infocheahéccoming from both
the host and the host plant:
- Treatment D: caterpillars and not mechanically dzedd.

bistortaleavesvs nothing.

Odors obtention

In June 2009, 11 butterfly females were capturetthénfield and allowed to

lay eggs under controlled conditions (females waezed individually in
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cages, which were put outside at the field stationsimilar weather
conditions than the field ones). Eggs were colkbckzily, and placed in Petri
dishes. We noted the hatching time and followe@rpdtar development.
Young caterpillars were reared widd libitum access to fresh and young
host plant leaves, in natural light and temperator&itions. Frass produced
by caterpillars fed orP. bistorta were collected the same day when the
experiment using this odor source was performed.

Host plant leaves (young leaves as required bgrpuidiars) were
collected in the field. We experimentally mimickdgk feeding activities of
caterpillar on bistort leaves by scratching thd kaface with a scalpel to
emanate the volatiles from the host plant. A pigicecm? was used for each

replicate of C and D treatments.

Statistical analysis

For each treatment, the choice made by femalesg@iag into odor or no
odor reservoir), the time spent to make the ch@itsec.), the time spent in
each arm of the olfactometer (in sec.) and the murabroundtrips (comings
and goings of females in olfactometer arms) wecended. Results from the
dual choice tests were compared ugihgest. The effect of odor source on
the time spent to make the choice was analyzedaméway ANOVA, with
experiment as our explanatory variable and timéhasdependent one. The
percent of time spent in the arm of choice was yaeal with one way
ANOVA. Analyses were realized using SAS software{wsas.com).

The choice made by parasitoid females was regiesst the
treatment, the time spent to make the choice, tmeber of roundtrips and
the percent of time spent in the arm of choiceassess which factors
explained this choice. Due to multicollinearity Wween the variables
investigated, a multimodel inference approach, ¢hasecorrected Akaike’'s

information criterion (AICc), was chosen (Burnhamdanderson 2002). A
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binomial distribution with logit link function wassed to model the choice
made by parasitoid females (odor sowseo odor source). This approach
was also used to analyse the time spent to makechbe&e with the
treatment, the number of roundtrips and the chomzele by parasitoid
females as explanatory variables. A normal distidouwith identity link

function was used for modelling this variable.

[11.3.RESULTS

Among the 166 collecteB. eunomiacaterpillars, 60 were parasitized. On
average 18.6 + 4.7 (min = 2, max = 56) parasiteidide successfully
emerged from their host and spinned a yellow cocdone to a low
emergence rate (5.6%), only 35 parasitoid femalese viested. Moreover,
due to some technical problems and time delay ltwemergence of
parasitoid adults and young host caterpillarsptaltonly 62 replicates were
performed (Table 111.1) in total. Overall, 24 feraalwere directed toward
infochemicals, 25 toward nothing and 13 made naceh@.e. after 10min

they did not reached a reservoir).
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Table 111.1. Results of dual test choice, for the four treatmemealized with
Cotesia eunomiafemales.

Choice made by C. eunomiae females

odor source no odor source no choice

A. B. eunomia caterpillars

vs Nothing 10 = 2
B. Frass

vs Nothing 5 2 4
C. Damaged P. bistorta

leaves 6 9 3
vs Nothing

D. P. bistorta leaves + B.

eunomia caterpillars 3 3 1

vs Nothing

For all tested combinations, there was no diffeeebetween the
effect of odor source on the female choigetést, p > 0.05).

Female choice was best explained by 1) the peagerdf time spent
in the arm of choice (AICc weight = 99.9%) and!® tumber of roundtrips
(AICc weight = 96.1%). Thus, females went more frexfly towards tested
odor when they spent longer time in the arm of oh@nd when they made

few roundtrips.

The final time to make a choice was not statifificdifferent
according to the treatment (One-Way ANOVA, = 0.09, p = 0.9618). It
was only influenced by the number of roundtripsGalweight = 98.2%),
not surprisingly: the more females made back amth feovements, the
longer the decision time is. No difference in th@lf time to make a choice
towards odor source (One-Way ANOVAg kK, = 0.81, p = 0.5018) or
towards reservoir with nothing (One-Way ANOVA; | = 1.09, p = 0.373)

were observed between experiments (Fig. 111.2).
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Figure I11.2. Responseof Cotesia eunomiaén a Y-+ube olfactometer to fou
different treatmentThe X axis indicates the mean time (in secondsyEM) for
female to make a choice (either toward odor soar no odor source).

Moreover,for all treatment: there was no statistical differenin
the percent ofime spent in the arm of choice ((-Way ANOVA, F; 45 =
2.41, p = 0.0792)Finally, even not statistically significantje observed th
parasitoid females tend spend less time in the arm leading to the «
testedwhen the infochemicals emanated from mechanicallydamagec

leaves (Fig. 111.3).
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Figure I11.3. Meanpercent otime spent in the arm of the olfactometer withta
end the odor source (the arm of choice) for eaehttnent tested. Treatment
(circle): B. eunomiacaterpillars odor; treatment B (square): catempilfeass;
treatment C (triangle): damag¢P. bistortaleaves; treatment D (diamond): bc
caterpillars with host plant leaves. Grey and smsgthbols correspond for ea
treatment to the observed time. Bigger and danmbsls correspond to the me
time for each treatment with standard devia
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[11.4. DISCUSSION

Among the four infochemicals tested, none was Sigritly attractive forC.
eunomiaefemales. But the low number of replicates did atbbw us to
conclude definitively on the non detection of afeetive infochemical. As
both plants and herbivores produce odors and tltsnpal information,
which may be use by natural enemies to locate thesis it will be very
surprising that no tested odor attracted parasitemales (Vinson 1998).
Thus, more replicates, more treatments and impremén in the
experimental design will be necessary. In the foihg paragraphs, some
explanations and improvements will be suggested.

The non attractiveness Bf bistortaleaves could be explained by
the fact that artificially damaged plants relead#éf@rent volatiles, which do
not attract parasitic wasps (Baldwin et al. 200&jeed, parasitoids, such as
Cotesia species, are able to discriminate between herbivdestedvs
uninfested or mechanically damaged plants (Turlietgal. 1991, Bleeker et
al. 2006). Indeed, when herbivores feed on, andehom attack, their host
plant, they not only cause damage but also intredsaliva derived
compounds to the wound sites; this process activatme volatile emissions
that differ in their compositions from those rekedsafter a manual
destruction (Baldwin et al. 2002). This could aksglain why during the
experience realized with both host plant &dunomiacaterpillars, female
wasps showed an equal absence of preference fer dthdr. Indeed,
caterpillars were moving all the time without feggliand there was no host
plant leaves attacked. To improve this experimentta know exactly iP.
bistorta plays a role in host location By. eunomiademales, it could be
interesting to compare plant volatile compoundstieaiby correspondingly
uninfested and infested leaves By eunomiacaterpillars. Moreover, the
whole food plant could also be tested. Several atenanalyses (e.g.

extraction of leaf volatile compounds - a solid gdhamicro extraction



OLFACTORY RESPONSES OEOTESIA EUNOMIAE 91

technique could be used -, analysis of these congsmuby a gas
chromatograph for example, and analysis of vokatile a mass spectrometer
and finally their identification) might be used (@tyo et al. 2008).

Concerning the host by-products, the quantityra$s used to attract
female wasps could have been too low to induce fémeale reaction
(NgiSong and Overholt 1997). Furthermore, sourcatwhctive volatiles in
frass can be either the host itself or the prockdsest plant, or the
combination of both. But the link between parasisqoreference during their
host search and frass of their host can be morelamated. Indeed, it has
been shown that some parasitoids used, for hostratd finding, active
compounds originating not only from the host frdss, also from the host-
associated micro-organisms living in the frass i(ete et al. 2007).
Caterpillars being reared in laboratory, such oigras may be not present in
their frass (used for experiments). Moreover toaldem the study, it seems
that some specialist parasitoid species are abflistmguish volatiles from
frass of host caterpillars and of non host catiamgil(Alborn et al. 1995,
Afsheen et al. 2008a). Sin€e bistortaleaves are the host plant of several
peat bog species (such lagcaena hellecaterpillars), it could be interesting
to test if C. eunomiademale are able to distinguish between frass cgmin
from different herbivores feeding da bistortain order to make the most
appropriate orientation toward habitat.

Improved olfactometry tests should also be redlizeith a better
control of factors that could affect the resultsc{s as atmospheric pressure
or stable water balance, Martinez and Hardie 2008)reover, in our
olfactometer device, female wasps were not allowwdty, only walking was
possible; the observed responses may thereforéodte physical design of
the bioassay which disabled the wasps from perfayrflights (Steinberg et
al. 1992). Consequently, before to go deeper mkhrid of experiments, an
effective bioassay in terms of high responsivenésg. wind tunnel,

glasshouse set-up or another olfactometer desipd to be constructed and
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tested forC. eunomiagFinally, field experiments will be required tolidate
the conclusions from laboratory tests.

In this study, we focus on chemical cues, whicle anore
persistently released than sound and more traceabldarger distance. But
we might also be interested in nonchemical cuesidq®t and van Loon
2003); for example van Nouhuys and Kaartinen (20@&)e revealed that
Hyposoter horticolause visual landmarks to locate their host eggs;
alternatively, two species @oeloides parasitoids of concealed hosigre
reported to use host vibrations to locate larvadark beetles (Lawrence
1981).



OLFACTORY RESPONSES OEOTESIA EUNOMIAE 93

ANNEX I11.1

The host acceptance behavior@feunomiagparasitoid was studied using
first instar ofB. eunomiacaterpillars (3mm size) known as being the host of
the parasitoid species during its last caterpiltatars (after the diapause).
Six caterpillars were introduced in an arena coimgjf a glass Petri dish,
8.5 cm in diameter and 1.5 cm in height, togethigh & female parasitoid.
Behavior of the wasp was recorded during 30 minlEesven females were
in contact withB. eunomieacaterpillars. All larvae were reared Bnbistorta
leaves until the diapause time. For the diapausey tvere placed in a
climate room (temperature: 8°C, photoperiod L:D :86h mimicking the
temperature of peat bog during this period (coairduthe night and low
temperature during the day). However, the rearingapasitized first instar
caterpillars failed to detect a second parasiteidegation (mainly due to the
gaps on knowledge on development requirements, sueeifically, during
the diapause of thd3. eunomiayoung caterpillars and, consequently,
inability to fulfill those requirements).

C. eunomiaefemale behavior was similar to the one of other
parasitoid females when they encounter a host.eThas a hierarchy of
behavioral steps. Thus, when approaching a hostpilér, the wasp walked
drumming the surface with its antennae until iakec the caterpillar. Then,
it jumped on the caterpillar, briefly drummed theterpillar body with its
antennae and then inserted its ovipositor. 21 smts were observed. The
average length of a sting was 14 second (min =&, = 21 s, SEM = 3.87
s). According to literature, this length of stingutd correspond to effective
egg laying. Thus irC. sesamiaeand C. flavipesoviposition occurred very
rapidly (5-6 s) (Obonyo et al. 2010), and in otheaconids, such a€.
glomerata oviposition lasted 16-20 s (Tagawa et al. 198Rg difference in
the length of oviposition time can be explaineddifferent host behaviors.

