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Chapter | - Summary

Summary

Nowadays, agriculturally used areas form a major gfathe German landscape. The conversion from
natural habitats to agriculturally used grassldodsiamentally influences the diversity of plantslan
animals. Intensive use of these areas increasesdrtie productivity of crop or biomass on meadows
as food source for cattle. How these influencescatbiodiversity, ecosystems and trophic interastio
over years is still not understood completely.

To understand biodiversity functions in an agrietdtly used area my study focused on the influence
of land use (fertilization, grazing and mowing) @n herbivore-parasitoid system @&fiantago
lanceolata. The ribwort plantain is a generalist herb of copoiitan distribution. It can grow in a very
broad range of ground conditions (both in wet andhabitats), which makeB. lanceolata an ideal
model system for investigating tritrophic interac in a gradient of land use intensity. The weevil
Mecinus labilis and M. pascuorum feed and oviposit oifP. lanceolata. Mesopolobusincultus is a
generalist parasitoid that parasitizes differeseat orders. However its only hosts Brianceolata

are the two weevil species mentioned before.

The intention of my study was to investigate thiguemce of land use on a tritrophic system and its
surrounding vegetation (structure, density andisgaichness) at different spatial scales like sathp
plot and landscape level in three different regigr®th, middle and south of Germany). | studiedl th
influence of land use intensity not only correlatibut also experimentally. Additionally | aimed to
reveal how vegetation composition changes hostt phatabolites and whether these changes impact

higher trophic levels in the field.

Interactions at the subplot level

In the investigated subplots (6m x 6m) experimeri&atilization enhanced the growth of the
vegetation but decreased the plant species richema$shost plant abundance. Additional fertilizer
application increased the proportion of grasseslm they may handle the nutritional input better
than forbs which decreased with fertilization. Cioethe higher proportion of grassBslanceolata
seems to grow more likely in less fertilized sitgth a lower vegetation cover where the competition
with other plants is less. Biomass and rosette efianof the ribwort plantain however increased with
fertilization. To be competitive against the risimggetation height the host plant seems to invest i
growth when fertilized. The nitrogen content Bf lanceolata increased with fertilization in the
subplots whereas the carbon content was not inflekn

Increased size and heightened leaf nitrogen comtienhot influence the abundance of the weevils

positively although a better plant quality is knowm support the performance of herbivores. The
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abundance df/. labilis andM. pascuorum decreased with the additional application of fiedtion in

the subplots. This reduced herbivore abundanceaatertilization, which was astonishingly the most
important factor influencing the weevils in the pldi, can additionally be explained by indirect
effects via the lower abundance of the host pladtiay changed patterns of host localisation within
higher vegetation. Fertilization indirectly affedt¢he third trophic leveM. incultus negatively by
cascading up via the abundance of its prey. Theé plast and changed vegetation structure did not

influence the parasitoid at all.

Interactions at the plot level

In every region investigated the plots (50m x 50wgre treated by farmers in different ways
generating three different land use types (meadavesyn pastures and pastures) and two land use
intensities (fertilized or not fertilized plots).

Land use intensity (fertilization by farmers) amppe (mowing vs. grazing) increased the vegetation
structure (height and density) and affected that@pecies richness negatively. The influence md la
use on the surrounding vegetation was consistetofih levels investigated.

Furthermore plant species richness was positivetyetated with secondary metabolite contenPin
lanceolata leaves but these changes did not cascade up thidgber trophic levels. However, the
leaf nitrogen content was negatively correlatechwite abundance of the weevils. This means the
higher the nitrogen content (fertilized > unfer#d), the lower the abundance of the two herbivores
(unfertilized > fertilized).

The abundance d¥l. labilis andM. pascuorum decreased in fertilized and mown plots although th
host plant quality (nitrogen content) and sizerfpigrowth and biomass) increased with intensive lan
use. On the other hand herbivores are mostly linkdtieir food and oviposition plant. Not only the
size of the host plant is important, but also thasity. The more host plants are available thesbett
the chance of finding a mating partner and a placéeed and oviposit. Therefore the decreased
abundance dP. lanceolata in fertilized and mown plots may explain the desex weevil abundance
although the plants are taller.

In the field, M. pascuorum is positively associated with plant diversity, ainiwas enhanced in
unfertilized or grazed plots. The laboratory bi@gssshowed that both insect groups in this trittoph
system can perceive and respond to different otimted and that larger plant diversity does not
prevent host location. Odors from a plant-rich camity enhanced the “searching” activity bfF.
pascuorum in the olfactometer.

The third trophic level the parasitoid was, likethe investigated subplots, not influenced by host
plant quality, quantity and vegetation compositibtowever M. incultus occurred more often in

unfertilized or grazed plots where the abundandg@soprey was higher. Maybe the parasitoid is iike
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the subplots indirectly influenced by land use tia herbivores. Interestingly the parasitizatiote ra
was not influenced by fertilization.

The results shown were consistent in two of thedhegions. In Hainich-Din and Schwabische Alb
where similar land use was implemented the residte steadily the same. In the Schorfheide-Chorin
due to a higher proportion of organic farming amedsl livestock on the plots results were less
pronounced.

Different indices were used to identify one “idedl¥ersity index which describes the “real world” i
the field. Indices aim to describe general propsraf communities that allow us to compare differen
regions, taxa, and trophic levels. The performanfadifferent indices (species richness (S), Shatmon
diversity (H’), Simpson’s diversity (), Simpson’s dominance () Simpson’s evenness (E), and
Berger Parker dominance (BP)) was assessed lavgelf effects like of the land use or relationghip
between organism groups are not strong, indicell amt detect effects. This demonstrates that while
common diversity indices may appear interchangeabd#mple analyses, when considering complex
interactions the choice of index can profoundhemthe interpretation of results. Compared to the
results measured on the plot the calculated diyeodiorganisms was astonishingly little influenced
by land use changes like increased fertilizatioazipg and mowing. In this analysis no effect aida
use on aboveground arthropods, belowground inseeté, P. lanceolata chemical (compound)
diversity was found. It is clear that relationshipstween diversity indices do not always follow
mathematically predicated patterns, and it is floeeeimportant to perform analyses such as these on

real data to ensure that conclusions will be valithe field.

Interactions at the landscape scale

Land use did not only influence trophic interac§am the two mentioned local scales (subplot and
plot), but also on larger scales like landscaperéfore the influence of land use (here: extengsve
intensive habitat) at different spatial scales atbthe investigated plots (100m - 2000m) on the
tritrophic system was investigated. The three inspecies investigated were affected by extensively
and intensively managed grassland, however in djgoegays. Rising proportion of extensively
managed (semi-natural) grassland had a positieeteih insect abundances (radii of 200m — 2000 m).
Intensively managed grassland on the other hand hmedjative effect on the two herbivores and their
natural enemy (radii of 100m — 2000 m). Like seen the subplots and the plots the species
abundance was most strongly affected by increasmitisatural habitat (e.g. extensively used habitats
like nutrient poor grassland and meadows with eoadt fruit trees). Semi-natural habitats are
important environments where a high number of ggeoccurs and a high biodiversity is supported

compared to intensively used grasslands wherevgagity is reduced and species richness is less.
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The parasitoidM. incultus, was directly positively affected only by the dignsf its two host species
and only indirectly, via its hosts, by land useeimity like demonstrated for the subplot and pwetl,

too.

The three insect species however differed in tla¢iapscale at which they responded to the landscap
diversity. While the abundance of the herbivibtdabilis was best explained by larger spatial scales (r
= 1500 — 2000 mM. pascuorum and the parasitoill. incultus responded most strongly to landscape
diversity at smaller scales (r = 100 — 500 r)ecinus pascuorum feeds monophagous da.
lanceolata, while M. labilis feeds oligophagous da lanceolata andP. sempervirens and may need a
larger range for host plant food searbtecinus pascuorum may prefer smaller ranges due to host
plant density. In the subplots or pldslanceolata may be more abundant than in larger scales where
suitable growing habitats are less abundant dwehigher proportion of forest and paved areas. At
smaller scaleMl. pascuorum may search only a short time to find his host plan

The parasitoid responded best on smaller spatdésctoo. This was contrary to other studies where
higher trophic levels like parasitoids depend insmoases on larger spatial scallstesopolobus
incultus abundance is, just as seen in the subplots ansgl ipftuenced by the abundance of his main
host M. pascuorum which preferred to occur on smaller scales. Lilegwiin other studies less
specialized parasitoids were more likely to be tbom patches with high host density, while patch

size and isolation seem to be less important.

Intensive land use like high fertilizer applicatidnequent mowing and high livestock densities on
grasslands influenced the abundances of both leedsvand their parasitoid negatively.

The herbivores decreased in intensive used graissland increased in extensive used grasslands.
Both weevils were directly influenced by land use different spatial scales. The parasitoid on the
other hand depended on his prey and was more abuimdaxtensive used grasslaniesopol obus
incultus was indirectly influenced by the land use vialtleebivores. This indicates that extensive land
use with less fertilizer application, a low freqagof mowing and a low livestock are major causes t

preserve multitrophic interactions in such habitats
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Zusammenfassung

Heutzutage pragen landwirtschaftlich genutzte Fdachkinen grof3en Teil der deutschen Landschaft.
Die Umwandlung von natirlichen Lebensrdumen zu tisghaftetem Grunland beeinflusst
grundlegend die Vielfalt von Pflanzen und TieremaZ erhoht die intensive Nutzung dieser Flachen
die Produktivitat der Pflanzen oder die Biomasse\atéhfutter auf den Wiesen. Wie diese Einfliisse
auf die Artenvielfalt, Okosysteme und trophischiiaktionen, im Laufe der Jahre wirken ist jedoch
immer noch nicht vollstandig verstanden.

Um die Funktionen der Biodiversitdt in einer landschaftlich genutzten Flache zu verstehen
konzentrierte sich meine Arbeit auf den Einfluss ldendnutzung (Dungung, Beweidung und Mahd)
auf ein Herbivor-Parasitoid-System voRlantago lanceolata. Der Spitzwegerich ist ein
generalistisches Kraut mit kosmopolitischem VorkagnmEr kann in einem sehr breiten Spektrum
von Bodenverhaltnissen (sowohl in nassen und auttockenen Lebensrdumen) vorkommen und ist
daher ein ideales Modellsystem zur Untersuchurigopiiischer Systeme in einem Landnutzungs-
intensitatsgradienten. Die Russelkafdecinus labilis und M. pascuorum erndhren sich vorP.
lanceolata und legen dort ihre Eier aMesopolobus incultus ist ein generalistisch lebender Parasitoid,
der verschiedenen Insektenordnungen parasitiegtedizigen Wirte aulP. lanceolata sind jedoch die
beiden erwahnten Risselkaferarten. Das Ziel m&hatie war es, den Einfluss der Landnutzung auf
ein tritrophisches System und seiner umgebendeptatgn (Struktur, Dichte und Artenreichtum) auf
unterschiedlichen rédumlichen Skalen wie Subplodt Bhd Landschaftebene in drei verschiedenen
Regionen (Nord-, Mittel- und Siddeutschland) zuetsuchen. Ich untersuchte den Einfluss der
Nutzungsintensitat nicht nur korrelativ, sonderrcraexperimentell. Zusatzlich zielte ich darauf ab,
aufzuzeigen wie die Vegetationszusammensetzundyldtabolite der Wirtspflanze verandert und ob

diese Veranderungen Auswirkungen auf hohere tropki&€benen im Feld haben.

Interaktionen auf der Subplotebene

In den untersuchten Subplots (6m x 6m) verbessketexperimentelle Diingung das Wachstum der
Vegetation, verminderte aber die Pflanzenartendnzath die Wirtspflanzendichte. Die zusatzliche
Dungung erhdhte den Anteil der Graser, da diessdreaals krautige Pflanzen, die durch die Dingung
verringert wurden, die Nahrstoffe verarbeiten kdnnAufgrund des hoheren Anteils an Grasern
scheintP. lanceolata eher auf weniger gediingt Flachen mit einer niedeiy Vegetation, auf denen
die Konkurrenz mit anderen Pflanzen geringer isti wachsen. Die Biomasse und der
Rosettendurchmesser des Spitzwegerichs wurderdiatisr mit der Diingung vergréfRert. Um bei

Diungung gegen die ansteigende Vegetationshdheavedtbsfahig zu sein scheint die Wirtspflanze in
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ihr Wachstum zu investieren. Der Stickstoffgehailh 2. lanceolata erhdhte sich durch die Diingung

in den Subplots wéhrend der Kohlenstoffgehalt nbginflusst wurde.

Erhohte WirtspflanzengréRe und Blattstickstoffgehbhtten keinen positiven Einfluss auf die

Kéaferabundanz obwohl eine verbesserte Pflanzengtalch positiv auf pflanzenfressende Insekten
auswirken sollte. Die Abundanz vaa. labilis und M. pascuorum nahm mit der zusétzlichen Diinung

auf den Subplots ab. Die aufgrund der Diingung, heel@rstaunlicherweise der wichtigste

Einflussfaktor auf die Kafer darstellte, reduziedezahl der Herbivoren kann zuséatzlich durch
indirekte Effekte einer geringeren Wirtspflanzemdécund durch veranderte Muster der Wirtsfindung
aufgrund der héheren Vegetation erklart werden.dniig beeinflusste indirekt die dritte trophische
Ebene K. incultus) durch die Herbivoren negativ. Die Wirtspflanzews® die verédnderte

Vegetationsstruktur beeinflussten den Parasitditlegegen nicht.

I nter aktionen auf der Plotebene

In jeder Region wurden die Plots (50m x 50m) urteiesdlich von den Landwirten bewirtschaftet was
zur Bildung von drei verschiedene LandnutzungstyfWwiesen, Mahweiden und Weiden) sowie zu
zwei Landnutzungsintensitaten (gedingt oder unggdiinhrte.

Die Landnutzungsintensitat (Dingung durch die Landyund der Landnutzungstyp (Mahd gegen
Beweidung) erhdhten die Vegetationsstruktur (HO6hed uDichte) und beeinflussten den
Pflanzenartenreichtum negativ. Der Einfluss derdranzung auf die umgebende Vegetation erwies
sich auf beiden Ebenen als sehr bestandig.

Dartber hinaus Kkorrelierte der Artenreichtum pusithit dem Sekundarmetabolitgehalt in.
lanceolata Blattern. Jedoch wirkte sich dies nicht auf diehdr@n trophischen Ebenen aus. Der
Blattstickstoffgehalt allerdings korrelierte negatnit den Risselkafern. Dies bedeutet, je hoher der
Gehalt an Stickstoff (geduingte > ungedungte Flachdesto geringer ist die Abundanz der beiden
Herbivoren (ungedingte > gediingte Flachen).

Obwohl die Wirtspflanzenqualitat (Stickstoffgehalthd GroRe (Pflanzenwuchs und Biomasse) mit
intensiver Landnutzung zunahmen kanhrabilis und M. pascuorum weniger haufig auf gedingten
und gemahten Flachen vor. Allerdings sind pflanmsgende Insekten meist von ihrer Wirtspflanze,
die auch der Ort der Eiablage ist, abhangig. Nichitdie Groéf3e der Wirtspflanze, sondern auch deren
Haufigkeit auf einer Flache ist entscheidend. Jarmiirtspflanzen vorkommen, desto héher ist die
Chance, einen passenden Partner zur Paarung, Eiablageplatz und eine Futterquelle zu finden.
Deshalb konnte die geringere Anzahl @nlanceolata auf den gedingten und gemahten Plots die
geringe Anzahl von Russelkafern, trotz der dorBgrén Wirtspflanzen, erklaren.

Im Freiland istM. pascuorum positiv mit der Pflanzenartenvielfalt, welche awuigedingten oder

beweidet Flachen groRer war, verbunden. Laborstudiigten, dass beide Insektengruppen des
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tritrophischen Systems verschiedene Gerliche wameelund darauf reagieren kdnnen und dass eine
erhohte Pflanzenartenvielfalt die Wirtsfindung nickerhindert. Gertiche einer pflanzenreichen
Zusammenstellung steigerten das SuchverhalteMvgascuorum im Olfaktometer.

Die dritte trophische Ebene, der Parasitoid, wae, auch in den Subplots nachgewiesen wurde, nicht
von der Wirtspflanzenqualitat, ihrer Quantitat whet Zusammensetzung der Vegetation beeinflusst.
Jedoch kamM. incultus haufiger auf ungediingten oder beweidet Flachehdanen seine Wirte
zahlreicher anzutreffen waren, vor. Moglicherweiisteder Parasitoid, wie fur die Subplots gezeigt
werden konnte, indirekt tiber die Herbivoren durdd ldandnutzung beeinflusst. Interessanterweise
wurde die Parasitierungsrate nicht durch Dingumjniflesst.

Die gezeigten Ergebnisse waren in zwei der dreiiddeq konsistent. Im Hainich-Din und auf der
Schwabischen Alb, in denen &hnliche Landnutzungidiein wird, waren die Effekte dauerhaft
dieselben. In der Schorfheide-Chorin, in der bioher Landbau betrieben wird und geringe

Viehbestande auf den Flachen gehalten werden, viiedergebnisse etwas abgeschwacht.

Unterschiedliche Indizes wurden verwendet um eiji@@alen” Diversitatsindex zu finden, welcher
die "reale Welt" im Freiland beschreibt. Indizeglen darauf ab allgemeine Eigenschaften von
Gemeinschaften zu beschreiben welche uns ermdglisbken verschiedenen Regionen, Taxa und
trophische Ebenen zu vergleichen. Die Effizienz derschiedenen Indizes wurde weitgehend
bewertet (species richness (S), Shannon’s diver@ty, Simpson’s diversity (B, Simpson’s
dominance (B), Simpson’s evenness (E), and Berger Parker dooeéBP)), jedoch wenn Effekte
wie Landnutzung oder Beziehungen zwischen Orgamgn@pen nicht stark sind, konnten die
Indizes diese Effekte nicht erkennen. Dies zeigissdwahrend gewd6hnliche Diversitatsindizes in
einfachen Analysen nicht austauschbar erscheineepnnwman komplexe Wechselwirkungen
beschreibt, dann kann die Wahl des Index tiefgnelifdie Interpretation der Ergebnisse verandern.
Verglichen mit den Ergebnissen, die auf dem Plotmegsen wurden, war die berechnete
Organismenvielfalt erstaunlich wenig von den Andeen durch die Landnutzung wie eine erhéhte
Dungung, Beweidung und Mahd beeinflusst. In die&ealyse wurden keine Auswirkungen der
Landnutzung auf oberirdische Arthropoden, untesglilebende Insektenlarven und die Vielfalt der
chemischen Inhaltsstoffe vdp. lanceolata gefunden. Es ist klar, dass die Beziehungen zwisch
Diversitatsindizes nicht immer mathematisch voreeegten Mustern folgen und daher ist es wichtig,
Analysen wie diese mit realen Daten durchzuflhuem,sicherzustellen, dass die Schlussfolgerungen

fur das Freiland valide sind.
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Inter aktionen auf der Landschaftsebene

Landnutzung beeinflusste trophische Interaktionehtmur auf den beiden erwahnten lokalen Skalen
(Subplot und Plot), sondern auch auf grol3eren eieléindschaft. Daher wurde der Einfluss der
Landnutzung (hier: extensiv gegen intensiv bewlra$ietes Habitat) um die untersuchten Flachen auf
unterschiedlichen raumlichen Skalen (Radius: 10@®00m) auf das tritrophische System untersucht.
Die drei untersuchten Insektenarten wurden vonnsiteund intensiv bewirtschaftetem Griinland
beeinflusst. Dies geschah allerdings in gegensétali Weise. Steigender Anteil von extensiv
bewirtschaftetem (semi-natirlichen) Grinland hetten positiven Effekt auf die Insektenabundanzen
(100m - 2000 m). Auf der anderen Seite hatte imtehswirtschaftetes Grinland einen negativen
Effekt auf die zwei Herbivoren und ihre natirlichégind (100m - 2000 m). Wie flr die Subplot- und
Plotebene gezeigt werden konnte wurde die AbundanZrten am starksten durch den ansteigenden
Anteil von semi-natlrlichem Habitat (extensiv geatet Lebensrdume wie Magerrasen und
Streuobstwiesen) beeinflusst. Semi-natirliche Hadbisind wichtige Lebensraume, in denen eine
grof3e Anzahl von Arten auftritt und eine hohe Bimdsitat unterstitzt wird. Im Gegensatz dazu wird
die biologische Vielfalt auf intensiv bewirtschdaéim Grinland reduziert und der Artenreichtum
reduziert.

Der ParasitoidM. incultus, wurde ausschlief3lich von seinen beiden Wirtsabteginflusst und nur
indirekt durch die Landnutzungsintensitat wie aschon fir die untersuchten Subplots und Plots
gezeigt wurde.

Allerdings unterschieden sich die drei Insektemaiteder rAumlichen Skala, in welcher sie auf die
Landschaftsdiversitat reagierten. Wahrend die AbomdvonM. labilis am besten durch grof3ere
raumliche Skalen (1500 - 2000 m) erklart wurde gresden M. pascuorum und der Parasitoidl.
incultus am starksten auf die Landschaftsdiversitat innde2n Skalen (100 - 500 miMecinus
pascuorum frisst monophag aR. lanceolata, wahrendM. labilis sich oligophag vof®. lanceolata und

P. sempervirens ernahrt und kdnnte daher einen gro3eren RadiusiéiBuche nach der Wirtspflanze
bendtigen.Mecinus pascuorum hingegen konnte aufgrund der Wirtspflanzendichiteere kleineren
Radius bevorzugen. Auf den Subplot- und Plotfladk@mteP. lanceolata haufiger zu finden sein als
auf gréReren Radien, wo aufgrund eines héherenilénten Wald und gepflasterten Flachen fir die
Pflanze seltener geeignete Habitate vorkommenkbsirieren Skalen dirftel. pascuorum daher eine
kirzere Zeit bendtigen, um seine Wirtspflanze addn.

Der Parasitoid reagierte ebenfalls am besten a&iridde rdumliche Skalen. Dies steht im Widerspruch
zu anderen Studien, in denen hdhere trophischedibefie Parasitoide in den meisten Fallen auf
groRere raumliche Skalen angewiesen ditekopol obus incultus ist, ebenso wie in den Subplots und
Plots gezeigt, durch die Abundanz seines HauptsviMe pascuorum, der auf kleineren Skalen

bevorzugt vorkommt, beeinflusst. Ebenso wurden mdesen Studien weniger spezialisierte
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Parasitoide eher auf Flachen mit einer hohen Wittéel gefunden, wahrend die Flachengréfie und

ihre Isolation hier weniger wichtig zu sein scheine

Eine intensive Landnutzung wie beispielsweise durchen Dungungemitteleinsatz, haufige Mahd
und intensive Tierhaltung auf Grunlandflachen biéessen das Vorkommen und die Haufigkeit der
beiden Herbivoren und ihres Parasitoiden negatite BRisselk&feranzahl sank auf intensiv
bewirtschaftetem Grinland und stieg auf extenswittechaftetem Grinland an. Beide Kéferarten
wurden auf unterschiedlichen rdumlichen Skalenkéidurch die Landnutzung beeinflusst. Der
Parasitoid hingegen ist von seinem Beutetier abb&md war haufiger auf extensiv bewirtschaftetem
Griunland zu findenMesopolobus incultus wurde daher nur indirekt durch die Herbivoren \dar

Landnutzung beeinflusst. Dies zeigt, dass extensarelnutzung mit geringem Dingemitteleinsatz,
einer weniger haufigen Mahd und einem niedrigenhb@ésatz eine Hauptursache darstellt um

multitrophische Interaktionen in solchen Lebensrénmu bewahren.
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1. Introduction

1.1 Effects of land use type and intensity on veggton and upper trophic levels

Anthropogenic interference from natural habitatadoiculture fundamentally influences the diversity
of plants and animals (Foley et al. 2005). In galtdand, intensive land use represents one major
negative impact not only for plant species richnéss also for higher trophic levels. However,lstil
little is known about how intensification in landauinfluences species of higher trophic levelstapar
from simply reducing species humbers (van der Rugtel. 2004).

The land use type like grazing and mowing leadhi@nges in vegetation complexity and plant growth
(Kruess & Tscharntke 2002). Even the frequencytand period of mowing can cause changes in the
vegetation composition that further can influertoe diversity of herbivorous arthropods (Kdhlerlet a
2004; Unsicker et al. 2006). Changes in the dit\erdi organisms of one trophic level may influence
the diversity of the next level (Hartley & Jone3D Insects can be negatively as well as positivel
affected by intensive management of grasslandsecDieffects can be seen for example in an
increased mortality due to high mowing frequeng¢iescharntke & Greiler 1995). Indirect effects of
land use intensification may become apparent asgesain developmental parameters, host finding
capacity, or movement patterns due to changessngtant quality or vegetation complexity.
Fertilization results not only in an increase iamlquality of the individual (host) plant, but@ls a
changed structural complexity of the whole vegetafHartley, Gardner & Mitchell 2003; Gratton &
Denno 2003). Unfertilized dry and wet grasslaneleig to habitats showing the highest plant species
richness (Ellenberg 1996). With the developmenmideral fertilizer many of these habitats were
transformed into intensively used grassland withhhlivestock density and/or several harvests per
year. The number of plant species decreases witteasing soil fertility (Ellenberg 1996). This
negative correlation between intensive land usepdanot species richness is already well documented
for many ecosystems (Baessler & Klotz 2006; Smiaetl.e2006). Therefore the amount of fertilizer
applied within a habitat often represents the degrfeland use intensity at this site. The effedts o
fertilization on higher trophic level organisms migsremain unknown. Not only plant species
diversity is influenced by fertilizer applicatiohooking at plant performance, fertilization usually
results in an increase in the biomass and in le@mbgen content of the focal plant, often in
combination with a change in the vertical distribntof the biomass of this plant or of the wholetpl
treated. Fertilizer application therefore resulté anly in a change in plant quality of the indivad
plant, but also in a changed structural complegitythe whole vegetation (Bobbink et al. 1988;
Hartley et al. 2003; Gratton & Denno 2003) with giby/ dramatic consequences for phytophagous
insects and their natural enemies.

Fertilization is known to increase food plant qyafor herbivores and as a result herbivore abuoelan

(Price et al. 1980; Gratton & Denno 2003; StilingMbon 2005) and in some cases also herbivore
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species richness (Hartley et al. 2003). Increatatt pitrogen (N) should enhance herbivore fitregss
relieving protein limitation, thus increasing hexdwious insect populations (Cease et al. 2012)tHaro
studies nutrient availability was shown to altett@as of parasitoid related mortality (Moon et al.
2000; Yarnes & Boecklen 2006). However, also paputa of natural enemies seem to increase after
fertilizer application especially with regard to aclges in vegetation structure with variable
consequences for their prey. Nevertheless incrgalaetinitrogen seems to be not always benefioial t
herbivorous insects (Fischer & Fiedler 2000; Cedsd. 2012).