Indeed, Lepidopteran larvae that feed on plantsethdr externally or
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internally, defend themselves against parasitoitteedirectly by hiding
during times when vulnerable to attack or by bitiegitting or flicking the
parasitoid off B. eunomiacaterpillars adopt a curl behavior). Thus, due to
this aggressive behavior of their hosts, some pamdsspecies are under
pressure to oviposit quickly once they contactraedaTherefore, first instar
of B. eunomiaseems to be accepted By eunomiademale as hosts for its

offspring even if more observations are needed.
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ABSTRACT

Growth of holometabolous insects is affected byhbabiotic and biotic
factors. Parasitoids are biotic factors perturbihg development of their
host so that their quantitative and qualitativeritiohal requirements are
met, until they inevitably kill it. In this papewne address the question of the
interplay between host (bog fritillarBoloria eunomiacaterpillars) and
parasitoid Cotesia eunomiaevasp, a koinobiont larval endoparasitoid)
development: (1) how the development of the hostaliered when
parasitized, and (2) how host condition influensegcess or failure of
parasitoid larvae. Our results show that this perdsspecies clearly perturb
the growth ofB. eunomiacaterpillars: parasitized caterpillars exhibited a
delayed growth rate (smaller weight and lower glowate). Moreover,
while bigger caterpillars contain on average moagagitoid larvae than
smaller one, the weight of each of these parasitoiche decreased when
their number increased. Besides, parasitoid lafedleto egress from a
number of parasitized caterpillars, especially wineimerous parasitoids
developed in a smaller host. A change in host d¢mmdiduring parasitoid
larvae development, a suboptimal choice of the fera& the oviposition
time, or superparasitism are three hypotheses addamo explain the

unsuccessful parasitism.
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IV.1. INTRODUCTION

“With respect to natural selection, an efficient wtio trajectory is the
combination of growth rate, survival, and timing adult emergence that
maximizes lifetime reproductive sucCesqGotthard 2008). In
holometabolous insects such as butterflies, bedties, and wasps, most if
not all growth occur at the larval stage, which mbgn be seen as an
adaptation for efficient growth with crucial imphtons for the adult life
(Speight et al. 2008). The size that a larva adtaat the time of
metamorphosis indeed defines the adult body siae(itaru 1998, D'Amico
et al. 2001), which is itself often linked to thditness (Haukioja and
Neuvonen 1985, Honek 1993). During this larval gtoperiod, individuals
go through a varying number of instars, during Wwhibey are always
confronted to a trade-off between growth benefitel aosts (risk of
mortality, declining environmental conditions) (8p# et al. 2008).

Juvenile growth is affected by both abiotic andtibifactors, e.g.
temperature (Kaitaniemi and Ruohomaki 1999, McMilkt al. 2005), food
supply and quality (Stamp and Bowers 1988), presafimatural enemies
such as predators or parasitoids (Alleyne and Bpck&é997). Insect
parasitoids are known to influence their host dewelent, either
immediately (idiobiont parasitoids) or with a cémtaelay (hosts parasitized
by koinobiont continue to grow as the parasitoidBspring matures)
(Askew and Shaw 1986). Moreover, many parasitoitert their host
physiology and behavior to meet their own requinets€Wani et al. 1994,
Gelman et al. 1998, Harvey et al. 1999, Beckage@eithan 2004, Lauro et
al. 2005, Thompson and Redak 2008), and conseguentheir survival
(Godfray 1994, Grosman et al. 2008). Thus, by maatmg their host
behavior, parasitoids can decrease host predafmmaka and Ohsaki 2009)
and by altering their host metabolism (Alleyne &etkage 1997, Gelman

et al. 1998, Salvador and Consoli 2008) they cradsaorable environment
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for their development. Besides, at the same timst limvelopment is
manipulated by primary parasitoids, the latter icaturn be affected by their
conspecifics through superparasitism (referring female parasitoid laying
in a host already parasitized by itself or a coodpefemale: (Godfray
1994) or by a higher trophic level represented bypehparasitoids
(parasitizing the primary parasitoids, which inakiy leads to their dead)
(van Nouhuys and Hanski 2002b, Shaw et al. 2009).

In this study, we investigated the impact of piisaa in the
caterpillar stage of the bog fritillary butterfBoloria eunomiaLepidoptera:
Nymphalidae), a vulnerable specialist species at pegs and unfertilized
wet meadows. While the biology and ecology of tugterfly is well-known
(e.g. Baguette et al. 1998, Schtickzelle et al22@xhtickzelle and Baguette
2004, Schtickzelle et al. 2006, Turlure 2009) rétwtions with its specialist
koinobiont and gregarious endoparasitoid, t@etesia eunomiaenasp
(Hymenoptera: Braconidae: Microgastrinae) (Shawd20Bave barely been
sketched despite the expected important impact wterdfly population
dynamics. We quantified the impact of parasitoida oaterpillar
development by comparing parasitized and healtlsgshio terms of weight
and growth rate. We also studied why some pardsitmivae failed to

emerge and died together with their host caterpilla

IV.2. MATERIAL AND METHODS

During spring 2005 (from 15 May to 5 JunB), eunomiacaterpillars were
collected in the Fange de Pisserotte nature reskeceated in the Plateau des
Tailles landscape (S-E Belgium, 50°13'N, 5°47’En@Qtt ). Patches of the
bistort Persicaria bistorta (Polygonaceae), their unique host plant in

Belgium, were scrutinized and all caterpillars fdunere collected. They
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were all next to last and last instar caterpillafter hibernation. They were
brought to the lab to be individually reared inrPdishes under outdoor
natural temperature and light fluctuations. Evevg tays, frass and unused
plant material were removed and fresh pieces abiieaf added to ensure
caterpillars were fe@d libitum All plant material was removed from the
Petri dish at the beginning of caterpillar pupation

All caterpillars were weighed every two days ohadance (Ohaus,
0.1 mg). Unparasitized individuals were monitoredilithe pupation time,
and parasitized ones until the day after the egnessf parasitoids
(synchronous for all larvae from a given caterpjll&€aterpillars that died
prematurely were dissected to assess whether they parasitized or not.
For analyses, caterpillars were classified into gmoups according to their
status: (1) unparasitized and (2) parasitized, this group being itself
divided according to the fate of the parasitisma)3uccess or (2.b) failure.
For the success group, the number of eme@edunomiaewasps was
counted after emergence ceased, representing thsitpa load. The total
weight of the cocoons was also measured. For &ifynoup, parasitoid
larvae counted during dissection represented tresjpaid load.

We first tested for an effect of parasitoid presean the weight and
growth rate of the host caterpillar. We comparedpbanasitized and
parasitized groups for (1) the initial caterpil@eight (at collection date) by
a two way crossed ANOVA with parasitism status amdlection date
(random block) factors; (2) the maximum weight iatéd; (3) the difference
of the last two weight measures (before pupatianufgparasitized group,
before parasitoid egression for success group, l@efdre the dead of
caterpillars for failure group), and (4) the totgiowth rate (weight
difference between pupation/parasitoid egressiod anllection time,
divided by number days between these two eventdwbysample t-tests.
For these analyses, caterpillars with only one hteigheasure were

discarded.
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For success group, the effect of parasitoid laadaierpillar growth
(initial weight, maximum weight, total growth rateyeight loss before
parasitoid egression, and total weight of parasitmicoons) was quantified
using Pearson correlation. So was also the existeha correlation between
brood size and total and individual weight of tioe@ons.

We finally compared success and failure groups(fgrthe initial
weight of caterpillars collected the same day Iywaway crossed ANOVA
with parasitism fate (success vs failure) and ctibe date (random block)

factors, and (2) the parasitoid load by a two sanybést.

IV.3. RESULTS

In 2005, a total of 101 caterpillars were foundtlie Pisserotte peat bog,
among which 24 pupated, 76 were parasitized anddagge for unknown
reasons (diseases or virus could be involved). Anitve 76 parasitized
caterpillars, parasitoids succeeded in egressiriicases. Parasitoid load
(number of parasitoid larvae per caterpillar) rahg®m 11 to 69 with a
median of 32 and a mean of 34.5 (Fig. IV.1).
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Figure IV.1. Distribution of Cotesia eunomiagarasitoid load oBoloria eunomia
caterpillars. Grey bars represent success groupdjpaid larvae succeeded to egress
from their host) and black bars failure group (sécad larvae failed to emerge from
their host).

The initial weight (at caterpillar collection) ofinparasitized
caterpillars was two times higher than parasitieds (Table IV.1). The
maximum weight reached by the two caterpillar gsoupere not
significantly different (Table 1V.2). Besides, psitized caterpillars showed
a different growth curve: they had a lower growdkeron average and lost
some weight just before the parasitoid egressiohilewunparasitized

caterpillars continued growing until the pupationd (Table IV.2).
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Table IV.1. Initial weight of unparasitized caterpillars wasotwimes higher than
parasitized ones (two way crossed ANOVA with cdltat date as a random factor):
0.204 + 0.08%s0.112 + 0.059 (mean + SEM). Statistical significarof the test is
indicated with bold p value.

Variables dF  Error terms SSqulJrg rg; s’éltj}:rl . a't:i o p-value
Status 1 Date * Status 0.1324 0.132 45.66 < 0.0001
Date 6 Residuals 0.0556 0.009 2.158 0.058

Ca?::giﬁar 6  Residuals  0.0174 0003 0675 0.7

Table 1V.2. Mean (and SEM, in g) difference between parasitizegsus
unparasitized caterpillars for: (1) maximum weighéched, (2) weight loss before
the end of larval stage and (3) total growth r&atistical significance of the two
sample t-test is indicated with bold p value.

p_

Unparasitized Parasitized t dF
valu

Maximal weight 0.258 (+0.0306)  0.232 (+0.0708) 1.3 64 021

Weight lost before the

0.00927 (+ 0.0352) -0.0174 (+0.0228) 3.5 64 0.0009
end of larval stage

Total growth rate 0.00965 (+ 0.0099) 0.00365 (+£0.0096) 2.1 64 0.0394

The initial weight of parasitized caterpillars anghximum weight
they reached were positively correlated with paoasiload, but the total
growth rate and the weight lost before parasitgcession were not (Table
IV.3). When parasitoid larvae were more numerdus,imdividual weight of
one parasitoid cocoon was lower (n = 51, R = -0,2¥4 0.0515) but the
total weight of all cocoons higher (n = 51, R =1&8p < 0.0001), indicating
that reduction in larvae size was not large endogirevent larger broods to

be heavier in total.
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Table IV.3. Correlation of parasitoid load observed in parasdicaterpillars with
weight variables. Statistical significance of thsttis indicated with bold p value.