1.2 Effects of the host plant and the surrounding egetation on herbivores, parasitoids

and host-parasitoid interactions

Vegetation structure may interact with the behawfoinsects in many different ways. Vegetation can
influence the motility of insects. For example tt@mplexity of habitats and host plant architecture
influence the ability of herbivores and parasitotdsmove, as well as their host finding process
(Goodwin & Fahrig 2002; Obermaier et al. 2008). tRkermore tall and dense vegetation in the
neighborhood of host plants may either visually krarsdecrease the access to the target plant iPerri
1977; Asman, Ekbom & Ramert 2001). Thus, diffeneatameters of the vegetation may affect the
access to resources like the host plant, and wtitthé population dynamics of phytophagous
arthropods. Vegetation structure and host plargmaters are important environmental factors theat ar
able to mediate host-parasitoid interactions (heids Obermaier & Poethke 2005; Obermaier et al.
2008). Furthermore, the nutritional supply and kmndlity of the host plant plays a fundamental role
for both the occurrence and abundance of herbivdietid Norowi et al. 1999; Heisswolf, Obermaier

& Poethke 2005).

1.3 Factors influencing the occurrence of organismaithin landscapes

Within a landscape, potential habitat patches déerdn quality, size, and isolation, which in tucan
influence the occurrence of an organism on a péitiomas et al. 2001; Tscharntke et al. 2002;
Hanski & Gaggiotti 2004). The metapopulation thestgtes that sub-populations of a species are
interdependent within a landscape and that long-teersistence depends on a balance across the
landscape between local extinctions of individugydations and new colonizations of vacant habitat
patches (Hanski 1998; Moilanen & Hanski 1998). Blase this theory, the occurrence of a species
within a patch is supposed to increase with indngapatch size and decreasing isolation. However,
several recent studies emphasized that, in additiothe size, also the quality of a habitat patch
11
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determines its carrying capacity and may thus asmeahe survival chance of a population (Thomas et
al. 1998; Wiegand et al. 1999; Binzenhtfer et @072 Heisswolf et al. 2009). Habitat quality in
grassland habitats of agricultural landscapes &t mhominantly affected by land use intensity angety
of management influencing host plant availabilitpdaquality (for insect herbivores) or host
abundance (for parasitoids) as well as vegetatmmposition, chemical diversity and structural

complexity.

1.4 Chemical composition of the vegetation

Multitrophic interactions are important drivers fecosystem functioning and stability, especially
because they can influence nutrient cycling (ree@wy Weisser & Siemann 2004; Schmitz 2010).
To figure out the effects of plant species divgraih multitrophic interactions (Hooper et al. 2005;
Unsicker et al. 2006; Shennan 2008) until now @n§mall number of studies have been performed in
a natural context (Fischer et al. 2010). Plant iggediversity can influence insects for example by
disruption of olfactory or visual host location pessegFinch & Collier 2000; Randlkofer et al.
2007). An essential event in insects’ life histerie host location. Herbivores as well as paradstoi
use volatile cues of the host plant, the host er riiicrohabitat for locating their hosts at longer
distances (Godfray 1994; Vet et al. 1995; Brucale2005; Steidle& van Loon 2002). However,
multitrophic interactions take place in a heteragmrs and complex environment which is formed
mainly by non-host plants (Casas & Djemai 2002)n{dost plants and high plant species diversity
can generate a complex odor bouquet (Randlkofal. @010) which insects have to cope with while
searching for their host.
Vegetation compaosition (plant diversity and hostnpldensity) can also impact trophic interactions
indirectly by influencing host plant metabolitesr¢B et al. 2010; Scherling et al. 2010). For the
performance of a focal plant, plant neighbor idgrtan be very important (Barbosa et al. 2009) and
thereby shape multitrophic interactions.
The composition of the vegetation surrounding alsirplant can affect nutrient and secondary
metabolite allocation in a focal plant (Cipollini Rergelson 2001; Broz et al. 2010; Scherling et al.
2010). These changes in metabolite levels mighuentte plant performance, for example via the
alteration of herbivory levels (Agrawal 2004), dogl interactions with surrounding plant species or
changing competition levels (Barbosa et al. 20B8jher plant species diversity can enhance (Mraja
et al. 2011) as well as lower (Whitehouse & BayRf§05) plant nitrogen content. Plants grown
together with conspecific neighbors exhibit inceshsoncentrations of secondary metabolites (Barton
& Bowers 2006; Broz et al. 2010).
In general primary metabolites and the nutritiovelle of a plant correlate positively with herbigor
abundance (Mattson 1980). Otherwise, plants witfn hitrogen content caused a higher larval and
12
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pupal mortality of a caterpillar (Fischer & Fied2000). Secondary metabolites in plants function as
defense compounds against herbivores, but insente bBvolved different ways to handle them
(reviewed by Opitz & Miiller 2009). Many differencesthe ability to cope with phytochemicals can
be explained by the specialist or generalist ltfdes(Schoonhoven et al. 2005). Besides the infleen
of nutrient composition of a host plant on herbesit may also affect the next trophic level. The
nutritional value of the host plant might affectgstoids by an altered parasitization rate (Thamps
1999; Sarfraz et al. 2009a). Furthermore secondatabolite content of a host plant may as well
affect parasitoids (Poelman et al. 2008; Gols €2@D9). For example, parasitoid’s performance was
negatively influenced by caterpillar hosts feedamgplants containing the alkaloid nicotine (Barbosa
et al. 1986).

1.5 Choosing and using diversity indices

Land use, surrounding vegetation with its chemomahposition and spatial scales not only influence
mutitrophic interactions in detail, but can alsdluence the whole biodiversity in a habitat.
Biodiversity displays the variety and heterogen@tyorganisms at all trophic levels. Normally we
focus on species diversity, but other forms likeejee and chemical diversity, are also important to
have a look on. To quantify biodiversity remainstgematic because there is no single index that
adequately summarizes the concept (Hurlbert 19udfvi$ & Hector 2000). The number of species
present (richness), is the simplest metric usedefwesent diversity (Whittaker 1972). Species
abundance is also important for diversity, and pheportional abundance of species can also be
incorporated into indices representing diversiterdger and Parker proposed the simplest of these
indices. It has an analytical relationship with tieometric series of the species abundance model
(May 1975, Caruso et al. 2007), and reports th@gitmnal abundance of only the most abundant
species in the population (Berger & Parker 1970).

An important basis for biodiversity studies is taarstand how changes in biodiversity of one trophi
level affect biodiversity of other trophic leveBy including trait based diversity measures in gsed
additional insights into community dynamics canotéained. For example, when modeling changes
in species diversity throughout a community, knalgke of the genetic and chemical diversity of the
primary producer in this system would provide mexds$igc insights into any changes in herbivorous
insect diversity that could be related to the caxipy of herbivore defenses or attractants disglaye
by the plant (Barto et al. submitted). It is stiiclear which diversity index is most effectivetlais

type of complex community level analysis.
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2. The Biodiversity Exploratories

Biodiversity research explores drivers and consecgs of biodiversity changes. Modifications in
land use are major factors for changes in biodityeasid biological ecosystem processes and services
However, the influences of land use on speciesrsityeare well documented only for a few taxa and
trophic networks. We still do not know how diffeteomponents of biodiversity and their responses
to land use changes are interrelated. Furthermerbardly know about the interacting effects of land
use on ecosystems. Thus, overall goals are to siadher the effects of land use on biodiversity and t
understand the modifying role of biodiversity chanfgr land-use effects on ecosystem processes
(Fischer et al. 2010). To address these importa@stipns, a new large-scale and long-term proect f
functional biodiversity was established (Fig. e tBiodiversity Exploratorieswiww.biodiversity-
exploratories.de They comprise a hierarchical set of standardfizdd plots in three different regions

of Germany covering manifold management types atehsities in grasslands and forests (Fischer et
al. 2010). They serve as a joint research platfimm#0 projects involving over 300 people studying
various aspects of the relationships between la®g biodiversity and ecosystem processes through

experiments, monitoring and observations (Fischat. €010).
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Fig. 1: Schema on the location of the three difieexploratories in Germany.

The term “Exploratories” is used to emphasize thatproject is not only based on observation and
between-plot comparison, which could have beenridest by the term “observatories”, but that the
project very importantly also involves replicatéeld experimentation in order to gain causal intsgh
(Fischer et al. 2010).
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Design of the Biodiversity Exploratories

A key aspect of the Biodiversity Exploratories le tsystem of standardized study plots, which are
used by all involved research groups. Such a stlebign is important for statistical comparisons
across land use types, taxa, or geographical redieischer et al. 2010). To allow for the test of
consistency and generality of land-use effects sscrgeographic regions, the Biodiversity
Exploratories were established in three differegions of Germany (Fig. 1, 2).Within each region a
pattern of experimental plots in grasslands andstgrof different land use types and intensities wa
established. All plots within one region are chtedzed as “exploratory” (Fischer et al. 2010). Nifit
each exploratory, there are three levels of studyspon which research of different intensity and
detail is conducted. In my study we used the 50esBrpental plots per exploratory in grasslands,
which are a selected subset of grid plots servisgaaplatform for more thorough biodiversity
assessment and environmental monitoring, as wélireseveral manipulative experiments.

As a first step for establishing the Biodiversitxplioratories three study regions were selected
(Fischer et al. 2010): (1) the UNESCO BiosphereeResSchorfheide-Chorin, which is situated in the
lowlands of North-eastern Germany, a young glaeigion with many wetlands, (2) the National Park
Hainich-DiUn and its surrounding areas, situatethen hilly lands of Central Germany, and (3) the
UNESCO Biosphere Reserve Schwabische Alb (Swahiea),Jwhich is situated in the low mountain
ranges of South-western Germany (Fig. 2). Eaclhedd areas represents a clear variation in typical
land use types for grasslands and forests in Ggrnfiem hardly managed grasslands and unmanaged
beech forests to highly fertilized and intensivebed meadows and pastures, and intensively managed
forests (Fischer et al. 2010).

Fig. 2: Overview of the three different exploragsi Located from north to south: Schorfheide-Chorin
Hainich-Din and Schwabische Alb.
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Selection of experimental plots

100 locations in each exploratory were used (5fiasts and 50 in grasslands) in which so-called
experimental plots (EPs) were established. Expetiaheplots have a size of 50 m x 50 m in
grasslands. The selection was based on a stratifiretbm sampling, with strata representing land use
and several other criteria (Fischer et al. 201®o Pparticularly important criteria were that thesEP
should cover the variation in land use intensitesl in soil depth found in each exploratory.
Moreover, land owners had to allow long-term stadéad experiments on the plots. Additional
criteria were consistency and constancy of soiletypomogeneity of land use and vegetation
composition within plots, and that they should havaope of less than 20% (Fischer et al. 2010). A
particularly challenging aspect of experimentalt @election was soil type. Up to ten different soll
types occurred in each exploratory, and soil typeation was partly confounded with land use type.
To reduce the variation caused by soil type, expenial plots were restricted to the two most
dominant and characteristic soil types in forestd grasslands, respectively, in each exploratory
(Fischer et al. 2010).
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3 Study system

Plantago lanceolata (Plantaginacea), the ribwort plantain, is a gdisrdnerb of cosmopolitan
distribution (Van der Aart & Vulto 1992) that carogry up to a size between 5 and 50 cm and forms a
rosette (Fig. 3). It blossoms from May to Septem{@zhmeil & Fitschen 2003). Rosettes facilitate
vegetative propagation (Wu & Antonovics 1975). Acliog to Ellenberg (1996) and Opitz v.
Boberfeld (1994)P. lanceolata grows both in wet and dry habitats. It grows imeay broad range of
ground conditions (Dierschke & Briemle 2002), whiolhkesP. lanceolata an ideal model system for

investigating tritrophic systems in a gradientasfd use intensity.

Mecinus labilis and M. pascuorum (Curculionidae) live monophagously éh lanceolata (Fig. 3).
Additionally M. labilis can live oligophagous whd? sempervirens is available. Both weevil species
hibernate as adults and become active in May (Mdbdowi 1999). Females oviposit on newly-
formed seedheads in June and July (Dickason 19%6&) hatched larvae bore into a seedhead where
they feed and develop in individual seeds (MohddWerl1999). The larvae are fully developed by
July and pupate in the seedheads (Mohd Norowi 1988)lts emerge from late August to September
and move to the hibernation sité4. labilis can mainlybe found on mown and dry pastures. Adults
have a size of 1.7 to 2.2 mm (Lohse 1983). The-fssakrM. pascuorum lives on dry grasslands and
has a size of 1.5t0 2.1 mm.

Mesopolobus incultus Walker (Hymenoptera: Pteromalidae) is a generplisasitoid that parasitizes
different insect orders (http://www.nhm.ac.uk/ @sh-curation/ research/ projects/ chalcidoids/
Parasitoid [December 2008]) (Fig. 3). This pteromalid

& wasp is a solitary species. Its only hosts on

P.lanceolata are the two weevil species

Mesopolobus incultus

described above. No details of ovipositional

behavior are available and most parts of its life

MEC,,;:;};asmmm i Mecr’nusla."is cycle are unknownM. incultus parasitizes the
17 larvae of the weevils during summer (Mohd
' Norowi 2000), and hatches from the seedheads
% at the same time as the adult beetles (C. Herbst,

Plantago lanceolata

pers. observ.).

Fig. 3: Tritrophic system consisting of the hostntPlantago lanceolata, the herbivorous weevilglecinus
labilis andM. pascuorum as well as their parasitodesopolobus incultus.
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4. Study design

Between May and June in the years 2008, 2009 add 2ifferent host plant and vegetation
parameters were measured on the experimental gmasplots of the three exploratories (Fig. 4). In
2008 we investigated 10 randomly selecRedanceolata plants per plot and collected mycorrhizas
from five individuals. In 2009 and 2010 we inveatigd three plants on each plot. Host plant
abundance was determined in a radius of 1 m artoedselectedP. lanceolata plant. Host plant
parameters like stalk number was counted and maristalk height (cm), rosette diameter (cm) and
rosette height (cm) were measured in a radius @iriaround the investigated host plant.

Vegetation structure was determined by height (maxri height of forbs or grass) and density
(weighted mean vegetation height) of the investidategetation. Plant species diversity was
calculated as plant species richness. We recortded gpecies richness by counting the number of
different forb species in a radius of 15 cm arothelinvestigated host plant. The vegetation strectu
was investigated by estimating the vertical coviefoobs, grasses, open ground and the focus host
plant (%) by looking at the top of the vegetationtihe 15 cm radius. The horizontal cover of the
vegetation (%) on the other hand was achieved tling at the vegetation from the lateral side. The
horizontal cover was assessed in 0.10 m steps @om up to 1.70 m using a white board as
background (Sundermeier 1999). We also calculdtedveighted mean and measured the maximum

vegetation height (cm) around the randomly chosest plants (r = 0.15 m) per plot.

Invertebrate sampling

Insects were collected by sampling 100 infloresesrafP. lanceolata plants per plot in the year 2008
and 60 inflorescences for the fertilizer experimanthe following two years. The collection was
conducted between August and September 2008, 20@0 2010 in all three regions. The
inflorescences were stored per subplot in plasticeb (17.0 x 12.5 x 5.6 cm) with gauze covering
(0.12 mm) under constant conditions (11:13 LD, terafure: 22°C, 50% rH). After hatching the

insects were identified and counted.

Fertilization experiment

The number of plots investigated for the experirakedértilization were 76 in 2009 (34 plots
Schwabische Alb, 21 plots Hainich-Dun and 21 p&thorfheide-Chorin) and 81 in the year 2010 (33
plots Schwabische Alb, 25 plots Hainich-Diin andoi8s Schorfheide-Chorin). Two subplots (6 m x
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6 m) in one corner of every experimental plot welesen for the experiment (Fig. 4). We selected
one subplot as control and the other for experiaidattilization. The latter was fertilized in Apand
October 2009 and in April 2010 with 200 g per m2£MN,67%, PO, = 0,85%, KO = 0,86%) of an
organic fertilizer (Agrobiosol®, SW-Dlngesysteme,oNgnbuittel). The control subplot was not

experimentally fertilized.
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Fig. 4: Experimental plot (50 m x 50 m) on whicle ihvestigations took place. Left: Arrows show ftber
investigated subplots in the year 2008. Right: ®rrehow one control and fertilized subplot for the

fertilizer experiment in the years 2009 and 201@nubiodiversity-exploratories.de).
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5. Thesis Outline

My PhD-Thesis aimed to investigate the influencesanflluse, surrounding vegetation structure and
diversity as well as its chemical composition omitaophic system of P. lanceolata in three différe
regions and on different spatial scales. | hadaezllook on how land use (grazing and mowing) and
fertilization affected vegetation (structure andedsity), the host plant and the upper levels ef th
investigated system. Additionally the effects okwtical composition on the herbivores and their
natural enemy were analyzed. | also had a closé ¢m different spatial scales from the single plot
over a habitat to larger scales like landscapebk.thdse parameters not only influenced a single
system, but also the whole biodiversity in the ¢hregions investigated. Therefore at last | tried t

give an overview by trying to measure biodiversigy different indices.

My thesis is based on the following manuscripts:

Chapter IV:
Land use intensification in grasslands: higher tropic levels are more negatively affected than

lower trophic levels

Intensification in land use is known to influendediversity and eventually multitrophic interactgn
but its effect on the performance of species ofiligrophic levels is still little understood. Tiaudfy

the influence of land use on the different trodkicels of the tritrophic system of a common grassla
herb, | asked whether land use intensity and tyfeeta(1a) the host plam. lanceolata and (1b) the
vegetation complexity surrounding the host plaigs) the specialized herbivores and (2b) their
parasitoid in the inflorescences of the host plant] (3) the tritrophic system Bf lanceolata in three

different geographic regions and years.

Chapter V:
Fertilizer application decreases insect abundancend”lantago lanceolata — a large scale

experiment in three geographic regions

In this study a closer look on the effects of ekpental fertilization on the investigated tritrophi
system and its surrounding vegetation was takesddressed the following questions: How does
experimental fertilization affect (1) the vegetatistructure and plant species richness, (2) thé hos

plant abundance and quality as well as (3) theveevil species and their common parasitoid?
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Chapter VI:
Landscape wide land use intensity determines locabundance of higher tropic levels in

grassland habitats

Here the weevil-parasitoid community Bf lanceolata was analyzed on two different habitat types
(intensively used and extensively used grassland)atéso on different landscape scales to answer the
following questions: 1) Does the land use intenaityandscape scale has a negative influence on the
abundance of the three insect species, 2) are ttiéeeences in the response of the second and the
third trophic level, 3) is the abundance of the therbivores more strongly influenced by the
surrounding landscape at smaller spatial scales déhdarger spatial scales to which the parasitoid

should react more?

Chapter VII:
Defensive plant compounds relate to plant speciekhness but plant nitrogen content mediates

multitrophic interactions in cultural landscapes

Here, the question how vegetation composition ingatant metabolites of the host plant and thus
higher trophic levels associated to this planthire¢ different geographic regions was investigdted.
was hypothesized that (a) vegetation composititan{species richness and host plant density) taffec
nitrogen and IG (aucubin and catalpol) leaf contdri®. lanceolata and that (b) host plant metabolite
concentrations are correlated with the abundanicge derbivore$/. pascuorum andM. labilis, their
parasitoidM. incultus as well as the interaction between herbivores pardsitoid (parasitization

success).

Chapter VIII:
Habitats as complex odorous environment: How doeslant diversity affect herbivore and

parasitoid orientation?

In this study field investigations were combinedhnd laboratory approach to reveal the impact of
habitat (odor) diversity in tritrophic interactions the field the impact of plant diversity and host
plant density on the abundance of (1) the herbikbr@ascuorum and (2) the parasitoiil. incultus
by surveying vegetation and insectdifferent diverse grassland plotsas studied. In the la®d new
olfactometer assay to rebuild natural odorous d¢mrdi and tested (3) whethavl. pascuorum is

attracted by its host plant, and if so (4) whetthés attraction is affected by enhanced plant ditgr
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wasestablishedFurther itwas checked whether the parasitMdincultus (5) is attracted to the host

complex (host plant + host), and (6) hampered haproed plant diversity.

Chapter IX:
Choosing and using diversity indices: insights foecological applications from the German

Biodiversity Exploratories

All the influences on a single tritrophic systemigthwere investigated in the upper studies are
transferable to the biodiversity in habitats. Them three hypotheses related to performance of
diversity indices were set out to test. @9rrelations between diversity indices, and whictides
discriminate sites. (2) Dependence of effects ofilaise on diversity indices. (3) Dependence of
community dynamics on diversity index chosen. Tikithe first analysis to compare performance of
diversity indices when quantifying complex communilynamics. The results should provide
guidelines for appropriate use and interpretatibndigersity indices in future studies exploring

biodiversity and community dynamics.
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Abstract

Increasing land use intensity and human influeneeleading to a reduction in plant and animal
species diversity. However, little is known aboaththese changes may affect higher trophic levels,
apart from simply reducing species numbers. Herémuestigated, over three years, the influence of
different land practices on a tritrophic systeme(thost plantPlantago lanceolata L., two
monophagous weevils Mecinus labilis Herbst andMecinus pascuorum Gyllenhal — and their
parasitoidMesopolobus incultus Walker). We measured, at over 70 sites, acrosetigeographic
regions in Germany, plant species diversity andetaggn structure, as well as abundancePof
lanceolata, the two weevils, and the parasitoid. Land usenisity (fertilization) and type (mowing vs.
grazing) negatively affected not only plant speaiefiness, but also the occurrence of the two
specialized herbivores and their parasitoid. Intiamt, land use had a mostly positive effect ort hos
plant size, vegetation structure and parasitizatibe. Our study reveals that intensification oidaise
influences higher trophic organisms even withodéaing the availability of the host plant. The
observed relationships between land use, vegetatomplexity, and the tritrophic system are not
locally restricted; rather they are measureablagla broad range of environmental conditions and
years throughout Germany. Our findings may haveomamt implications for the conservation of

insect species of nutrient poor grasslands.
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I ntroduction

The recent worldwide anthropogenic conversion dfirg habitats to agriculture profoundly affects
the diversity of plants and animals (Foley et 2005). A negative correlation between plant species
richness and land use intensity in terms of fegtion is well documented for many ecosystems
(Baessler & Klotz, 2006; Smart et al., 2006). At ttame time field studies and experiments have
revealed a positive relationship between plant isgegchness and herbivore diversity (Schlapfer &
Schmid, 1999; Pearson & Dyer, 2006; Crutsingerl.et2@06; Schaffers et al., 2008). In grasslands,
intensive mowing, heavy grazing, and fertilizati@present major negative impacts for plant species
richness. However, little is known about how iniéaation in land use influences the performance of
species at higher trophic levels, apart from sirmglgucing species numbers (van der Putten et al.,
2004).

Insects are key players in grassland ecosystents, raanagement practices can affect them in
numerous ways. For example, heavy grazing and miglving frequencies negatively affect survival
(Tscharntke & Greiler, 1995) because grazing andimg reduce available food resources, and lead
to changes in plant growth and vegetation complekituess & Tscharntke, 2002). The frequency of
mowing is also important because it can cause @samgthe vegetation composition that in turn can
influence the occurrence and diversity of herbiusrarthropods (Kohler et al., 2004; Unsicker et al.
2006). Species at higher trophic levels may alsaffected because the abundance and diversity of
organisms at lower trophic levels are reduced (el& Jones, 2003).

However, intensive land management may sometimestiyey affect insects. For instance,
fertilization can increase host plant quantity amghlity, which can affect the occurrence and
abundance of herbivores (Mohd Norowi et al., 1998isswolf et al., 2005). Furthermore host plant
quality is an important factor for food web strueteven for very high trophic levels (Bukovinszky e
al. 2008). Fertilization can also increase hoshipfaatch size and density, which can in turn affect
insect herbivore densities (Kareiva, 1985; Heiswbhl., 2005). These could have positive effetts
the next trophic level. On the other hand, andanti@st to the nitrogen limitation hypothesis (Vehit

1993), Fischer and Fiedler (2000) showed that higlogen contents of host plants, caused by
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fertilization, can negatively affect insect herbies. In the butterfly specidsycaena tityrus Poda,
fertilization caused high pupal and larval mortaind a reduction in adult size in species inhadpiti
nutrient poor grasslands. Nutrient availabilitycalsas shown to alter patterns of parasitoid related
mortality (Moon et al., 2000; Yarnes & Boecklen,08). However, populations of natural enemies
seem to increase after fertilizer application, esdly with regard to changes in vegetation strretu
with variable consequences for their prey.

Little is currently known about how land use prees affect the abundance and occurrence of
organisms of higher trophic levels. In this study Wwestigate the impact of land use on all leweéla
tritrophic system, and on the surrounding vegetatio multiple regions in Germany, and across
multiple years. The targeted plaRlantago lanceolata L. (Plantaginaceae), was chosen because it is
widespread throughout Germany, and occurs undésrelft land use intensities. Two herbivorous
weevils, Mecinus labilis Herbst andMecinus pascuorum Gyllenhal (Coleoptera: Curculionidae), are
commonly found on this plant. Both weevils ovipasit newly formed seedheads, and this is where
larvae feed and develop. These two weevils alsoeshacommon parasitoid, the pteromalid wasp
Mesopolobus incultus Walker (Hymenoptera: Pteromalidae). We studied ttiirophic system across
three different regions in Germany, which diffemmhsiderably in their soil and vegetation typesl an
the amount of precipitation they received (Fischeal., 2010). This enabled us to investigate the
influence of land use on the same tritrophic systeer different abiotic and biotic conditions. We
hypothesized that land use intensity (fertilizafiand type (mowing vs. grazing): (1) increase ibke s
and abundance of our target plant, decrease thmt gieecies richness and change the surrounding
vegetation, (2) and therefore increase the occoerefhthe specialized herbivores, their parasiawid

its parasitization success. At last (3) we wantefinid out in which way these parameters diffeloasr

the three different geographic regions and years.
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Material and methods

Sudy sites and plot design

In the framework of the Ilarge-scale German Biodiitgr Exploratories project
(http://www.biodiversity-exploratories.de), we irstiggated experimental plots on grasslands with
different land use types and intensities in thrier@nt regions — Schorfheide-Chorin (Brandenburg)
Hainich-Din (Thuringia), and Schwabische Alb (Bad®drttemberg) (Fischer et al. 2010). In each
region we investigated plots from three differeabd use types (meadows, mown pastures and
pastures, Table Al) and two different land usenisitees (fertilized and unfertilized, Table A2);tho

as defined by the farmers (Fischer et al., 201@addws were mown one to three times a year. Mown
pastures were mown one time a year and have difféve@stock densities. Pastures range from high
livestock densities to fairly used plots (see Féesatt al., 2010).