Pearson correlation p-
N -
coefficient value
Initial weight of the host 51 0.411 0.0027
Maximal weight 51 0.457 0.0007
Total growth rate 51 0.104 0.464
Weight lose before 51 0.137 0.337

parasitoid egression

Whatever the collection date on the field, catlms from success
group were significantly heavier than those froitufa group (Table 1V.4).
Moreover, failure parasitized caterpillars had an#icantly higher
parasitoid load than success ones (two samplé:tttes2.45, dF = 74, p =
0.0167) (Fig. IV.2).

Table 1V.4. Whatever the collection date on the field, catéapsl from success
group were significantly heavier than those fronilUfa group: 0.14 + 0.064s
0.076 = 0.028 (mean * SEM). Statistical significarof the test is indicated with
bold p value.

Variables dF Error terms SSql:grg; s’\(;llf:rne ralt:io p-value
Parasitized starus 1 DX® " Parasiized g0379 00379 1956 <0.0001

Date 5 Residuals 00255 00051 113  0.4471

e Pz Residuals 00225 00045 232  0.0608

status
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FigurelV.2. Caterpillars from which parasitoids failed to eneeliad a significantly
higher parasitoid load.

IV.4. DISCUSSION

Koinobiont larval endoparasitoids, such@seunomiagdepend entirely on
their host for shelter and food, acquiring theitrignts directly from the host
haemolymph during all or most of their immature elepment, finally
consuming virtually all host tissues until the pliga (Harvey et al. 1999).
Such a haemolymph feeding habit (adopted by a foMizrogastrinae
species) allows parasitoids to match their requimrs to available
resources, by consuming variable amounts of hasturees in response to
differences in parasitoid burden or host condit{@vhitfield 1998). This
kind of parasitoids are, therefore, adapted taarfte the host physiology so
that their quantitative and qualitative nutritionedquirements are met
(Mironidis and Savopoulou-Soultani 2009). Obviousbych life strategy

interferes with different events of host developmé&s shown in this study
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and others (Tanaka et al. 1992, Wani et al. 1924yéy et al. 1999, Elzinga
et al. 2003, Mironidis and Savopoulou-Soultani 20@Be host growth is
one of the various aspects which may be alteredus Ticaterpillars
parasitized byC. eunomiaeexhibited a delayed growth, presenting, in this
case, a smaller weight at any given date and aralbyewer growth rate.
Such disruption of development is mainly attributed abnormalities in
various aspects of the host endocrine system (€odd 2002) as the result
of the suite of parasitoid products delivered ia fiost (Vinson and Iwantsch
1980, Thompson and Redak 2008). Moreover, just rbefoarasitoid
egression, parasitized caterpillars lost weightabee they stopped feeding,
asthe bistort leaves still intact in Petri dishesitaded. Braconid wasps of
the genuLotesiaare known to stop development of their hosts enl#nval
stage, prior to its metamorphosis (Beckage and &e(2904). This decrease
in body weight could reflect the end of host actiowhich corresponds to
the preparation of parasitoid egression (Alleynal€1997).

Heavily parasitized individuals, which contained average more
parasitoid larvae, attained a larger body mass aoeapto lightly parasitized
ones, as observed in other host-parasitoid systémst al. 2003, Bezemer
and Mills 2003). This suggests that host growth rbaymanipulated by
parasitoids to compensate for competition and byereptimize nutrient
transfer to the wasps, through some changes inatheof consumption and
the efficiency of utilization of food by their has{Alleyne and Beckage
1997). However, the weight of each parasitoid lartented to decrease
when their number increased, indicating that soampetition for food was
still on play. Further studies are required to sssehether this impacts
parasitoid fitness.

The premature death of the host together witlpassitoid larvae
occurred when more numerous parasitoids develapsdialler hosts. Two
main reasons can be advanced for the occurrensacbf overpopulation of

larvae within a host: either a decrease in hostditem during its
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development, or a number of deposited parasitois excessive according
to the host condition.

For gregarious parasitoid species, host growth inaye to be
dynamically regulated based on the number of deusdpparasitoid larvae
to ensure optimal resource allocation to all lar(idekamatsu et al. 2006).
However, the mode of interaction in the host ceoesls to a scramble
competition for resources (Godfray 1994). If resesrare lacking due to a
poor host condition (e.g. host starvation), adj@stmcapacities may be
overtaken, and parasitoid growth, development aodvival affected
(Harvey et al. 1999, Nakamatsu et al. 2006).

Parasitoid females need to make a series of ch@mcesproduction (Vinson
and Iwantsch 1980). They should of course prefeynparasitize the most
suitable hosts, i.e. those in which the probabiitysuccessful development
is highest for the highest number of larvae (Godft894). Suboptimal hosts
may be chosen if high quality hosts are lackingriida et al. 1999, Li et al.
2006, Mironidis and Savopoulou-Soultani 2009), tlearly, female wasps
must adapt the number of eggs laid to the hostitgu@ ensure optimal
larvae development. However, an excessive numbeggd deposited within
a host might happen as a consequence of a femalg éut also and
probably more importantly as a strategy. Indeederwimore eggs must
physiologically be laid than the available host# siipport, increasing their
number in each host might be a better strategy siraply losing them. A
specific case of this strategy might be the supesiegsm, observed
widespread phenomenon in parasitoid species (Hameli al. 2007),
referring to a parasitoid female depositing egga host already parasitized
by a conspecific female (van Alphen and Visser 1@2dfray 1994). While
often supernumerary larvae are eliminated (Mayheavidardy 1998), there
may be conditions under which superparasitism mayadaptive (i.e.
increase parasitoid fitness): when host availgbifit limited due to a low

host population size, or when a high number of gito@ females competing
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for hosts. Superparasitism could represent an meagtrategy at the
individual level especially when the lifetime expmwy of females is
reduced due to environmental conditions or senescéodfray 1994,
Bezemer and Mills 2003, Dorn and Beckage 2007, Hanst al. 2007).
Although superparasitism has been demonstratedher €otesiaspecies
(Tenhumberg et al. 2001, Gu et al. 2003), it resitondetermine whether it
occurs inC. eunomiaeand whether it is the cause of the parasitoidifaito
egress in our results. The development of micrtigate markers for this
species has been unsuccessful so far (Choutt, umiaii®), preventing the
use of genetic analyses to determine whether afisgaid larvae in a host
are the progeny of a single or several females.dvew with relatively high
parasitism rate ofB. eunomiacaterpillars (75% in 2005:Choutt et al.
submitted), the probability for €. eunomiaefemale parasitoid wasp to
encounter a healthy host was very low, making thastence of
superparasitism not unlikely.

This first study on the interplay betwe& eunomiacaterpillars
their C. eunomiagarasitoid wasp brings a descriptive situatiothid host-
parasitoid relationship concerning the impact ofrap#ioid on host
development and the influence of host conditionttom fate of parasitoid
larvae. Further researches are needed to go dieefler knowledge of this
relation, e.g. optimal clutch size according to theendition, reasons for
failure of parasitoid larvae to egress (e.g. sup@gtism), sex-ratio

allocation inC. eunomiae



CHAPTER V

DEVELOPMENT OF MICROSATELLITE MARKERS IN A
SPECIALIZED BUTTERFLY PARASITOID : COTESIA EUNOMIAE

(HYMENOPTERA, BRACONIDAE).
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ABSTRACT

Estimating the population structure of the high@phic level in relation
with lower levels is of prime importance to undarst how species
occupying higher trophic level persist. Host-paradiinteractions are ideal
within this perspective. Parasitoids are highly sitére to habitat
fragmentation and may be influenced by both thdiapstructure and the
population dynamics of their host population. Henes investigated the
population structure of the primary caterpillar gstoid, Cotesia eunomiae
of the bog fritillary butterfly, Boloria eunomia By using microsatellite
markers, we had four aims: 1) to characterize #meetic spatial population
structure of this parasitoid, 2) to compare hosi parasitoid population
structures to check wheth€ eunomiagalisplays a more distinct population
structure than its host, 3) to test the effectragfentation and isolation on
parasitoid population structure and 4) to test $aperparasitism irC.
eunomiae Since no species-specific microsatellite markexsst for C.
eunomiaeand cross-amplification of microsatellite markérem closely
related species was not successful, we devel@pe@unomiaespecific
microsatellite markers. However, neither interdimdiual nor inter-
population polymorphism was detected. To explainatservation of multi-
locus monomorphism in microsatellites both techniead biological
explanations specific to this species will be désmd. To conclude, we
believe that the low amount of genetic variatiord dhe lack of genetic
differentiation observed i€. eunomiaes likely due to small population size

and the reproductive system of the species.
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V.1. INTRODUCTION

General context

The impact of habitat fragmentation on single specabundance and
persistence, and on species diversity has receteediderable attention
(Saunders et al. 1991b, Fahrig and Merriam 1994bitet fragmentation
can also influence inter-specific interactions {faatke 1992, Didham et al.
1996), such as among interspecific competitorsdatgs and their prey
(Ryall and Fahrig 2005), parasitoids and their $0$Cronin and
Abrahamson 2001, Cronin 2003, Cronin 2004) or glamd their pollinators
(Lennartsson 2002, Kolb 2008). In a multitrophisteyns context, the higher
trophic levels are thought to be more susceptiblextinction or population
decline than are the lower ones (Kruess and Tstieart094, Holt et al.
1999, Thies et al. 2003). Estimating the populastmicture of the higher
trophic level in relation with lower levels is tledore of prime importance to
understand how species occupying higher trophicellgyersist. Host-
parasitoid interactions are ideal within this petpve. Parasitoids are
highly sensitive to habitat fragmentation espegidlithey are specialist of
their host (Shaw et al. 2009). Indeed, their lastage depends entirely on
the presence of their host. Moreover, the populagicology of parasitoids
may be influenced by both the spatial structure thedpopulation dynamics
of the host population (van Nouhuys and Lei 2004).

The majority of community studies suggest that gitoals have
smaller dispersal ability than their hosts (Kruasd Tscharntke 1994, Zabel
and Tscharntke 1998, for examples relating to oBwesiaspecies see Lei
and Hanski 1998, Kankare et al. 2005). Thus, mgstndt spatial structure
for parasitoid species than host species is expeated has been observed,

especially in parasitoid species with a low dispemange and a small
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population size (Johannesen and Seitz 2003, Kamdtae 2005, Bergerot et
al. 2010).

A wide taxonomic array of insect species are [ptzad and
immature stages of butterflies are no exception{pster 1984). Mortality
following parasitism is a factor often invoked inducing population
fluctuations (Lei and Hanski 1997). Taking advaetafthe vast knowledge
on the natural history and metapopulation biolodytlee bog fritillary
butterfly Boloria eunomia(Nymphalidae) (e.g. Schtickzelle and Baguette
2004, Vandewoestijne and Baguette 2004, Turlurealet 2009), we
investigated the population structure of its priyngrarasitoid, Cotesia
eunomiae (Hymenoptera: Braconidae: Microgastrinae) (Shavd920C.
eunomiaeis a specialist wasp parasitizij eunomiacaterpillars. This
Braconidae, with a haplodiploid sex-determiningtegs (fertilized eggs
develop into females and unfertilized ones into ashl is a gregarious
koinobiont endoparasitoid (i.e. host developmemticoes after having been
parasitized, and several wasps emerge from eadHdrea). ManyCotesa
species are well known as being either importarturah enemies of
agricultural and forestry pests or primary parad#toof almost every
Melitaeini species that has been studied in ddtal et al. 1997, van
Nouhuys and Hanski 2002b, Stefanescu et al. 2009).