The three regions differ considerably in their sedgetation, precipitation and agricultural used a
therefore enable the investigation of the influeotkand use on the same tritrophic system under ve
different abiotic and biotic conditions on a largeographical scale. In every geographical redson,
experimental grassland plots were provided (Fisehex., 2010). According to the occurrence of our
host plant P. lanceolata), the number of investigated plots was 76 plothanyear 2008, 78 in 2009
and 80 plots in the year 2010 (Table Al, 2). Evaot had a size of 50 m x 50 m and had a north-

south alignment.

Sudy system

Our study system consisted of the ribwort plantdiantago lanceolata L., two associated weevil

species Mecinuslabilis Herbst and Mecinuspascuorum Gyllenhal and the parasitoid

Mesopolobus incultus Walker .

Plantago lanceolata L. is an ubiquitous perennial herb that can grgvtaia size between 5 and 50 cm
and forms a rosette. It blossoms from May to Sep@nin Germany (Schmeil & Fitschen, 2003).
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According to Ellenberg (1996F. lanceolata grows both on wet and dry habitats. It grows vesay
broad range of ground conditions (Dierschke & Biteen2002), which makeB. lanceolata an ideal
model system for investigating tritrophic systemsiigradient of land use intensity.

Mecinus labilis Herbst andviecinus pascuorum Gyllenhal live monophagously dh lanceolata. Both
weevil species hibernate as adults and becomeeaictiay (Mohd Norowi et al., 1999). Females
oviposit on newly-formed seedheads in June and itkason, 1968). The hatched larvae bore into
a seedhead where they feed and develop in indiviketds (Mohd Norowi et al., 1999). The larvae
are fully developed by July and pupate in the seadf (Mohd Norowi et al., 1999). Adults emerge
from late August to September and move to the hdden sitesMecinus labilis can mainlybe found

on mown and dry pastures; adults range in size frotto 2.2 mm (Lohse, 1983). The seed-feeder,
pascuorum, lives on dry grasslands and ranges in sizes aiol251 mm.

Mesopolobusincultus Walker is a generalist parasitoid that parasitiziE§erent insect orders

(http://www.nhm.ac.uk/research-curation/researchojégts /chalcidoids/[December 2008]). This

pteromalid wasp is a solitary species. Femaleseramgizes of 1.5 to 2.4 mm and males in sizes4f 1
to 1.8 mm (Baur et al., 2007).Its only hosts Rirlanceolata are the two weevil species described
above. No details of ovipositional behavior areilabde and most parts of its life cycle are unknown
Mesopolobus incultus parasitizes the larvae of the weevils during sumi®hd Norowi et al., 2000),

and hatches from the seedheads at the same tithe agult beetles (C. Herbst, pers. observ.).

Sampling design

Between May and June in the years 2008, 2009 ai@® ¥ measured different host plant and
vegetation parameters on the experimental grassglatsl of the three regions.

In 2008 we investigated 1R lanceolata plants per plot. Because we averaged plant dataith plot
and because of the large plot number, we only tigeted threeP. lanceolata plants in 2009 and
2010. We determined host plant abundance in asadid m around the selectBdlanceolata plant.
Additionally we recorded host plant parameters itadk number, maximum stalk height (cm), rosette
diameter (cm) and rosette height (cm).
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In our study, vegetation structure was defined bight (maximum height of forbs or grass) and
density (weighted mean vegetation height) of theestigated vegetation. Plant species diversity was
calculated as plant species richness. We recortded gpecies richness by counting the number of
different forb species in a radius of 15 cm arothelinvestigated host plant. The vegetation strectu
was investigated by estimating the horizontal cafethe vegetation (%) in the same radius. It was
assessed in 0.10 m steps from 0 m up to 1.70 ny wsiwhite board as background (Sundermaier,
1999). We also calculated the weighted mean andsuned the maximum vegetation height (cm)

around the randomly chosen host plants (r = 0.1penplot.

Invertebrate sampling

We collected insects by sampling 100 inflorescerfd®. lanceolata plants per plot. The collection
was conducted between August and September 2008, &td 2010 in all three regions. Afterwards
we stored the inflorescences per subplot in plastices (17.0 x 12.5 x 5.6 cm) with gauze covers
(0.12 mm) under constant conditions (11:13 LD, temapure: 22°C, 50% rH). After hatching we

identified and counted the insects.

Satistical Analyses

The influence of land use on vegetation structoost plant parameters, plant species richnesseks w
as on weevil and parasitoid occurrence, was andlyseng multiple logistic regression and one-way
ANOVA (Jongman et al., 1995; Hosmer & Lemeshow, ®@00ollowed by correction for multiple
comparisons, the false discovery rate by Benjar@inHochberg (1995). Parasitization rate was
analyzed by using generalized linear mixed modeigr to analysis, we excluded collinearity of
vegetation structure and host plant parametersrimgipal component analysis. The resulting factor
“host plant size” consists of the rosette heigid anmber of leaves. The weighted mean vegetation

height (GMV, vegetation density) was calculatednfradata on horizontal vegetation cover

29



Chapter IV

(Sundermaier, 1999). The factor “vegetation” calssiH the vegetation density and the maximum
vegetation height.

We used binary logistic regression to test thaugrite of land use intensity (fertilized or unfézét)

and type (meadow, mowed pasture, pasture) on tharence of the three insect species. To evaluate
the goodness-of-fit of the logistic regression niedehe coefficient of determinatiof® from
Nagelkerke (1991) was used. We used the one-way\AN compare the categorical variables land
use intensity and type with host plant and vegataparameters. Residuals were tested for normal
distributions. These analyses were conducted \withsbftware package SPSS Statistics Version 18.0
(SPSS Inc., 2010). We analyzed the influence d lase intensity and type on the parasitization rate
of M. incultus with generalized linear mixed models. Explorataryd plot number were used as
random effects. We used land use intensity and agpexed factors. Models were calculated with the
Imer function with Laplace approximation (packageedt Version 0.999375-37) in R version 2.14.0
(R Development Core Team, 2011). For parasitizatide we applied the binomial error distribution
(link = logit) and bound the number of successasniger of hatched parasitoids) and number of
failures (number of hatched herbivorous hosts ratgitized by the parasitoid) as the response
variable (Crawley, 2007).

Furthermore, we used structural equation model$/}SE model direct and indirect effects of land
use (LUI) on vegetation structure and diversityd ahe host plant in all three years of the study.
Vegetation structure was represented as a lateiaila indicated by the manifest variables maximum
vegetation height and weighted mean vegetatiorhheife represented host plant size also as a latent
variable indicated by the manifest variables maximstalk height, rosette height, and diameter.
Including latent variables in the model allows asrclude more than one relevant measure for each
metric without arbitrarily deciding which is moshportant, as well as improving parameter estimates
by assigning measurement error to the manifesabis (Grace, 2006). Site replication was too low
for reliable SEMs, so we focused on effects of lasd intensity on different vegetation parameters.
We defined land use intensity (here as Land usexindUI), according to Bluthgen et al. (2012), as
one continuous factor combining information on #émeount of fertilizer (kg N hY, the frequency of
mowing (y%), and the livestock density (livestock units x sldya') for every plot. We analyzed data
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from each exploratory separately, and data weresfoamed as necessary to improve normality. As
tests of model fit, we report® P-values, where values less than 0.05 suggest a mpodel fit.
Excellent model fits are indicated by Root Mean &gLError of Approximation (RMSEA) values less
than 0.05, and Tucker Lewis Non-Normed Fit IndekNINFI) values greater than 0.9. These analyses
were done with correlation matrices in the ‘sentchage version 0.9-16 (Fox 2006) in R version 2.9.0

(R Development Core Team 2008).

Results

Influence of land use intensity (fertilization)

Land use intensity positively influenced host plsiae in Schwébische Alb in all three years (Fidgire
Table 1). Rosette height and number of leaveBlaftago plants were larger on fertilized than on
unfertilized plots (Table A3). However, host platiundance was not affected. For the other two
regions we found neither a positive nor a negagfect of fertilization on the host plant paramster
Fertilization influenced plant species richnesshegitnegatively or not at all (Figure 3, 2). In
Schwaébische Alb we found this negative effect intlalee years. In Hainich-Din and Schorfheide-
Chorin we found it in some, but not in all yeardio# study (Table 1, A3).

In contrast, fertilization mostly affected vegetatistructure either positively or not at all (Figg, 4).

In Schwébische Alb vegetation structure was deasdrhigher on fertilized plots than on unfertilized
plots in all three years (Table 1, A3). In SchoifleeChorin fertilization did not influence the
vegetation structure and in Hainich-Din vegetativacture was influenced only in 2008. In this year
the vegetation grew denser and higher on unfextilizompared to fertilized plots.

Fertilization affected the occurrence of the threestigated insect species either negatively oraho
all (Figure 1, 3, 4). In Schwabische Alb and Hami2un insects occurred more often on unfertilized
than on fertilized plots in all three years (Figdre3; Table 2, A4). In Schorfheide-Chorin thereswa
no effect of fertilizer on either the herbivorestbe parasitoid (Figure 1, Table A4). Although the
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occurrence probability of the parasitoid was lower fertilized plots compared to unfertilized, the
parasitization rate oM. incultus was higher on fertilized plots in 2008 (Table Bhere was no
significant effect of fertilization on parasitizati rate in the other two years examined (Table 3).

In summary there was an overall negative influesfciertilizer on plant species richness, and on the
occurrence of the investigated insect species (Eigl. In contrast, there was a positive effect on

vegetation structure and parasitization rate inywae.

Influence of land use type

Land use type (mowing vs. grazing) had either atipeseffect on host plant size or none at all.
Rosette height and number of leaves were smallgyasture plots compared to mown pastures and
meadows in Hainich-Din and Schwabische Alb in nyestrs of the study (Figure 3, 4, Table 1). In
Schorfheide-Chorin there was no effect of mowing @mazing on host plant size (Table 1, A3).
Additionally, land use type had no effect in Hamiolin and Schorfheide-Chorin or an indifferent
effect in Schwabische Alb on host plant abundance.

Land use type (mowing vs. grazing) influenced vatjeh structure positively in all three regions and
almost all years (Figure 3, 4). In Schorfheide-@iadne highest and most dense vegetation grew on
meadows followed by mown pastures and pastureddTiabA3). In Hainich-Din and Schwabische
Alb we observed the same results, except in the 2@@8 in Hainich-Din. Here the highest and most
dense vegetation grew on pastures followed by muaatures and meadows (Table 1, A3).

Mowing and grazing affected plant species richnesswell. More plant species were found on
pastures than on mown pastures and meadows inddeiin and Schwabische Alb in all three years
(Figure 3, 4, Table 1, A3). Only in Schorfheide-@han the year 2008 we found higher plant species
richness on meadows compared to pastures (Tabf8)1,In the following two years no further
influence could be shown (Table 1).

Mowing affected the occurrence of the herbivored #me parasitoid in all three regions either
negatively or not at all (Figure 2, 3, 4, Table A) Schwabische Alb, except for the year 2009, and

in Hainich-Dun we found a higher weevil and/or [s#tG@d occurrence on pastures than on the other
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two land use types (Figure 2, 3; Table A4). In Stifede-Chorin, except for the year 2010, there was
no effect of land use type on the occurrence of @nhe insect species (Figure 2; Table 2, A4). In
contrast, the parasitization rateMf incultus was higher on meadows compared to the other laad u
types in the years 2008 and 2010 (Table 3B).

In general mowing had a more positive effect onetatipn structure, the host plant and the
parasitization rate than grazing, but a more negatffect on plant species richness and inseciegpec

occurrence.

Interaction of all parameters

In addition to an analysis of all possible intei@t$ with land use by multiple logistic regressamd
ANOVA we used structural equation models (SEMs)ad@ombined analysis of vegetation, host plant
and land use variables within one model. For evegjon, and year, a separate SEM was calculated
(Table 4). Despite the occurrence of significarthpan each model, none of the models calculated
provided a significant model fit, except Schorfleeidhorin 2009. Attempts to improve model fit by
adding paths based on modification indices gengaderer model fits, based on BIC scores (data not

shown).

Discussion

Influence of land use on host plant and vegetation parameters

Although a negative correlation between land usensity and plant species richness is well known
and generally recognized (Di Tommaso & Aarssen91@atton & Denno, 2003; Baessler & Klotz,
2006; Smart et al., 2006), few studies exist onetfiects of land use on the performance of specific
host plants and their associated insects. Sind#vioees and their natural enemies may be affecteéd n
only directly by land use, but also indirectly byanges in their host plant quality and quantityywel
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as vegetation diversity and structure, we additigriavestigated the impact of increasing land ase
the surrounding vegetation and its interaction whtritrophic system.

In our study fertilization supported vegetationusture and increased host plant size, especially in
Schwabische Alb, and decreased plant species sshineall three regions investigated, and in most
years. This result is supported by numerous stustesving that fertilization reduces plant species
number (Gratton & Denno, 2003; Baessler & KlotzD&0D Regarding individual plant performance
and vegetation structure, fertilization usuallyulesin an increase in leaf nitrogen content anthen
biomass of the focal plant (McNeill & Southwood,789, often in combination with a change in the
vertical distribution of the biomass of this plantof the whole plot treated. Fertilization is respible
therefore not only for an increase in plant groeuia quality of the individual (host) plant, butafer

a changed structural complexity of the vegetatldar{ley et al., 2003; Gratton & Denno, 2003; Chen
et al., 2010). In Schorfheide-Chorin there was mpact of fertilization on parameters of vegetation
structure. In Hainich-Dun, we found a higher vetietadensity and height on unfertilized compared
to fertilized plots in the year 2008. The increasedetation structure on unfertilized plots in 2088
probably the result of mowing events on the femill plots. In Schwébische Alb vegetation structure
was highest and most dense on fertilized plotsllitheee years. Variability in vegetation structure
could be traced to vegetation being affected byd lase management, as well as fertilization.
Unfortunately, mowing by farmers took place ateliint times in the season and could not always be
taken into account when plots were investigatethgagh no plot was investigated earlier than two
weeks after mowing). Interestingly, fertilizatiomd no influence on host plant size in Schorfheide-
Chorin and the Hainich-Diun, although fertilizer iis general known to support plant growth
(Ellenberg, 1977). However, in Schwabische Albtilieation increased host plant size in all three
years. Host plant abundance, in contrast, wastaffén none of the three regions, whereas in anothe
study with experimental fertilization we showedexibase oP. lanceolata abundance (Herbst et al.
submitted).

Land use type significantly influenced plant spsaiehness, vegetation structure and host plast siz
in all three regions. Plant species richness wghdsit on pastures compared to mown pastures and

meadows in Hainich-Din and Schwébische Alb. Jo800%) also describes a positive correlation
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between extensive grazing and plant species rishgshe same time agricultural influences in the
form of intensive mowing represent one of the majegative impacts on plant species richness
(Kohler et al., 2004). The opposite result, higbgecies richness on meadows, in Schorfheide-Chorin
in the year 2008 might be explained by the reddeed use gradient, due to a high proportion of
organic farming in this region. Land use type affected the vegetation structure in all threeargi

We measured the highest and most dense vegetatioreadows compared to the other two land use
types, except again for Hainich-Dun in the year&0@ Schwabische Alb we found a significant
positive effect of mowing vs. grazing on host plaizie in all three years. In Hainich-Din host plant
size was positively influenced by mowing in the ry2809 and as a trend in 2010. The tallest plants
occurred on meadows compared to mown pasturesastdrps. In summary, consistent effects in all
three regions were reduced plant species richmesaraincreased vegetation structure. Host plaet si
was supported by land use in two of three regiansereas there was no influence on host plant
abundance.

In summary, consistent effects in all three regioveye reduced plant species richness and an
increased vegetation structure. Host plant size suggported by land use in two of three regions,

whereas there was no influence on host plant aimceda

Influence of land use on herbivore and parasitoid occurrence

Increasing land use intensity and human influemeekaown to lead to a serious reduction in plant
and animal species diversity in different habit@issicker et al., 2006). Gratton & Denno (2003)
propose that fertilization may not only affect Hedoe abundance and diversity directly, but suggest
that interacting effects of features of the vegetatvith host-parasitoid systems can provoke more
complex interactions in a multitrophic context atiom up and top down effects. In two of the three
regions (Hainich-Din and Schwabische Alb) land insensity (fertilization) consistently negatively
affected the two weevil species. Likewise the thigphic level, the occurrence of the parasitoidsw
partly negatively affected by fertilization in tleegegions. The missing effects of fertilizationingect
occurrence in Schorfheide-Chorin might be due @enahe hand to the mostly extensive and organic
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farming in this region. This might promote speciesmbers and species richness in contrast to
conventional agriculture. On the other hand théedthces might be caused by completely different
soil types in this region. In Schorfheide-Chorinstdsols, Luvisols, and Gleysols are common sail
types which limit the types of land use and chagplgat communities found there.

Parasitization rate was not influenced by fertii@a in two of three years. Only in 2008 parastiiza
rate ofM. incultus was higher on fertilized than on unfertilized glothis might be due to higher plant
species richness and therefore higher odor diyeositunfertilized plots. Host plant odors have been
found to be masked by diverse environments and tmigtiuce the host finding success of the
parasitoid. Non-host plants and high plant divgnsiay generate a complex odor bouquet (Randlkofer
et al., 2010) which insects have to cope with whdarching for their host. Negative effects mayuocc
because of disruption of olfactory host location ripn-host plant volatiles (Perfecto & Vet 2003;
Randlkofer et al. 2007).

Likewise, land use type can strongly affect inssminmunities because grazing and mowing may
modify plant growth and quality and the complexdifithe vegetation, as well as possibly interrupt th
phenology of insects (Kruess & Tscharntke, 2002;0@émck et al., 2005). Weevil occurrence was
negatively affected by mowing in Schorfheide-Chqivh pascuorum), Hainich—Dun K. labilis, M.
pascuorum) and Schwabische AlbBM. labilis, M. pascuorum). The same result we found for the
parasitoid Mesopolobus incultus occurred more often on unmown plots. Several stuiliustrate that
foraging success of parasitoids is linked to tineatility and that vegetation properties changerthei
movement patterns (Randlkofer et al., 2009). Intnmases, complex vegetation structures (Coll &
Bottrell, 1996; Tschanz et al., 2005) like on memsiexert a negative influence on the foraging
efficiency of natural enemies. In contrast the pitition rate on meadows was higher than on the
other land use types. We hypothesized that hidtresay be due to odor masking by higher plant
species richness on pastures which we had discbss$er for land use intensity.

In summary, we found that thBlantago-weevils and their parasitoid occurred with a highe

probability on unfertilized plots and pastures toarfertilized sites and meadows.
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Interaction of all parameters

In order to explain the observed patterns of a istet® negative impact of land use on the higher
trophic levels investigated, independently of tharadance and size of the host plant, we discuss thr
hypotheses: 1) A high and dense vegetation streicas observed on fertilized and meadow plots,
might render host searching by herbivores and piaids more difficult and reduce the host finding
capacity of the species. This might reduce theadsity of their occurrence on plots with high huma
impact. 2) Changes of patterns of nutrient avdilghof the host plant due to changes in land use
might cause potential negative effects on the perdoce of the flowerhead insects. 3) The different
management regimes in combination might affectritrephic system with a preference of the insects
for unfertilized pastures due to an interruptednaihegy on mown plots.

With respect to our first hypothesis, fertilizatiand mowing as part of the agricultural management
positively influenced vegetation height and dengityall three regions investigated. Experimental
fertilization, performed on the same plots, likesvisicreased vegetation height, density, and the
aboveground biomass Bf lanceolata and decreased the abundance of the three insiesfHerbst

et al. unpublished data). Plant structures interf@th insect behavior in different ways. For exémp
the structural complexity of habitats and the dedtural traits of single plants influence the
movement ability of herbivores as well as their thfiisding process (Goodwin & Fahrig, 2002;
Randlkofer et al., 2009). Tall and dense vegetatinthe neighborhood of host plants may either
visually mask the target plant or may impede actedbe target plant (Perrin, 1977; Asman et al.,
2001). Several examples illustrate that foragingesss is linked to the movement ability of insects,
and that vegetation properties change the moverpatiern. In most cases complex vegetation
structure exerts a negative influence on the foagifficiency of herbivores and natural enemies
(Tschanz et al., 2005; Obermaier et al., 2008; Kafel et al., 2010). Thus, structural featureshaf
vegetation may affect access to resources anditnmitie population dynamics of phytophagous and
entomophagous arthropods. However, since parastizeate was increased by fertilization in 2008
and by mowing vs. grazing in two of three years thypothesis might not be appropriate for the
system studied.
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In terms of our second hypothesis, the nutritianality of the host plant might change according to
land use intensity and management, with implicatifor higher trophic level organisms. We found a
consistently negative effect of fertilization oretflowerhead insects in all three regions. An asialy
revealed a negative impact of total leaf nitrogarttee abundance of both weevil species investigated
(Waschke et al. unpublished data). Changes in tdintand use and biodiversity can alter an animal’s
nutritional environment (Warbrick-Smith et al., Z)0Although many publications report on positive
correlations between insect performance and hastit pll concentrations (McNeill & Southwood,
1978; White, 1993; Obermaier & Zwolfer, 1999), Fisc & Fiedler (2000) found that high leaf
nitrogen contents were not generally beneficiad tautterfly species investigated. In a study bydoe
& Behmer (1998) three grasshopper species respoirdatifferent ways to increased levels of
nitrogen, and very recently a grass-feeding grggstowas shown to perform best on low nitrogen
diets, and do so where there was heavy grazingséCstaal., 2012)

Finally, on mown plots the phenology of the insettay be interrupted (several times), and new
flowerheads may no longer be infested by the weelter a certain date (Tscharntke & Greiler, 1995)
On pastures, in comparison, some flowerheads méghain and guarantee survival of the populations.
The plot design might also explain the patternshim three regions. Since the plots are not equally
distributed between treatment groups with respedand use intensity and type, management types
might correlate with fertilization and lead to angeal preference of unfertilized pastures by the
herbivores.

This study suggests that increasing land use datesnty lead to reduced plant species diversity and
changed structural complexity of the vegetatiort, las pronounced consistent effects on the higher
trophic levels of a specialized tritrophic plan#higore-parasitoid system. Increasing human impacts
increased parasitization rate, but reduced theghitty of occurrence of the two weevil species and
their parasitoid in the inflorescenceskoflanceolata. If land use intensification negatively influences
specialized species of higher trophic levels eviamthe host plant is neutrally or positively aféef;

this will have important consequences for the prxegemn of multitrophic systems on nutrient poor

grasslands.

38



Chapter IV

Acknowledgements

The work has been funded by the DFG (German resefimendation) Priority Program 1374
"Infrastructure-Biodiversity-Exploratories" [OB 1851, ME 1810/5-1]. We would like to thank the
DFG for funding the large-scale and long term fiora@l biodiversity research project Biodiversity
Exploratories, the local implementation teams favjiling the plot infrastructure and the BEO foe th
organization. Field work permits were given by atanvironmental offices according to § 72
BbgNatSchG. We thank the managers of the thre@etplies, Swen Renner, Sonja Gockel, Andreas
Hemp and Martin Gorke and Simone Pfeiffer for theiwrk in maintaining the plot and project
infrastructure, and Markus Fischer, the late EbthlK. V. Kalko, K. Eduard Linsenmair, Dominik
Hessenmoller, Jens Nieschulze, Daniel Prati, Ingad8ing, Francois Buscot, Ernst-Detlef Schulze
and Wolfgang W. Weisser for their role in settingthe Biodiversity Exploratories project. We want
to thank Peter Sprick for the help with weevil gdpeadentification, Stefan Vidal for identificatiayf

the hatched parasitoids, and Nico Bluthgen as a®lKonstanz Wels, Sonja Gockel and Andreas
Hemp for making the LUI available. Furthermore Wwartk Sophia Bode, Anne Brauckmann, Philipp
Braun, Judith Escher, Andrea Hilpert, Matthias daBenjamin Kolbe, Nadine Kunkel, Daniel Roth,
Christoph Rothenwoéhrer, Christina Sann, MatthialsaBoann, Sebastian Stragies, Michael Walther
and Karen Wolf for their fieldwork assistance ardphin the lab. At last we thank Spencer T. Behmer

and Karen Voss for revising this manuscript andEoglish revision.

39



Chapter IV

References

Asman K, Ekbom B, Ramert B (2001) Effect of Inteqmping on Oviposition and Emigration
Behavior of the Leek Moth (Lepidoptera: Acrolepideaand the Diamondback Moth (Lepidoptera:

Plutellidae). Environmental Entomology 30:288-294

Baessler C & Klotz S (2006) Effects of changes gnaultural land-use on landscape structure and

arable weed vegetation over the last 50 yearscAljure, Ecosystems and Environment 115:43-50

Baur H, Muller FJ, Gibson GAP, Mason PG, Kulmann(2007) A review of the species of
Mesopolobus (Chalcidoidea: Pteromalidae) associateith Ceutorhynchus (Coleoptera:

Curculionidae) host-species of European originléimn of Entomological Research 97:387-397

Benjamini Y & Hochberg Y (1995) Controlling the Bal Discovery Rate: a practical and powerful
approach to multiple testing. Journal of the Roy&thtistical Society: Series B (Statistical

Methodology) 57:289-300

Bluthgen N, Dormann CF, Prati D, Klaus VH, Kleineker T, H6lzel N, Alt F, Boch S, Gockel S,
Hemp A, Miiller J, Nieschulze J, Renner SC, Schoérdin§chumacher U, Socher SA, Wells K,
Birkhofer K, Buscot F, Oelmann Y, Rothenwohrer €Ch&ber C, Tscharntke T, Weiner CN, Fischer
M, Kalko EKV, Linsenmair KE, Schulze ED, Weisser W{8012) Quantitative index of land-use
intensity in grasslands: Integrating mowing, grgzeand fertilization. Basic and Applied Ecology

13:207-220

Bukovinszky T, van Veen FJF, Jongema Y, Dicke MO@O0Direct and Indirect Effects of Resource

Quality on Food Web. Science 319, 804. doi: 10.1d@énce.1148310

40



Chapter IV

Cease AJ, Elser J, Ford C, Hao S, Kang L, Harri#er{2012) Heavy Livestock Grazing Promotes
Locust Outbreaks by Lowering Plant Nitrogen ContenScience 335:467. doi:

10.1126/science.1214433

Chen Y, Dawn MO, Ruberson JR (2010) Effect of mjgo fertilization on tritrophic interactions.

Arthropod-Plant Interactions 4:81-94. doi:10.1007829-010-9092-5

Coll M & Bottrell DG (1996) Movement of an insectanfasitoid in simple and diverse plant

assamblages. Ecological Entomology 21:141-149.1dbit111/j.1365-2311.1996.tb01180.x

Crawley MJ (2007) The R Book. John Wiley & Sonsjdblster

Crutsinger GM, Collins MD Fordyce JA, Gompert Z,cBliCC, Sanders NJ (2006) Plant Genotypic

Diversity Predicts Community Structure and Govean£cosystem. Scien8a3: 966

Dickason EA (1968) Observation on the Biology ofn@wetron pascuorum (Gyll.) (Coleoptera:

Curculionidae). Coleopterists Bulletin 22:11-15

Dierschke H & Briemle G (2002) Kulturgrasland: Waes Weiden und verwandte Stauden-fluren.