We wish to characterize the genetic spatial pdjmmastructure of
this parasitoid for several reasons. First of w#, aim to compare host and
parasitoid population structures to check whetheeunomiaelso displays
a more distinct population structure than its h@s, observed in other
parasitoid-host comparisons. Its host, the boglldny butterfly, is a
specialist species with a highly fragmented distign in the southern part
of its distribution range and a strong colonisatapability at the local scale
(Néve et al. 1996, Petit et al. 2001). Two genptipulation studies of the
host butterfly show that as fragmentation increapepulations are more

genetically differentiated (Vandewoestijne and Bsttgi 2004, Néve et al.
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2008). Second, we aim to test the effect of fragatéon and isolation on
parasitoid population structure. For this, we coraghe genetic population
structure for two wasp populations found in twotidigt host populations.
The two host populations differ in their host plgatch configuration: one
having connected patches while patches of the @lfeemore isolated from
each other. We expect an increased genetic ditiatem between
parasitoid patches within the population charapgeriby more isolated host
patches (Kankare et al. 2004). Thus, in the hopulation with connected
host plant patches, we expect to find a low spagi@bulation structure.
Finally, using genetic markers, we aim to test $aperparasitism irC.
eunomiae Foraging decisions and fitness are directly lthkend can
influence parasitoid population processes (Godft894). One important
foraging decision of parasitoids is whether or taobviposit in hosts already
parasitized by a conspecific (i.e. superparasitismpnother species (i.e.
multiparasitism). After being a subject of strongontoversy,
superparasitism is now recognized as adaptivenimaber of situations (van
Alphen and Visser 1990). Superparasitism may betadaat the population
level when host availability is limited due to aMdost population size, a
reduced proportion of unparasitized hosts in goodlylcondition, or a high
number of parasitoid females competing for hostriCand Beckage 2007).
At the individual level, superparasitism may be @@ when the lifetime
expectancy of females is reduced due to envirormheanditions or near
the end of its life. Therefore, identifying and qgtitying superparasitism in
C. eunomiag in relation to host population size, can improoer

understanding of the host-parasitoid dynamics.

Choice of molecular marker

Several molecular markers exist and have been tseghswer ecology

related hypotheses. Microsatellite markers (regioh®NA composed of
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short (<= 6bp) sequences repeated in tandem (Qetid. 1993, Meglecz et
al. 2007), currently the most frequently used ipylation biology (Meglecz
et al. 2007), is the genetic marker of choice f@ngn population biology
studies (Jarne and Lagoda 1996). Several chamstaterof microsatellites
make them appropriate population genetic markeheyTare ubiquitous
throughout eukaryotic genomes and have been ddtettéhe genomes of
every organism analysed so far (Li et al. 2002haigh the number of
available markers varies strongly among taxa (aschetween Lepidoptera
and Hymenoptera) (Néve and Meglecz 2000, Megleczalet2007).
Moreover, many of them have high-mutation rates é&merage 5x 1t
mutations per locus per generation) that genetaehigh levels of allelic
diversity necessary to detect evolutionary processeting on ecological
time scales (Schlotterer 2000). Additionally, miatellites are abundant
across genomes in both coding (Li et al. 2002,t151€2004) and especially
noncoding regions of the genome. They are conségueowerful markers
used in population genetics (e.g. Jarne and Lag888), determination of
kinship (e.g. Queller et al. 1993) behavioural &sde.g. Burton-Chellew et
al. 2008). No species-specific microsatellite meskexist forC. eunomiae
Consequently, we begin by cross-amplifying micrellitse markers from
closely related species. Subsequently, we dev€opunomiaespecific

microsatellite markers.

V.2. STUDY REGION, SAMPLING SITESAND PARASITOID REARING

Parasitoids for this study were obtained by sarmgpliost-diapause host
larvae in the spring of 2006 for two populationsthe laboratory, immature
wasps emerging from the parasitized hosts were keptentilated Petri

dishes at room temperature until the adult wasperged. To avoid
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perturbing both the host and parasitoid populatiamdy some emerging
adults were kept to other studies, the remainingpagitoids and adult
butterflies, were released in the field. Adult waswhich had not emerged
from the cocoon, were extracted and frozen.

Populations were sampled in two peat bogs didigrnt6 km (Fig.
V.1). The Fange de Pisserotte nature reserve ¢smdia 56 ha peat bog (S-
E, Belgium, 50°13'N, 5°47’E, altitude between 55@&605 m), located on
the Tailles highland. Host plant patch@srsicaria bistorta were sampled
several times by visual inspection to coll&t eunomiacaterpillars.P.
bistorta occurred in 27 different patches (24053 m?), tleximal distance
between bistort patches is 862 m (Fig. V.1). Theulferies de Libin
(49°57'N, 5°19E, altitude: 430 m) is a 52 ha pdaig, located on the
Recogne highland. In this sitB, bistortaoccurred in 14 different patches
(10805 m2), with a maximal distance between twalmed of 385 m (Fig.
V.1). The two host populations situated in two @iéint subregions differ by
their host plant patch configuration: the Libin ptagion having more

connected patches than the Pisserotte one (Fiy. V.1
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Figure V.1. Map of the two study sites. Location in Belgiumtbé two sampled
populations (Pisserotte and Libin). For each &itex corresponds to the host plant
patch configuration: Pisserotte patches are matamti than Libin ones.

V.3. MOLECULAR ANALYSES

Total genomic DNA was extracted from adult samplie€. eunomiaaising
a modified cetyltrimethyl ammonium bromide (CTAB)focol (Doyle and
Doyle 1990). For the following analyses DNA of wmdiuals coming from
different patches were used (to maximize chances disicovering

polymorphism in the tested markers).

Test of existing primers

We cross amplified microsatellite markers develofgedCotesia congregata

(Jensen et al. 2002) @i eunomiaelndeed, flanking regions can be highly
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conserved across taxa, allowing successful crassiesp amplification of
microsatellite loci using primers developed fromhest closely related
species, i.e. within the same genus but sometintbinwhe same taxonomic
family. This is especially true for vertebrates Iswas fishes, reptiles and
mammals (Selkoe and Toonen 2006). Therefore, wede$ primer pairs
developed forC. congregata(Jensen et al. 2002). Unfortunately, none of

these primers revealed polymorphism @reunomiaéndividuals.

Two of the six C. congregataprimer pairs successfully cross
amplified DNA fromC. eunomiaeHowever, no polymorphism was detected

at these loci for the tested individuals (Table)V.1

Table V.1. Results of the cross species amplification usingprBners pairs
developed foC. congregate

Locus acizgﬁ)inﬁo. n No. of alleles Allele size
Cco-1A AF453312 20 1 124
Cco-5A AF453313 6 NA NA
Cco-27 AF453314 6 NA NA
Cco-42 AF453315 20 1 91
Cco-65A AF453317 6 NA NA
Cco-65B AF453317 6 NA NA

Development of species specific primers

Due to a lack of polymorphism in the cross-ampdifion experiment, a
microsatellite-enriched library was constructechgghe protocol of Billotte
et al. (1999). Genomic DNA was first restricted wiltsd and fragments
were ligated to selfcomplementary adaptors Rsan@ilpfosphorylated Rsa

25. Ligated DNA was pre-amplified by polymeraseichaaction (PCR).
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Purified products were allowed to hybridize $(CIT)s and k(CA)g 5' biotin-
labelled microsatellite oligoprobes. Fragments aimimg microsatellite
sequences were captured using streptavidin-coatagnetic particles.
Selected fragments were PCR amplified, cloned etpGEM-T vector
(Promega) and transformed into XL1-Blue electroporacompetent cells
(Stratagene). A total of 192 white transformantel® were PCR amplified
with Rsa 21 primer and transferred onto Hybond NAom membranes
which were hybridized at 56 °C wity’fP] dATP end-labelled (GAj and
(GT)y5 probes. The enrichment success was about 70%dod&scwere sent
for sequencing (Genome Express). 35 primer paire wesigned using the
primer 3 program (Rozen & Skaletsky 2000).

15 primer pairs were tested on f@veunomiaéndividuals to select
those primer pairs which successfully amplified gkin loci. PCR
amplifications were performed in 18 reaction mixture containing 20 ng
template DNA, 1.54M of each primer, 1.2 mM of each dNTP, 1.5 mM Tris-
HCI, 0.2 UTaqpolymerase (Roche) and 1x PCR buffer using 24007660
thermocyclers (PerkinElmer). The PCR conditions evgreheating for 1
min at 94 °C, then 38 cycles of 30 s at 94 °C, 3@ annealing temperature
(55 °C for all the primer pairs), and 15 s at 72 46d finally one elongation
step of 5 min at 72 °C. The PCR products were miphbretically separated
on 1.5% agarose gels and stained by ethidium b&amid

The PCR products were detected in an ABI PRISMOXéhjuencer
and sized with genemapper software (Applied Biasystversion 3.5) using
400HD ROX (Applied Biosystems) as an internal sitsndard.

We succeeded in amplifying 15 different loci usitige species-
specific primers (Table V.2). With the exception ofie locus, allC.
eunomiaespecific markers presented a dinucleotide repedif of at least 6

repetitions.
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Table V.2. Characterization of 15 species-specific microsiééelbci in Cotesia
eunomiarepeat motif, size of the cloned allele and priseguences.

forward Ta reverse Ta

Locus Repe;at size Priiner sequenges (5- 3) (annealing (annealing
motif (pb) (F= forward, R=reverse) TC) TC)
A01 (ac)r 212 F=CTATTGGGCTAAATCGTTTC 54.22
R=GTTTGTGGTCTTTAGAAGCTG 54.37
A08 (ca)e 81  F=ACACAAAATTACTCCTACAAAAA 52.81
R=ACGTGTATGTGCTGATGTT 52.03
B06 (@g)w 128 F=GGCCAACTATTTTACGGTCT 55.91
R=TTGTCTCCCTACACCTTCTC 54.28
BO7 (ca)y(aClu 84 F=CTTCTGAAAAGAGGTTCA 48.16
R=TTTTTAACTTCTCGCGTAT 50.52
co1 (ac) 124  F=ACAAGCATACACACACACTCA 55.04
R=GTATTCGTGCGAGAGAGA 51.99
cl7 (t9)s 162 F=GTATTTACCCGCGTTTCTAA 54.73
R=ACATACTCCAAACCCAGAAT 53.53
cl2 (@) 209 F=ATCGGCTCAAATTCTCATGG 60.04
R=TCGACGTTTGAAGGTCACAG 59.87
ci3 (ca)i 172 F=CGAATCGGTCCAAATCGTAT 59.78
R=GCGATGGTGTCTGTATGTGTG 60.05
clé (tg)7 177  F=TTGGTTTTACCCCGTTTTTC 58.83
R=GGTTGAGCCGTTCAAAAGTT 59.22
A02 (t9)24 230 F=TTTCCCGATGATGTCCGTAT 60.16
R=CTCAAGCTATGCATCCAACG 59.44
c02 (cas 165 F=AAAAGGTCAGTTTCGCCAAG 59.35
R=CGCGTGGACTAGTTTTACCC 59.63
c12 (ca)u 246 F=CTCTTTGAGAAGCCGTTTGG 59.99
R=ATATGTTTCCGTCGCTCCTG 60.1
D03 (ca)zs 163 F=CGGTCAAACCGTTCAAAAGT 60.01
R=ACGATTTCGCTTTGATTGCT 59.85
D06 (9t)s 161 F=GCGGGTAATCGATTCTCTTG 59.67
R=GGATCCGCTCAACGTAAGAA 60.21
D09 (@c) 169 F=CGGTCAAACCGTTCAAAAGT 60.01

R=CGCGTGGACTATGGCTTTAT 60.12
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Polymorphism of the 15 microsatellite loci deveddpspecifically
for C. eunomiaewas investigated in two distinct populations (hikhnd
Pisserotte). Although some within individual divierswas observed, i.e.
heterozygote state, no differences were observdadiebe individuals.
Indeed, all 24 tested individuals were charactdrizg identical genotypes
for all primers tested (Table V.3). Consequentlyy imter-population
variation was detected. Because all tested pamdsit@riginating from
different patches and geographically distant pdpuia, had identical
genotypes, we decided not to extend the genetilysasaany further with

the available samples.
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Table V.3. Number of tested individuals per site for each osatellite locus, with
the number of heterozygote individuals and sizgean

n of

Locus Site n Allele size
heterozygote
201 Libin 8 0 210
Pisserotte 16 2 208, 210
A08 Libin 8 2 74,75
Pisserotte 16 0 74
BOG Libin 4 0 128
Pisserotte 8 0 128
BO7 Libin 8 0 77
Pisserotte 16 0 77
co1 Libin 4 0 121
Pisserotte 8 0 121
cl7 Libin 4 0 NA
Pisserotte 8 0 162
ClI2 Pisserotte 8 0 NA
CI3 Pisserotte 8 8 151, 164
Cl6 Pisserotte 8 0 178
A02 Pisserotte 8 0 NA
Cc02 Pisserotte 8 0 NA
C12 Pisserotte 8 0 NA
D03 Pisserotte 8 8 178, 196
D06  Pisserotte 8 0 269
D09  Pisserotte 8 0 96
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V.4. DISCUSSION

Lack of cross-species polymorphism

Four C. congregatamarkers failed to amplify DNA o€. eunomiae This
lack of cross-species amplification has been olesem other studies. For
example, one Cco-locus (Cco42), isolated fr@mcongregata. and four
Cme-loci (Cmel, 3, 15, 17), isolated fr@n melitaecarumfailed to amplify
for almost all of theC. acuminataor C. bignellii individuals (Kankare and
Shaw 2004). Another example is found Egsiphlebus fabarung specialist
primary parasitoid (Hymenoptera, Braconidae) attarkhe specialist tansy
aphid. The majority of microsatellites developearl. fabarumand from
L. testaceipeslid not succeed to amplify DNA &f hirticornis (Nyabuga et
al. 2009). It seems therefore that in Hymenoptaral more precisely for
Braconidae, primer-binding sites are not alwaysseored between closely
species leading to a lack of cross-species amgiific success (Nyabuga et
al. 2009). However, cross species amplification besn proved useful in
many other studies. Therefore, as it has beendglieighlighted, the success
with which species specific microsatellite loci dae used on other species
must be determined on a case-by-case basis (NeveMaglecz 2000).
Moreover, success rate of amplifications decrepsggortionally within the
genetic distance between the focal species andspeeies of origin
(Primmer et al. 1996). As this distance betweé®neunomiaeand C.
glomeratais unknown, this might indicate that these twocsg are not so

close genetically.

Success in microsatellite development

We succeeded in developing 15 microsatellite lami €. eunomiae.

Unfortunately, neither inter-individual nor inteojpulation polymorphism
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was detected. Indeed, samples from two populatib®s eunomiagdistant
by almost 50 kilometers, displayed identical alieler all 15 microsatellite
loci. When studying host-parasitoid system, the egjen structure of
parasitoid species needs to be compared to theohesHowever until now,
we cannot rule on the population structure of tbst bbutterfly. Indeed, two
genetic analyses, realized at the regional scald, different conclusions
about this. A study using RAPD markers shown that Pisserotte
population was closed to other populations and astftarized by a high
genetic diversity compared to a more fragmented ujation
(Vandewoestijne and Baguette 2004). According ie #tudy, the Libin
population, not situated in a population networkhsas the Pisserotte one,
should be characterized by a lower diversity genéfowever, the genetic
structure ofB. eunomiapopulations in an earlier study using allozymes,
revealed that subregional differentiation has rett gccurred (Neve et al.
2000). About ten years separated the sampling lestwieese two studies.
Additionally, the mutation rate of RAPD’s is fastdran for allozymes.
These two facts may explain the differences obsebatween the studies,
and suggest that subregional differentiation nowstexin the host
population. Hence, we expected to find significdiffterences between the
two parasitoid populations sampled as has beerdfelsewhere (Kankare et
al. 2005).

Lack of polymorphism of species specific primers

Publications of multi-locus monomorphism in micriedlites are rare. This
may be because results are not “acceptable” foligation. Indeed, in both
Molecular Ecology NoteandConservation Genetics Resourgesrnals for

example, it is clearly mentioned that to submit @anoscript “at least eight

novel polymorphic loci” are required. Beside pubtion bias, other
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possibilities exist. These include both technigad &iological explanations
specific to this species. The different hypothesesdiscussed below.

The presence of null alleles may be a technicplamation for the
few heterozygote individuals detected in this stuMariation in the
nucleotide sequences of flanking regions (Callemletl993), preferential
amplification of short alleles (due to inconsist®NA template quality or
quantity) or slippage during PCR amplification (@agx et al. 1997, Shinde
et al. 2003) are all possible causes of microsaelull alleles (Chapuis and
Estoup 2007). However, it is unlikely that null eddls fully explain
monomorphism at 15 loci (Dakin and Avise 2004), essqlly since
heterozygotes were detected. This leads us toden@i eunomiaeas being
effectively monomorphic in the two sampled populas.

To our knowledge, two others cases of multi-lom@omorphism
in microsatellites have been found: one correspaidghe island fox
(Urocyon littorali population on San Nicolas island off the southevast
of California (Aguilar et al. 2004), and the othisrthe highly endangered
Parnassius Apolldutterfly from four sites of the Mosel valley (Halet al.
2009). Monomorphism of the island fox populationswexplained by the
small effective population size and a recent cdatidn history. For the
butterfly species, authors explained monomorphignvdry low long-term

effective population size and/or a strong histbottleneck.

+« Monomorphic due to small effective population size

Firstly, monomorphism could be explained by a sreé#fiéctive population
size. Parasitoid populations are subject to fluana and their size can be
limited by both the bottom-up level (availability bosts) and the top-down
level (natural enemies). Indeed, a large fractibimaividuals in a parasitoid
population can be killed by natural enemies sucpradators and secondary

parasitoids (hyperparasitoids) (van Nouhuys andZG$)1). Moreover, wide
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temporal fluctuations in host abundance, frequentigerved in butterfly
populations (McLaughlin et al. 2002, Baguette acHtigkzelle 2003), are a
potential source of instability and stochasticityttie population dynamics of
associated parasitoid species (Vindstad et al. )20&@h small host
populations resulting in small parasitoid populasidLei and Hanski 1997,
Anton et al. 2007). The sampled year corresponds $mallB. eunomia
population (between 2004 and 2006, the Pisserafpelption has declined
by 22.5%), which coulé fortiori lead to a decrease in parasitoid effective
population size. Small population size increasediquency of sib mating,
not mating at all and / or mating late in life,d&#g to low genetic diversity
or inbreeding depression. Furthermore, geneticrsityein this parasitoid
could be eroded by the haplodiploid breeding systanton et al. 2007).
Consequently, small effective population size daeatsmall number of
individuals and a haplodiploid reproductive systewuld result in the

observed lack of genetic variation.

« Monomorphism following population bottlenecks

Demographic events, such as species bottlenecksiooniy hypothesized as
causes of reduced genetic variation, can also lo&eelv As mentioned
before, the species ho&, eunomiais characterized by highly fluctuating
population sizes (Schtickzelle et al. 2002) whiduld lead to numerous

population bottlenecks.

* Monomorphic because sex-bias in sampling?

In haplodiploid species, usually males develop fronfertilized haploid
eggs and females from diploid fertilized eggs. h& tanalyzed samples
consisted mostly of males, this could explain tlsv Ifrequency of
heterozygotes. However, diploid males tend to bedyced in species

characterized by a haplodiploid reproductive systdren inbreeding occurs
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(Godfray 1994). The mechanism behind this, polyrhimm at a single-locus
complementary sex determination (slI-CSD) (Cook @ndzier 1995), has
been found in the closely relaté@btesia glomeratgarasitoid (Zhou et al.
2006). With this system, if the CSD is diploid thamozygous, a diploid
male will result. If this is also the case@ eunomiagand if samples were
mostly males, this would suggest that the effegtipulation size is small.
Since sexing of parasitoids was not possible bedasdyses, it is difficult to

discuss this hypothesis further.

+« Monomorphism due to small sample size and restrigeographic

sampling range.

Another hypothesis explaining the observed monotrienp may be small
sample size at a restricted geographical scalg fard sampled populations
in Belgium) and the absence of an outgroup. Sitgilétankare et al. (2004)
noted that two microsatellites developed f@. melitaearum were

monomorphic in their study region (Scandinavia) falymorphic at a larger
geographic scale (Europe and Asia). Hen€e, eunomiaecould be

monomorphic at small spatial scales but may be mpohgmorphic at larger

geographic scales.