Verlag Eugen Ulmer GmbH & Co., Stuttgart

Di Tommaso A & Aarssen LW (1989) Resource manipoitest in natural vegetation: a review. Plant

Ecology 84:9-29

Ellenberg H (1977) Stickstoff als Standortsfaktoinsbesondere fir mitteleuropaische

Pflanzengesellschaften. Oecologia Plantarium 12:1-2

41



Chapter IV

Ellenberg H (1996) Vegetation Mitteleuropas mit d&lpen in o6kologischer, dynamischer und

historischer Sicht. Ulmer, Stuttgart

Fischer K & Fiedler K (2000) Response of the copbetterfly Lycaena tityrus to increased leaf
nitrogen in natural food plants: evidence agairtst hitrogen limitation hypothesis. Oecologia

124:235-241

Fischer M, Bossdorf O, Gockel S, Hansel F, Hempldssenméoller D, Korte G, Nieschulze J, Pfeiffer
S, Prati D, Renner S, Schoning I, Schumacher UlsWe Buscot F, Kalko EKV, Linsenmair KE,
Schulze E-D, Weisser W (2010) Implementing larg@lescand long-term functional biodiversity

research: The Biodiversity Exploratories. Basic apglied Ecology 11:473-485

Foley JA, DeFries R, Asner GP, Barford C, BonarC@rpenter SR, Stuart Chapin F, Coe MT, Daily

GC, Gibbs HK, Helkowski JH, Holloway T, Howard ERucharik CJ, Monfreda C, Patz JA, Colin

Prentice I, Ramankutty N, Snyder PK (2005) Gldbahsequences of Land Use. ScieB08:570

Fox J (2006) Structural equation modeling with sleen package in R. Structural Equation Modeling

13:465-486

Goodwin BJ & Fahrig L (2002) Effect of landscapeusture on the movement behaviour of a

specialized goldenrod beetlk,jirhabda borealis. Canadian Journal of Zoology 80:24-35

Grace JB (2006) Structural Equation Modeling anduld Systems. Cambridge University Press

Cambridge

Gratton C & Denno RF (2003) Seasonal shift fromtdratup to top-down impact in phytophagous

insect populations. Oecologia 134:487-495

42



Chapter IV

Hartley SE & Jones TH (2003) Plant diversity anskict herbivores: effects of environmental change

in contrasting model systems. Oikos 101:6-17

Hartley SE, Gardner SM, Mitchell RJ (2003) Indiretfects of grazing and nutrient addition on the

hemipteran community of heather moorlands. JowhAbplied Ecology 40:793-803

Heisswolf A, Obermaier E, Poethke HJ (2005) Setecof large host plants for oviposition by a

monophagous leaf beetle: nutritional quality orrapdree space? Ecological Entomology 30:299—

306

Hosmer D & Lemeshow S (2000) Applied Logistic Resgien. Wiley, New York, 373pp.

Joern A (2005) Disturbance by fire frequency armbbigrazing modulate grasshopper assemblages in

tallgrass prairie. Ecology 86:861-873

Joern A & Behmer ST (1998) Impact of diet quality demographic attributes in adult grasshoppers

and the nitrogen limitation hypothesis. Ecologigatomology 23:174-184

Jongman RH, ter Braak CFJ, van Tongeren OFR (1B@%) analysis in community and landscape

ecology. Cambridge University Press, Cambridge

Kareiva PM (1985) Finding and losing host plantsPhyllotreta: Patch size and surrounding habitat.

Ecology 66:1809-1816

Kohler B, Gigon A, Edwards PJ, Krisi B, LangenaRBelischer A, Ryser P (2004) Changes in the

species composition and conservation value of liomesgrasslands in Northern Switzerland after 22

years of contrasting managements. Perspectiveaot Ecology 7:51-67

43



Chapter IV

Kruess A & Tscharntke T (2002) Grazing Intensityl dne Diversity of Grasshoppers, Butterflies, and

Trap-Nesting Bees and Wasps. Conservation Biol&g¥50-1580

Kruess A (2003) Effects of landscape structure habitat type on a plant-herbivore-parasitoid

community. Ecography 26:283-290

Lohse GA (1983) Unterfamilie Mecininam H. Freude, K. W. Harde, and G. A. Lohse, Editore D

Kafer Mitteleuropas, Band 11. Goecke & Evers Verlagfeld

McNeill S & Southwood TRE (1978) The role of niterg in the development of insect plant
relationships. Biochemical Aspects of Plant andndali Coevolution (ed. By J. B. Harborne), pp. 77-

98. Academic Press, London

Mohd Norowi H, Perry JN, Powell W, Rennolls K (199khe effect of spatial scale on interactions

between two weevils and their food plant. Acta Qagica 20:537-549

Mohd Norowi H, Perry JN, Powell W, Rennolls K (2000he effect of spatial scale on the

interactions between two weevils and their parakitecological Entomology 25:188-196

Moon DC, Rossi AM, Stiling P (2000) The effectsatiotically induced changes in host plant quality

(and morphology) on a salt marsh planthopper anpatasitoid. Ecological Entomology 25:325-331

Nagelkerke NJD (1991) Miscellanae - A note on a egah definition of the coefficient of

determination. Biometrika 78:691-692

Obermaier E, Zwolfer H (1999) Plant quality or qtig®? Host exploitation strategies in three
Chrysomelidae species associated with Asteraceat plants. Entomologia Experimentalis et
Applicata 92:165-177, doi:10.1046/j.1570-7458.100936.x

44



Chapter IV

Obermaier E, Heisswolf A, Poethke HJ, RandlkoferMiiners T (2008) Plant architecture and
vegetation structure: Two ways for insect herbigote escape parasitism. European Journal of

Entomology 105:233-240

Pearson CV & Dyer LA (2006) Trophic diversity indwgrassland ecosystems. 11pp. Journal of Insect

Sciences:25, available online: insectscience.org/6.25

Perfecto I, Vet LEM. (2003) Effect of a nonhostmglan the location behavior of two parasitoids: The
tritrophic system ofCotesia spp. (Hymenoptera: Braconidad®ieris rapae (Lepidoptera: Pieridae),

andBrassica oleraceae. Environmental Entomology 32:163-174

Perrin, RM (1977) Pest management in multiple cigpgystems. Agro-Ecosystems 3:93-118

R Development Core Team. 2011. R: A language andr@mment for statistical computing. R

Foundation for Statistical Computing, Vienna, Aissthttp://www.R-project.org

Randlkofer B, Obermaier E, Meiners T (2007) Mothathoice of the oviposition site: Balancing risk
of egg parasitism and need of food supply for thhegeny with an infochemical shelter?

Chemoecology 17: 177-186

Randlkofer, B., Jordan, F., Mitesser, O., Meinfrs& Obermaier, E. (2009) Effect of vegetation
density, height and connectivity on the ovipositipsitern of the leaf beetl@aleruca tanaceti L.

Entomologia Experimentalis et Applicata 132:134-146

Randlkofer B, Obermaier E, Hilker M, Meiners T (BQ)2Vegetation complexity — The influence of

plant species diversity and plant structures omtptiiemical complexity and arthropods. Basic and

Applied Ecology 11:383-395

45



Chapter IV

Randlkofer B, Obermaier E, Casas J, Meiners T (RChnectivity counts — disentangling effects of
vegetation structure elements on the searching mewne of a parasitoid. Ecological Entomology

35:446-455

Schaffers AP, Raemarkers IP, Sykora KV, ter BradE Q2008) Arthropod assemblages are best

predicted by plant species composition. Ecology 82:794

Schlapfer F & Schmid B (1999) Ecosystem EffectBioldiversity: a Classification of Hypotheses and

Exploration of empirical Results. Ecological Appatimns9:893-912

Schmeil O & Fitschen,J (2003). Flora von Deutsctiland angrenzender Lander. Quelle § Meyer

Verlag GmbH & Co., Wiebelsheim

Smart SM, Thompson K, Marrs RH, Le Duc MG, MaskelC, Firbank LG (2006) Biotic

homogenization and changes in species diversitysadnuman-modified ecosystems. Proceedings of

the Royal Society B — Biological Sciences 273:28585

Sundermaier A (1999) Zur Vegetationsdichte der Xeronrasen nordwestlich von Halle/Saale.

Stuttgart, J. Cramer in der Gebruder Borntraegelagsbuchhandlung Berlin

Tschanz B, Schmid E, Bacher S (2005) Host planbsue determines larval vulnerability — do prey

females know? Functional Ecology 19:391-395

Tscharntke T & Greiler HJ (1995) Insect communijtigeasses, and grasslands. Annual Review of

Entomology 40:435-458

46



Chapter IV

Unsicker SB, Baer N, Kahmen A, Wagner M, BuchmannWkisser WW (2006) Invertebrate
herbivory along a gradient of plant species ditgrsi extensively managed grassland. Oecologia

150:233-246

Van der Putten W H, de Ruiter PC, Bezemer TM, Hald#&, Wassen M, Wolters V (2004) Trophic

interactions in a changing world. Basic and Appksablogy 5:487-494

White TCR (1993) The Inadequate Environment: Nidrognd the Abundance of Animals. Springer

Verlag, Berlin

Warbrick-Smith J, Behmer ST, Lee KP, RubenheimeSpson SJ (2006) Evolving resistence to

obesity in an insect. PNAS 103:14045-14049

Woodcock BA, Pywell RF, Roy DB, Rose RJ, Bell D @3)p Grazing management of calcareous

grasslands and its implications for the consermatib beetle communities. Biological Conservation

125:193-202

Yarnes CT & Boecklen WJ (2006) Abiotic mosaics efffeeasonal variation of plant resources and

influence the performance and mortality of a leafien in Gambel’s oak (Quercus gambelii, Nutt.).

Ecological Research 21:157-163

WEBSITE

http://www.nhm.ac.uk/research-curation/researclggte/chalcidoid$December2008])

47



Chapter IV

Figure legends

Figure 1 Proportion of fertilized and unfertilizptbts (%) with occurrence of the three insect spellecinus
labilis, Mecinus pascuorum andMesopolobus incultus for the three regions (Schwabische Alb, Hainichaind
Schorfheide-Chorin) in the year 2010. Significaiffetlences at K 0.05 are indicated by with different letters.

Figure 2 Proportion of meadows, mown pastures astupes (%) with occurrence of the three insectispe
Mecinus labilis, Mecinus pascuorum andMesopolobus incultus for the three regions (Schwaébische Alb, Hainich-
Diun and Schorfheide-Chorin) in the year 2010. Siggmt differences at R 0.05 are indicated by different
letters.

Figure 3 Influences of land use intensity and tgpehe tritrophic system, vegetation structure plaght species
richness in the three regions and years. Possit#eactions are marked with gray arrows and adttetactions
with black arrows. Black arrows indicate signifitaasults (P < 0.05) after correction with the éafliscovery
rate (FDR) correction. Dashed arrows show posdigleds. Land use intensity: plus signs indicateositive

influence while minus signs indicate a negativéuierice. Land use type: plus sign indicates a peséffect on
meadows and a negative effect on pastures, whiténas sign indicates a negative effect on meadaviksaa

positive effect on pastures.

Figure 4 Schematic interactions between land usgetation and the tritrophic system. Arrows showsue

influences of the different levels.
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Table 4: Fit statistics for the structural equatioadels for the three regions. Schwabische Alb (Alginich-Din
(HA), and Schorfheide-Chorin (SC); RMSEA = root mesgjuare error of approximation, and TLNNFI = Tucke

Lewis non-normed fix index.

N (P RMSEA TLNNFI

2008

AL 340 114.4(<0.0001) 0.140  0.839
HA 207 55.5(<0.0001) 0.115  0.877
SC 201 63.0(<0.0001) 0.126  0.884
2009

AL 100 57.9(<0.0001) 0.170  0.852
HA 68 38.8(0.0007) 0.154  0.891
SC 63 22.3(0.1002) 0.089  0.948
2010

AL 93 24.1(0.0041) 0135  0.887
HA 77 30.4(0.0004) 0.177  0.741

SC 66 22.4(0.0078) 0.151 0.828
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Table A 1: Number of plots used to investigate lasd type in the three different regions and olvere years.

2008 2009 2010
Meadow Mown Pasture Meadow Mown Pasture Meadow Mown Pasture
pasture pasture pasture
Exploratory Plot number
Schwabische —, , 4 16 15 6 13 13 7 13
Alb
Hainich-DUn 5 6 11 4 7 12 5 9 12
Schorfheide- 7 12 2 5 14 2 5 14
Chorin

Table A 2: Number of plots used to investigate lasd intensities in the three different regions aner three

years.
2008 2009 2010
Fertilized Unfertilized Fertilized Unfertilized Fertilized Unfertilized
Exploratory Plot number
Schwabische 7 17 19 15 18 15
Alb
Hainich-Diin 11 11 8 15 11 15
Schorfheide- 4, 10 7 14 6 15
Chorin
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Abstract

Humans have substantially altered the nitrogenecgtlecosystems through application of agricultural
fertilizer. Fertilization may not only affect plaspecies diversity, but also insect dynamics bgrialg)
plant nitrogen supplies. We investigated the eftéatxperimental fertilization on the vegetatione t
ribwort plantain a focal plant, and higher tropldgels on differently managed grasslands throughout
Germany.