¢ Monomorphism due to high dispersal capacity

Finally, contrary to othe€Cotesiaspecies showing a low dispersal capacity
(Lei and Hanski 1998, Kankare et al. 2005),eunomiaecould have a high
dispersal capacity. Indeed, since the two parakipmpulations sampled
revealed the same alleles, the species may be d dmperser and
emigration/immigration have occur within the whalkea up to a recent time
resulting in the absence of genetic differentiatimtween populations. No
information concerning the dispersal capacityColeunomiags available to

help us infer or confirm this hypothesis.
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Conclusion

To conclude, we believe that the low amount of tjeneariation and the
lack of genetic differentiation observed@ eunomiaes likely due to small
population size and the reproductive system okfiexies. It is plausible that
C. eunomiaeompensates lack of genetic variability with ireed plasticity
to respond to varying biotic and abiotic conditions

Knowing exactly how the parasitoid populations ateuctured
according to their host populations is very impotrtand it will be
interesting to pursue this study at a larger gguigcascale. Of course, more
studies are needed to determine precisely the gratistem ofC. eunomiae
and its dispersal capacity. A larger number ofvittlials and populations
from a wider geographic range should also be uSethporal sampling
would enable us to estimate effective parasitoithda size. Finally, the
species-specific primers developed @r eunomiaemay also be useful in

braconid species if cross amplification is sucagssf
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ABSTRACT

Identifying and understanding factors that driveicfuations of insect
population is a central issue in ecology. Buttedbpulations are known to
be affected by both density-dependent (negativeceff abundance) and
density-independent factors (environmental stoatibst mainly weather
conditions). Natural enemies, such as parasit@idsalso clearly important
sources of mortality for many insect herbivores baotterfly caterpillars are
not free of their attacks. However, their impact their host population
dynamic remains unknown while suspected. With #tisgdy, we aim to
quantify this impact, by assessing whether tempaaghtion inB. eunomia
population growth rate is correlated to temporaiateon in the parasitism
rate of caterpillars by a specialist parasitoid pvaoth the studied butterfly
population and the parasitism rate fluctuated akerstudied period. High
correlation between growth rate (corrected for dgndependence and
weather effects) and parasitism rate has been lesljeavith a high
parasitism rate (above 75%) affecting negativelyBheunomigpopulation
growth rate. Due to the small sample size, thienkel tendency was not
statistically significant and needs to be confirm&de will discuss the

impact parasitism b{. eunomiaevasp may haven its host population

growth rate.
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VI1.1. INTRODUCTION

Populations of insect herbivores are well knowrfltietuate through time
(Hanski 1990). Identifying and understanding fastdhat drive these
fluctuations is a central question of populatiorolegy (Nowicki et al.
2009). The relative importance of density-dependsmtensity-independent
factors in determining population dynamics was thbject of several
debates during the last century (Turchin 1995). Niowg accepted that most
population dynamics results from the influence aftbrs of both kinds
(Turchin 1995, Benton et al. 2006). Moreover, adtiple factors affect
population dynamics, it is more and more assumatttieir interaction (for
example density-independent factors influencingsdgrependent ones)
can greatly complicate the situation (Hunter andirfibn 1999). In
populations of insect species, both environmentath&sticity (mainly
weather conditions) (Stiling 1987), and the strbngt density-dependent
factors need to be considered to understand thetuitions of their
population size (Sinclair and Pech 1996), for eXanfpr the conservation of
endangered species (Pickens 2007).

Butterflies are organisms of choice to study tHfeot of both
density-dependent and density-independent factofeonjas 2005).
Population dynamics of some butterfly species halveady been carried
out. From these studies, weather patterns seemg theb crucial agents to
explain variation from one generation to the nelktheir population size
(Ehrlich et al. 1980, Pollard 1988, Roy et al. 20Bbwicki et al. 2009).
Besides, evidence for density-dependent regulatidoutterfly populations
has been shown (e.g. Schtickzelle and Baguette ,28@4uette and
Schtickzelle 2006). However, specific causes ofsitgrependence are still
unknown even if larval nutrition (decrease in gtyaand/or quantity) and

impact of natural enemies are the most likely (Hah890).
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Through adaptations of insects against attackeaiyral enemies,
the successful cases of biological control, andufaijon models, natural
enemies can be viewed as having a major role indymamics of insect
herbivores population (Cornell and Hawkins 199%aBitoids are one kind
of enemy commonly evoked in butterfly populatiohei(and Hanski 1998,
van Nouhuys and Hanski 2002b). Insect parasitoigds wbiquitous in
terrestrial ecosystems and they are important filmencing the abundance
and population dynamics of their hosts (Godfray 4099 Besides, in
butterfly literature, several studies showed thatrtdynamics can be greatly
influenced by parasitoids. Huge fluctuations in uylagon size of
Euphydryas auriniaver 30 years coincided with great changes inmateof
parasitism byCotesia bignellii(Ford and Ford 1930, Porter 1981). Local
extinction of Melitaea cinxiapopulations was associated to high rates of
parasitism byCotesia melitaearunfHanski and Kuussaari 1995, Lei and
Hanski 1997). Consequently, the role of parasitaisisnortality factors for
butterflies appears clearly. It remains however determine whether
parasitoids could be a regulatory factor of thaisthpopulation dynamics
(Stiling 1987) and if it is the case to quantify éffect.

The bog fritillary butterfly, Boloria eunomia is a well known
species with a vast knowledge gathered on its abtistory, specific habitat
requirements (Turlure et al. 2009) and metapomriatilynamics (e.g.
Schtickzelle et al. 2002, Schtickzelle and Bagu2@@4, Schtickzelle et al.
2007). While density-dependent processes (negatifext of abundance)
and the impact of weather conditions explained pngart of its population
fluctuations (Schtickzelle and Baguette 2004),ithact of natural enemies,
such as caterpillar parasitoids remains unknowht{@czelle and Baguette
2004). The aim of this study is then to try and mifi this impact, by
assessing whether temporal variatiomireunomigpopulation growth rate is

correlated to temporal variation in the parasitrsie of caterpillars.
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OneB. eunomiapopulation was monitored during seven years and
both population size and parasitism rate were estich To remove the
effect of other factors known to influence popuatgrowth in this species
(abundance and weather conditions), we first coetpthie expected growth
rate for each year according to observed abundamce weather, and
computed the difference with the observed poputagjmwth rate. We then

correlated this difference to the magnitude of piisam.

VI.2. MATERIAL AND METHODS

The species

B. eunomiais a univoltine species, with adults flying in ogeneration
between the end of May and the beginning of Juhjs Bpecialist butterfly
inhabits, in Western Europe, peat bogs and unfextilwet meadows where
the bistort grows Hersicaria bistortal.; Polygonaceael. bistortais the
only host plant of caterpillars and food plant ofulls in this part of its
distribution area (Goffart and De Bast 2000). Femaleposit clutches of a
few eggs on or near the host plant. After hatctithqhe-July), caterpillars
feed onP. bistortaleaves for about two months up to the diapauséhén
following spring, caterpillars resume feeding, dmaksk on old leaves of
vegetation. They moult several times before theapap period. Last
caterpillar stages (post hibernation ones) are kntwbe parasitized by a
Cotesiawasp (Hymenoptera: Braconidae: Microgastrinae) €yéabergh
and Baguette 1996, Shaw 2009). eunomiaespecies is a gregarious
koinobiont endoparasitoid, specialist &. eunomialarvae (M. Shaw
personal communication). Braconidae larvae emewge their host in June,
forming small yellow cocoons to pupate.

Study site
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The Pisserotte peat bog, located on the Taillebldngl (S-E, Belgium,
50°13'N, 5°47’E; altitude between 550 and 605 nopgists of a network of
suitable habitat patches spread along the RodayrRR7 patches totaling
24053 m3).

Capture-Mark—Recapture data collection

The Pisserotte population &. eunomiawas studied yearly by Capture-
Mark-Recapture (CMR) from 2002 to 2009 (with theception of 2003).
During the entire flight period, all patches of #tady site were visited daily
when suitable weather conditions allowed butterflgtivity. For each
(re)capture, the following data were recorded: rimgylcode, sex, date and
patch.

Demographic parameters (i.e. survival and receptates, daily and
total population size) were inferred from CMR daising Mark program
(White and Burnham 1999). We followed the procedasedescribed in
Schtickzelle, et al. (2002) (with one differendee POPAN procedure now
built in the MARK software was used in place of P®PAN-5 stand alone

version).

Parasitism data collection

From spring 2004 to spring 2009, bistort patcheseveampled by visual
inspection to collecB. eunomianext to last and last instars caterpillars.
Caterpillars found in the field were geolocalizgd®PS, and brought to the
lab to be reared individually in Petri dishes (@od temperature
fluctuations; photoperiod L:D 12h:12h), until thpypate (when they are not
parasitized) or the parasitoid larvae egress froendaterpillar. Every two
days, frass and unused plant material were remamddfresh plants added
to ensure caterpillars were fed libitum All plant material was removed

from the Petri dish at the beginning of caterpipapation. Caterpillars that
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died prematurely were dissected to assess whdtbgntere parasitized or

not; for some of them the reasons of death remaingd/ay unknown.

The density dependence function

The total population size (Nand its variance have been estimated during a
7-yr period (2004-2010) for the Pisserotte popatatiFrom these values,
five estimates of population growth rates, &R N/N-;) were computed.
Since, these data were too few to fit a densityeddpnt function and such
information was available for a nearBy eunomigpopulation (the Prés de la
Lienne, PL), we used the density-dependence fumctighis PL population
for the Pisserotte one. The effect of both denslgpendence (total
population size oB. eunomiaadults at year t-1) and weather conditions on
the population growth rate was assessed for thedplulation from a 19
year (1992-2010) population size time series, givinfunction describing
the population growth rate according to butterfuadance and weather
conditions (unpublished data, but see Schtickzaid Baguette 2004 for
first results based on a 10 yr time series). At tbgional scale, it is
reasonable to assume that monthly weather conditiaere similar for all
butterfly populations (Sutcliffe et al. 1996); thveather part of the function
estimated in PL could therefore be transferred tsthe present case of the
PisserotteB. eunomiapopulation. However, the transfer of the effect of
butterfly abundance had to take into account that Pisserotte habitat
quality and quantity were higher than in the PLnde a higher carrying
capacity was expected (3 times higher, accordingrdsource-based
functional area: Schtickzelle et al. unpublishedalaThe transfer of the
density-dependent effect of population abundance than been done by
dividing the slope of this effect by a factor 3.

Using this function, the expected growth rate iissBrotte was

computed accorded to the population size the yedord and weather
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conditions during the full life cycle of the spexielhen, we computed the
difference between the observed and the expectpdigt@mn growth rate,
and related this residual to the magnitude of fiiésas observed the same
year (parastized caterpillars collected the yeamffecting the adult

population size of the same year t).

VI.3. RESULTS

Seven years of CMR data totaled to 3194 markedichakls (1169 females,
2025 males) and 4268 recaptures of adults (8771&sma39 males) (Table
VI.1).

Table VI.1. Summary of CMR data sets for the seven studiedrgéons of the
Pisserotte population.

Number of Number of captured individuals Number of recaptures

Year CMR

sessions Females Males Total Females Males Total
2004 23 322 594 916 540 1705 2245
2005 17 164 216 380 106 482 588
2006 12 65 7 142 27 51 78
2007 6 32 59 91 7 35 42
2008 8 82 170 252 30 165 195
2009 12 172 363 535 44 380 424
2010 10 332 546 878 123 5178 696

Both the daily abundance of individuals (peak raggrom 804 to 123 for
males and from 761 to 81 for females) and the fob@lulation size varied
greatly between years (Table VI.2 and Fig. VI.1lpeTtendency was a
decrease from 2004 to 2007 and an increase fdhthe last studied years,

as quantified by the estimate of the populatiomgnaate R(Table VI.2).
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Table VI.2. Estimated population size and population growtte (with 95 %
confidence interval) cB. eunomigopulation in Pisserotte overg@&nerations

Population
year Females Males Total growth rate
2002 593 (+57.1) 663 (+44.64) 1256 (+72.48)

2003
2004 632 (¢85.51) 804 (+46.47) 1436 (298.29)
D 0.423
2005 345 (£79.08) 262 (+17.31) 607 (+80.68) D
0.532
2006 166 (+45.78) 157 (x42.17) 323 (£73.01) D 0.632
2007 81 (¥29.07) 123 (+33.49) 204 (+55.52) D 5074
2008 182 (+63.8) 241 (£26.91) 423 (+71.83) D 2366
2009 499 (+114.3) 502 (+40.92) 1001 (+123.03) D 1550
2010 761 (+157.4) 791 (+58.5) 1552 (+174.42)
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Figure VI.1. Temporal change in the Pisserotopulation size from 2002 to 201
and the PL population to illustrate thtemporal synchrony.
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The comparison for the same time lag (Fig. VI.1)tld population size
evolution in the two studied sites, PL (Schtickzalinpublished data) and

Pisserotte, showed synchronous fluctuations.

Parasitism rate varied from 76% in 2006 to 36%062(Table VI.3).

Table VI.3. Number of caterpillars collected in the PisseroBe eunomia
population, together with their parasitism statusg yearly estimate of parasitism
rate.

Parasitized Not parasitized Parasitism rate

2004 4 3 57%
2005 76 25 75%
2006 112 35 76%
2007

2008 16 10 62%
2009 60 106 36%

Difference between observed growth rate and predione ranked from -
0.47 to 0.85 (Fig. VI.2). A strong negative cortiela was detected between
this difference and the parasitism rate, thoughy dhk Spearman rank
correlation was statistically significant due taeethery small sample size
(Spearman rank correlation R = -1.00, p < 0.00@krgon correlation R = -
0.80, p = 0.20; n = 4) (Fig. V1.3).
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Figure VI.2. Observed and predicted growth rate of Baeeunomiapopulation in
Pisserotte. The predicted growth rate was estimatedhe basis of parameters
obtained from the PL population which were subsatjyetransferred to the
Pisserotte one.
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VI.4. DISCUSSION

At the temporal scale, thB. eunomiapopulation size showed variations
from one generation to the next, not only in thesBiotte site but also in the
PL one (Schtickzelle unpublished data). Such dpstiachrony between two
populations distant by around 15 kilometers is iya@rxplained by weather
conditions (Sutcliffe et al. 1996, Jones et al. 2080enig 2006). These
temporal fluctuations are principally explained ldensity-dependent
processes (negative effect of abundance) and emental stochasticity as
previously demonstrated for other species (Hochle¢rgl. 1992, Steffan-
Dewenter and Tscharntke 2002, Pickens 2007, Nowatkial. 2009),
including B. eunomia(Schtickzelle and Baguette 2004; Schtickzellelet a
unpublished results).

To explain the existence of a residual differeneéwieen observed and
predicted population growth rates, two main factae be proposed: food
plant shortage (Hanski and Kuussaari 1995, Schdltkand Baguette 2004)
and caterpillar parasitism (Wilson and Roy 2009rtét01983, Lei and
Hanski 1997). The first factor was not retainedeled, according to the high
host plant quantity and quality in Pisserotte (Titglet al. 2009)B. eunomia
caterpillars were never numerous enough to consuoe than a small
fraction of the food available. Moreover, it wadikely that females found
no suitable egg-laying site. That is why we focogle parasitism agent.
Our results revealed that a high parasitism ratov@ 75%) tended to
negatively affect the growth rate of the bog fany population. This
tendency suggests that caterpillar parasitism ear h direct negative effect
on their host population size. Besides, this dipgotsitism effect might be
underestimated by our analysis. Indeed, when weveth the impact of
weather factors on the butterfly population dynamnige removed not only
its direct impact (on larval mortality for examplbut maybe also some

indirect effects implying the parasitoids, becausmther conditions affect
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interactions between butterflies and other spe@iéiéson and Roy 2009).
For example, as host-parasitoid relationships arfuenced by the
coincidence of the adult stage of the parasitoith whe larval stage of the
host (van Nouhuys and Lei 2004, Tylianakis et 808, any phenological
mismatch, due to different time development betw€erunomiaeand B.
eunomia can lead to variable incidence of the parasigpecies on its host
(Porter 1983, Cobbold et al. 2009). Or a more dingeather effect on
parasitism:C. eunomiagopulation size is also likely to be influenced by
weather. In such a case, removed weather effedB eanomiagrowth rate
may have been partly due to parasitism, leadiraptanderestimation of the
impact of parasitism.

Anyway, it remains difficult to demonstrate thaich mortality
factor can regulate their host population (Tscharnt992, Anton et al.
2007). Another hypothesis can also be advancedplaia the relationship
between the parasitism and the butterfly populatgnamics: an indirect
effect. Thus, other studies shown that parasitiamsuppress densities of its
host population sufficiently to allow regulation loyher density dependent
factor(s) (Hochberg et al. 1996, Teder et al. 2000)

To conclude, we are aware that this study is exhbedf several
biases. First, due to the small sample size, waatadefinitely reject the
hypothesis that parasitism has no effect on thailptipn dynamics and the
residual difference between the two estimated drowtes will be due to
some environmental noise. Extending the time sehesild allow resolving
this problem. Second, our estimates of both thewtjrorate and the
parasitism rate may be biased. Even if we can neddp assume that long-
term weather effects were very similar at the negicscale and that the
strength of density-dependent regulation is a ggegpecific parameter (at
least within the same part of the distribution avelaere the ecological
features of the species are identical), it woultindtely be better to estimate

the density dependence function directly in thesé&istte population.
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Besides, we cannot forget that a precise measutteegdarasitism rate from
post-hibernation instar hosts is difficult to olbtaindeed, it is often assumed
that parasitized larvae of this instar have a prgéal instar of about few
days. Therefore, if field sampling is carried catel in the season, very high
parasitism rates may be documented, conversely sampling may result
in a significant underestimate of parasitism rg€bkoutt et al. submitted,
Klapwijk et al. 2010). Finally and more importantlynly the estimation of
the parasitism rate along the enfeeunomidarval development (from egg
to pupae) will give a correct assessment of theaghpf parasitism to relate
to the population growth rate, and then confirrmot the observed tendency

of a negative impact of parasitism on the buttepfipulation dynamics.
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GENERAL DISCcuUssION

Threatened and endangered species do not existaiouaim; on the contrary
they depend on more or less intimate interactiorith wther species
(Ricklefs and Miller 2000). Understanding how sjgscinteract with the
others is important to better understand their fimn dynamics and how
they persist and evolve. Moreover, throughout et Hecade, models to
predict viability of populations have emerged a®a to provide practical
conservation guidelines for threatened speciesdRéga and Sjogren-Gulve
2000, Morris and Doak 2002, Beissinger and McCuglo@002). Integrating
species interactions in such models could lead dcemealistic predictions
(Sabo 2008). This task represents however a hughenbe, since each
species is integrated in a complex network, speoifieach ecosystem (Sabo
2008). In order to perform such kind of work, fiyspair-wise interactions
must to be identified and understood.

Host-parasitoid interactions are highly specifiodaintimate
associations that are linking the two species welin the relation.
Throughout this thesis, we gathered information are host-parasitoid
relationship, i.e. caterpillars of the bog fritijabutterfly, B. eunomiaand its
primary specialist parasitoi€;. eunomiaeThis study focused on knowledge
acquisition on both species involved in the intéoac (how the parasitoid
species influences the host one and the reversedmarhe possible role of
the parasitoid species in the regulation of itsthpspulation. In this
discussion, we first of all compile the obtainedules and discuss their role
and usefulness for further researches, as welleasfossible application for
other studies. Finally based on the results obdaivee develop some

research perspectives.
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New insights on the host-parasitoid relationshippliyging B. eunomia

butterfly and its primary parasitoid C. eunomiae

+ Host parasitoid relationship from the host side

Firstly, we studied the ability d. eunomiao escape parasitoid attack at the
population scale by investigating the impact of itabquality on the
parasitism prevalence. Chapteadded some rather convincing evidence of
the importance of enemy-free space (EFS) to redihee impact of
parasitism. Thus, our results suggest Batunomiacaterpillars living in a
high quality habitat face with costs in terms ajtier risk to be parasitized.
The consistency of these results at both spatdkemporal scales still need
to be assessed (Heard et al. 2006). At the spst#é, one way to address
the issue of suboptimal habitat quality as an “gnéne space” is to
compare this kind of EFS in different, spatialljpasted, sites. If habitat
quality plays a role in parasitism avoidance ireot$ites, we could conclude
on the effectiveness of this type of EFS. We majho evaluate EFS at the
temporal scale. Indeed, the evolution of parasisa@drching behaviors may
be shifted, and suboptimal habitats in Pisserdiga twould consist of EFS
only because they represent a transitory phaseislfs the case, this type of
habitat will not present any benefit in terms ofagge from parasitism attack.
To conclude on the importance of habitat qualitiet@geneity as an enemy-
free space, understanding both how the parasitoidatate towards habitat
to find hosts and how butterfly females lay thajge depending on habitat
quality could be useful. Moreover, knowing if hatiuality heterogeneity
indeed plays an important role in parasitism avetgacould be useful for
the generalization of this notion and for bettedenstanding of the system,
and, consequently, its protection. Besides thas, poses some questions
from the viewpoint of the parasitoid as followinghy does the parasitism

prevalence differ at the population scale accordmdpabitat quality? Is it
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because individuals fail to locate their host (tlugresence of a low signal
or a low dispersal capacity)? Is this because tstshare of lower quality?
C. eunomiaanay also prefer to search a high habitat qualfityvhich the
host performs the best (differences in host quaditgording to habitat
quality).

As a second step (Chapt¢), we investigated both ecological and
morphological factors of host caterpillars that eplain the number of
Braconid parasitoids attacking them. The main tefggneralist species
were more parasitized than specialist ones) waomntordance with other
studies. This study brings out an assumption@aunomiaes not the only
primary parasitoid ofB. eunomia caterpillars. Indeed, they possess
characteristics which make us to suppose that tdaeybe parasitized by
other wasp species. A sampling covering a largedystrea (Europe, for
example) could be useful in order to determine #mtire caterpillar
parasitoid complex oB. eunomia Apart from that, a larger sampling and
more research would be required to answer the igneabout the reasons
why B. aquilonariscaterpillars are not parasitized. Moreover, thiglg has
only focused on the caterpillar stage attacked tac@nidae, but it could be
interesting to enlarge the study to other paraskitorders attacking
Lepidoptera caterpillars, such as IchneumonidaeavKedge of why some
Lepidoptera species are more parasitized than othend which
morphological, ecological or behavioral factors Idouexplain such
differences is an important factor for the improesmof our understanding
of species interactions. However, we think that ithpact of all kinds of

predators has to be considered to have a morstiea@nd complete picture.

+ Host parasitoid relationship from the parasito@ksi

Identification of the parasitoid species as a newe, cspecialized orB.

eunomia caterpillar (Shaw 2009), allowed to establish tleal relation
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between the two species. However, information oktion the parasitoid
species still remains far from complete.

Due to habitat complexityC. eunomiademales need to disperse to
find available hosts. To insure this first tasknding hosts), as host
encounter rate is directly correlated with the pitbn of offspring
(Godfray 1994), they have developed complex andhlhigsuccessful
strategies (Vinson 1976, Vinson et al. 1998). Uwifoately, our work
(Chapterl11) failed to give exhaustive conclusions about trestmelevant
infochemicals involved in this behavior. Since climahcues associated with
the host or the host microhabitat have already bd®mwn to play an
important role in host location (Steinberg et &193, Afsheen et al. 2008b),
we think that improvement of the experimental desiguld bring more
information on host search b§. eunomiaefemales. Firstly, more dual
choice experiments can be performed: entire plasitead of leaves, live
eating caterpillars instead of mechanically damadeaives, caterpillar
exuvia, etc. Secondly, we should improve the expental design to allow
female flying.

In Chapter1V, we showed that, as other endoparasitoids,
eunomiae affected its host development: unparasitized pakars were
heavier than parasitized ones. Moreover, in ordelinsure a complete
development of the parasitoid larvae (at least timdir host egression), the
host-parasitoid complex seems to play a role: #gevier this complex, the
bigger number of parasitoid larvae succeeds to genfrEom the host. Two
main hypotheses have been proposed to explain dhesipid egression
failure: 1) a decrease in host condition duringdévelopment and 2) an
excessive number of deposited parasitoid eggs diocprto the host
condition. To answer which of the hypotheses tgiase in the reality,
further studies are required.

According to our genetic analyses (chaptgy C. eunomiaecould

be a monomorph species at the Belgium scale. Hawewvbat stays
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unknown is: why is it so? More details and deepeoviedge could be
gained with a larger population sampling. MoreovierC. eunomiaeis
indeed a good disperser allowing a constant geme Hetween its host
populations, it could be interesting and usefuld&iermine its dispersal
capacity and how it orientates towards habitats(finks directly to the
questions raised in the chapter IlI: the individieakl, trough the host search
by female wasp have implications at the parasjoioulation level). Besides
that, knowledge on the dispersal capacity of thepsas important not only
for characterization of its population genetic stume but also for
understanding the dynamics of the host-parasittieraction at the spatial
scale (van Nouhuys and Hanski 2002b), especiattploge the bog fritillary
population dynamics is already well-known.

To complete our understanding of the parasitoidcigs, more
studies and enhancement of the conducted expesmard required.
Physiological, chemical and behavioral studies ada helpful to determine
how the host and parasitoid species interact. kkamele, physiological
studies should be undertaken to explom.iEunomiacaterpillars are able to
encapsulate the parasitoid orGf eunomiademales insert polydnaviruses
during oviposition. As the host immune responseiésved as the most
effective defense of caterpillars against parasitfSmilanich et al. 2009),
such information would improve our understandingh# relation between
two species and of their evolution. Behavioral ssdvould be helpful and
indispensable to answer questions such as 1)aspiédr behavior helpful to
prevent parasitoid attacks? 2) can female waspsrigiisate between
healthy hosts and already parasitized ones? o8anchat is the dispersal
capacity of parasitoid individuals? Chemical stadieight be needed for
understanding which clues and in which way femalespg use while
moving within their habitat. Such kind of reseanan contribute to deepen
the knowledge on the natural history of the papasispecies and to better

understand its population dynamics. Finally, thesailts could be integrated
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in models of host-parasitoid dynamics (for examplgtimal foraging
strategies) (Hochberg et al. 1996, Tenhumberg.e20416). We would like
also to emphasize that for understanding multitioptteractions in natural
systems a field approach is a must, as the lalbgratgperiments will never
be able to simulate the complexity of the interagtenvironmental factors
(Gols et al. 2005). Indeed, if we take the exangbleost search behavior by
female wasp, infochemicals of lower trophic leved af great importance to
localize their hosts; however in nature, this infation can be perturbed by
wind or rain conditions. In a similar way, the eiféincy of the parasitoid to
locate a host-infested plant can be affected byvdgetation composition
around the host food plant (Gols et al. 2005).

+ Parasitoids as a possible caus8&.ofunomigopulation regulation

In the last chapteM]), we demonstrated that in the study site, bottbtige
fritillary butterfly population size and the parésin rate fluctuated greatly
during the studied time period. While density defmm processes and
weather conditions explained in a great part thétebily population
fluctuations, the observed tendency of a negatiygact of parasitism on its
host growth rate needs to be confirmed. Furtherpsmme hypotheses were
raised to explain parasitism rate fluctuations,rhate studies are required to
fully understand parasitoid population fluctuationBhus, the role of
environmental and demographic stochasticities aagiteid species needs
to be explored more deeply. For this, answering follewing questions
would be of help: 1) how parasitoids (at both theividual and population
levels) are affected by weather conditions? 2) lhdowhey respond to host
density in patches? and 3) does host density ichpaffect foraging time of
female wasps? Moreover, the impact of parasitisnit®rost population

growth rate remains unknown. The combination of¢hstudies performed
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using experimental approach could provide an andwethis ecological
issue (Hunter et al. 1997).

We studied only one population, but it could beliesting to detect
both the host and parasitoid population dynamicstirer sites at a larger
landscape scale. Can we establish at the landscabe a couple of host-
parasitoid population dynamics? An answer to thisstjon could be useful
in a conservation context. Moreover, the stabgitghe entire system would
clearly depend on the spatial population structuséseach species. A
comprehensive understanding about the habitat hadbtology of each
species is needed in order to draw conclusions taltbe relative
contributions of large-scale and small-scale facttw the stability of

populations of interacting species (van NouhuysHtadski 2002b).
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PERSPECTIVES

As stressed before, a deeper understanding ofttlited host-parasitoid
complex would gain from improving and enlarging thpeeliminary
experiments conducted here and from new experimémasordingly, we
propose some future research objectives leadimghietter understanding of
the interaction betweeB. eunomiaandC. eunomiae

First of all, the lack of knowledge about the pi#td life cycle is a
major limitation for any better understanding of studied relationship. We
still do not know if C. eunomiaeas otherCotesia species has several
generations in its host. To answer this questiom khowledge on rearing of
B. eunomiacaterpillars, especially during their diapauseiqegr will be
essential. Another important question is: does gitid enter in diapause
and if so, when?

Moreover, identifying the parasitism impact onlaitterfly stages is
required to better understand the influence of tlaistor on the host
population dynamics. Thus, recently, during oneuwf field seasons (2009)
we learned thaB. eunomigpupae are parasitized by at least one generalist
Ichneumonidae  species. Ichneumon gracilicornis  Gravenhorst
(Icheumonidae: Ichneumoninae), pupal parasitoid Bof eunomia is a
generalist species known to attack pupae of a wadge of Nymphalidae
(Heliconiinae, Nymphalinae and Satyrinae) (Shaal.e2009), like pupae of
Melitaea cinxia(Lep: Nymphalidae) (Lei et al. 1997), Buphydryas aurinia
(Komonen 1997). Concerning egg parasiti$imichogrammawasps are well
known to be egg parasitoids of Lepidopteran speuigst has never been
recorded irB. eunomiaMore investigations in this field could be théjgct
for future researches.

Some future research topics can be formulatedhasfdllowing

questions.
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1. How may the dynamics of host-parasitoid intéoas be
influenced by interactions with other species?
Based on the studied literature, we conclude then ¢hough studies of pair-
wise interactions are important for a better urtdexding of species
relations, to have a more realistic view, depictihg natural situation, the
integration of the other multi-trophic levels wilbbe necessary. The
relationships between hosts and parasitoids witbommunities are
frequently linked in complex food webs with amorihers the presence of
hyperparasitoids (Muller et al. 1999, Lewis et a@002). Population
dynamics of primary parasitoids can be influencedtliis higher order
enemy, which may weaken their impact on the herbivievel. As C.
eunomiaeis attacked by at least three hyperparasitoidisped could be
interesting to go further in studying the relatlmetweenC. eunomiaand its
parasitoids in order to make the dynamics of th@esystem, implying.
eunomia more realistic, even if such studies are muchemammplicated
(Tscharntke and Hawkins 2002).

2. How the dynamics of host-parasitoid interactiomay be
influenced by spatial landscape structure?
The persistence of functional relationships in fayasitoid system across a
fragmented landscape is a crucial conservatiorct@dolt 2002). Spatial
distribution of habitat plays a role in any spedigsraction. Thus, both the
isolation of habitat patches and the quality of nratave been proved to
affect parasitoid species (Kruess 2003); an inerdashabitat isolation
negatively impacted the parasitoid presence (Tsatkaret al. 2002a). The
knowledge collected so far dd eunomiaprovides a solid background for
further research on the impact of landscape streatn parasitoid species
and on their population dynamics. Indeed, it hanb&hown (by both CMR

and genetic studies) that in the Plateau des $apepulation network
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(which includes the Pisserotte population) are dihkogether due to the
dispersal events (Vandewoestijne and Baguette 20Bd), what about
parasitoids, especially keeping in mind that thadirt dispersal ability is
often assumed to be more restricted than that dfiveees (van Nouhuys
and Hanski 2002a, Esch et al. 2005, Kankare @08b). Therefore, it could
be interesting to integrate the parasitoid popotatdynamics into the
dynamics of its host in this Belgian landscape ideo to have a more
realistic (despite being also more complex) viewhaf population dynamics
of the bog fritillary butterfly.

3. How the host-parasitoid interactions may bduericed by the
global change context? How the relationship betwBerunomiaand C.
eunomiaewill evolve?
Several studies showed that climate change, fampbe affected this kind
of relation through direct or indirect effects @aft of CO2 increase: Stiling
et al. 1999, effect of climate change: Voigt et2803). Thus, species may
respond to climate in tandem, with no net changth@indirect effect, or
species may respond differently, leading to enhaece or weakening of
the indirect effect (Tylianakis et al. 2008). Urgtanding impact of climate
change on the studied interaction would be extremséful for the creation

of more efficient conservation plan (Barton et24109).

To conclude, the consideration of higher tropbiel, the dimension
of the landscape structure (composition and ismi&tand the global change
impact may render the host-parasitoid dynamics meadistic and can be
useful to better understand each species involvede relationship and the

population fluctuations at a landscape level ([&ieal. 2006).
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Importance of a diversity of studies to better usthnd host parasitoid

relationships

Finally, | would like to highlight the importancef dnterdisciplinary
knowledge for a thorough understanding of hostgtya interactions,
something which is also true for the ecologicaésces in general. To fully
understand the functioning of interactions overialde spatio-temporal
scales, it becomes an imperative to address akgtocesses operating at
levels from the gene to the community (Vet and GodP008). Indeed, this
kind of relationships is extremely complex and banstudied only by using
different approaches. Through this thesis, we hey#ored some of them,

and some have been more successful than others.
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