Over a period of two years, we examined two spistibkrbivores and their parasitoid Blantago
lanceolata L. and the composition and structure of the surding vegetation. Over 70 sites in three
geographic regions within the large-scale projeetn@n Biodiversity Exploratories were included in
the study. The model system consisted of the Hasit P. lanceolata L., the monophagous weevils
Mecinus labilis Herbst andM. pascuorum Gyllenhal, and their parasitoitMesopolobus incultus
Walker.

Fertilization decreased plant species richnessarstl plant abundance, whereas it enhanced total
vegetation growth. The increased size and heigtteraf nitrogen content did not improve herbivore
performance. On the contrary the abundance ofwhéeherbivores was decreased by fertilization. The
parasitoid depended on the abundance of one ohatts, M. pascuorum (positively density-
dependent). Reduced herbivore abundance due tiliz&iwn might be explained by a lower
abundance of the host plant, a lower stalk numbdrbsy changed patterns of host localisation within
higher vegetation. Fertilization negatively affettdne third trophic level by cascading up via host
abundance. The relationships between fertilizatsamyounding vegetation and the tritrophic system
were measured throughout the three regions and theetwo year period. Our findings present
consequences of intensification for a plant-hentdysarasitoid system and may have significant

implications for the conservation of multitrophigsgems in managed grasslands.

Keywords: Fertilization, nitrogen, tritrophic intation, plant species richness, grassland managemen

vegetation structure
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I ntroduction

Intensification of land use is one major factor lakpng why many species of the German flora and
fauna are endangered. Agricultural intensificatiothe form of fertilization represents one impaotta
threat to plant species richness (Gough et al. 2B@faniemi 2002). Anthropogenic conversion of
natural habitats to agricultural areas has incabasamatically, especially in the last century. apd
agricultural land has become one of the largesederal biomes (Asner et al. 2004). Increasing
population growth and a growing demand in termdivifig standards lead to an intensification of
agriculture via the use of fertilizer, pesticide®l @xpanded irrigation systems (Matson et al. 1997)
is becoming increasingly evident that these chamgeaot beneficial to biodiversity. To judge the
impact of human activities on ecosystems and onlivesity it is important to investigate the
interactions which take place in these systemstamkthow how ecosystems function. In the past few
years the number of studies of complex interactiorghich three or more trophic levels are involved
is increasing, because these reflect the naturaitons more adequately (Tscharntke and Hawkins
2002).

However, still little is known about how an incredn land use intensity influences biotic interaat
(van der Putten et al. 2004). Unfertilized dry avet grasslands belong to habitats showing the bighe
richness in plant species (Ellenberg 1996). Howewih the development of mineral fertilizers many
of these systems were converted into intensivedyl ygassland with high livestock density or several
harvests per year. Plant species richness decresigesincreasing soil fertility and species
composition is negatively affected (Ellenberg 1998)erefore the amount of fertilizer applied within
a habitat often represents the degree of landnieasity at this site. A negative correlation betwe
land use intensity and plant species diversity lisady well documented for many ecosystems
(Baessler and Klotz 2006; Smart et al. 2006). Tfiece of fertilization on higher trophic level
organisms and the underlying mechanisms, howetitresnain mostly unknown.

Not only plant species richness, but also the siptint individual is affected by fertilizer apgltcon.
Regarding individual plant performance, fertilipatiusually results in an increase in leaf nitrogen

content (Davidson and Potter 1995) and in the bgsnad the focal plant, often in combination with a
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change in the vertical distribution of the bioma$ghis plant or of the whole plot. Fertilizatiorotn
only increases biomass and plant growth, but dlsodensity of plants (Gratton and Denno 2003).
Fertilization therefore results not only in a chamg plant quality and quantity of the individuhbét)
plant, but also in a changed structural complesitthe entire vegetation (Bobbink et al. 1988; kgt

et al. 2003; Gratton and Denno 2003) with possisfound consequences for phytophagous insects
and their natural enemies.

Plant nitrogen content and secondary metabolitghinbe affected by fertilization as well. Iridoid
glycosides (aucubin and catalpol) are importanbisdary metabolites iR. lanceolata. Jarzomski et

al. (2000) documented that nutrient availabilityedmined iridoid glycoside concentration to a geeat
extent than herbivory. However, fertilization istnthe only factor influencing plant-defensive
chemistry, but belowground herbivores can also gadahe aucubin content in shootsPolanceolata
(Wurst et al. 2004).

Fertilization is known to increase food plant gtyafior herbivores and hence herbivore abundance
(Price et al. 1980; Gratton and Denno 2003; Stiind Moon 2005) and in some cases also herbivore
species richness (Hartley et al. 2003). Increatatt pitrogen (N) should enhance herbivore fitrggss
relieving protein limitation, thus increasing hesmious insect populations (Cease et al. 2012).
Nevertheless higher plant nitrogen content may alefays be beneficial for herbivorous insects
(Fischer and Fiedler 2000; Cease et al. 2012).

Fertilization was also shown to affect the thirdptnic level. Populations of natural enemies togethe
with their prey, as well as parasitization ratesyatimes increase after fertilizer application (Beet

al. 2006; Krauss et al. 2007). Nutrient availapilitas shown to alter patterns of parasitoid related
mortality (Moon et al. 2000; Yarnes and Boeckle@@&0as well as fecundity (Kaneshiro and Johnson
1996).

In summary, fertilization may affect herbivore alance and diversity directly vetered host plant
guality and availability and indirectly via increakstructural complexity and plant species diversit
Interacting effects of features of the vegetatiathmost-parasitoid systems could further alter enor
complex interactions in a multitrophic context @tiom up and top down effects (Gratton and Denno

2003).
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Three different regions, in the northern, middled aouthern part of Germany, were chosen to
investigate the impact of experimental fertilization the tritrophic system &lantago lanceolata and

its surrounding vegetation. The three regions setediffer in their soil and vegetation types ahd t
amount of precipitation they receive. Thus thepwlthe investigation of fertilizer application amet
same tritrophic system under different abiotic aiatic conditions (Fischer et al. 2010). The ribtvor
plantain Plantago lanceolata L. (Plantaginaceae) is an indicator species faultivated landscape
(Ellenberg et al. 1992). It grows in a very broadge of ground conditions (Dierschke and Briemle
2002), which make#®. lanceolata a perfect model for investigating influences offtifigation on
trophic interactions. It is widespread in the regionvestigated and hosts two herbivorous weevils
Mecinus labilis and M. pascuorum (both Coleoptera: Curculionidae) and their natueaemy
Mesopolobus incultus (Hymenoptera: Pteromalidae) (Mohd Norowi et al. @00

In this study we address the following questionewHloes experimental fertilization affect (1) the
vegetation structure and plant species richne$shé2host plant abundance and quality as welBas (

the two weevil species and their common parasitoid?

Material and Methods

Sudy site

In the context of the German Biodiversity Exploras (http://www.biodiversity-exploratories.de) we
investigated experimental grassland plots in tigeegraphic regions (exploratories), Schorfheide-
Chorin (Brandenburg), Hainich-Dun (Thuringia) arch®abische Alb (Baden Wirttemberg) (Fischer
et al. 2010). In each region there are three diffetand use types (meadows, mown pastures and
pastures) and two different land use intensitiesi(ized and unfertilized) which both were cultige

by the farmers (Fischer et al. 2010). For a dedadlescription of the Biodiversity Exploratories see

Fischer et al. (2010).
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Experimental design

In every region, 50 experimental grassland plotgehlaeen determined by the large-scale project
(Fischer et al. 2010). The number of plots we itigased were 76 in 2009 (34 plots Schwabische Alb,
21 plots Hainich-Dun and Schorfheide-Chorin) andr8the year 2010 (33 plots Schwébische Alb, 25
plots Hainich-Din and 23 plots Schorfheide-Choriyery plot measured 50 m x 50 m with a north-
south orientation. The two investigated subplots (6 6m) were situated in one corner of the
experimental plots. We selected one control andfendized subplot. The latter was fertilized in
April and October 2009 and in April 2010 with 20@¢gr m2 (N = 6.67%, #,= 0.85%, KO = 0.86%)

of an organic fertilizer (Agrobiosol®, SW-Dungessysie, Wolfenbdittel). The control subplot was not

experimentally fertilized.

Sudy system

Plantago lanceolata L., the ribwort plantain, is a generalist herlco§mopolitan distribution (Van der
Aart and Vulto 1992) that can grow up to 50 cm dodns a rosette. It blossoms from May to
September (Schmeil and Fitschen 2003). Rosetteditdfeec vegetative propagation (Wu and
Antonovics 1975). According to Ellenberg (1996) dnpitz v. Boberfeld (1994p. lanceolata grows
both in wet and dry habitats.

Mecinus labilis and M. pascuorum live monophagously orP. lanceolata. Both weevil species
hibernate as adults and become active in May (Mdtwbwi et al. 1999). Females oviposit on newly-
formed seedheads in June and July (Dickason 19®&) hatched larvae bore into a seedhead where
they feed and develop in individual seeds (MohddMoret al. 1999). The larvae are fully developed
by July and pupate in the seedheads (Mohd Norowl.€t999). Adults emerge from late August to
September and move to the hibernation shinus labilis can mainlybe found on mown and dry
pastures. Adults have a size of 1.7 to 2.2 mm (kdl383). The seed-feeder. pascuorum lives on

dry grasslands and has a size of 1.5to 2.1 mm.
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Mesopolobusincultus Walker is a generalist parasitoid that parasitiziéfferent insect orders
(http://www.nhm.ac.uk/ research-curation/ reseaqtojects/ chalcidoids/ [December 2008]). This
pteromalid wasp is a solitary species. Its onlytham P. lanceolata are the two weevil species
described above. No details of ovipositional bebiagre available and most parts of its life cyale a
unknown.Mesopolobus incultus parasitizes the larvae of the weevils during sumi®hd Norowi et

al. 2000), and hatches from the seedheads at the 8me as the adult beetles (C. Hancock, pers.

observ.).

Sampling design

Host plant and vegetation parameters

Between May and June in the years 2009 and 201(plsog abundance was determined in a radius of
1 m around three selectdd lanceolata plants in each subplot. Host plant parameters rdsette
diameter (cm) and above ground biomass (Bowers Stadhp 1992) were recorded. Metabolite
composition of leaves varies with factors like leafe, genotype (Bowers and Stamp 1992), and
herbivory (Stamp and Bowers 2000). Therefore, wapdad a mixture of leaves from 10 different
individuals randomly, by walking a pattern along ttontrol and treatment subplots in 2009. Carbon
and nitrogen content of the dried and ground ptaatterial was analysed by a C/N analyser (Euro EA
3000 Elementalanalyser, EuroVector, Milan, Italy).

Vegetation structure was defined by height (maxinheight of forbs or grasses) and ground cover of
grasses (%) of the investigated vegetation. Alorith wegetation height we also calculated the
generalized mean vegetation height (GMV), which measure for vegetation density (calculating the
vertical vegetation covefor each height class). The parameter GMV was t@eeé with the
vegetation height in this study like in many prexscstudies (e.g., Obermaier et al. 2008; Randlkofer
et al. 2009). To avoid collinearity of variables wecluded the GMV and only used the vegetation
height to represent the vegetation structure. Rdpeties diversity was calculated as plant species
richness. We recorded plant species richness bgtioguthe number of forbs in a radius of 15 cm

around the investigated host plant.
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Invertebrate sampling

Insects were collected by sampling 60 inflorescerineeach subplot. The collection was conducted
between August and September 2009 and 2010 ihrak regions. The inflorescences were stored per
subplot in plastic boxes (17.0 x 12.5 x 5.6 cm}wgauze cover (0.12 mm) under constant conditions

(11:13 LD, temperature: 22°C, 50% rH). After hatzhinsects were identified and counted.

Satistical Analyses

The influence of fertilization on vegetation andstplant parameters, as well as on the abundance of
the two herbivores and the parasitoid was analys@ty linear mixed-effects models. All calculations
were performed using R (Version 2.15.1; R Develapm@ore Team, 2012). We calculated mean
values per subplot for vegetation and host plam&rpaters. For abundance data (2009 and 2010),
nitrogen and carbon (only 2009) we received on@lstilvalue each per plot. Region and plot number
were nested and used as random effects for fedilend unfertilized subplot separately. Treatment
(fertilized and unfertilized) was used as fixedtéac Normal distribution of response variables was
checked by looking at the residuals (Zuur et aQ72®010). Response variables were transformed if
necessary to fulfill model assumptions. Percentagge arcsin square root transformed. Models were
calculated by the Imer function with Laplace apjpmetion (package Ime4 version 0.999375-42), the
zeroinfl function (package pscl version 1.04.4)ogrthe Ime function with the maximum likelihood
method (package nlme version 3.1-102). For the oresg variables vegetation and host plant
parameters, nitrogen and carbon we used the Gaussia distribution (link=identity). For the zero-
inflated response variables weevil and parasitbithdance we used a zero-inflated regression model

(Zeileis et al. 2007).
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Results

Effect of fertilization on the vegetation

Fertilization increased vegetation height 3 moratsr the first application (2009: Intercept: vakie
50.29, standard error = 0.01, df = 75, P < 0.0@gtment control: value -3.77, standard error 4,1.1
df =75, P < 0.01) (Fig. 1). This effect was ev&worgger in the second year (2010: Intercept: value
57.05, standard error = 5.31, df = 80, P < 0.0@gtment control: value -8.88, standard error 4,1.5
df = 80, P < 0.001). Fertilization at the same timduced forbs in favor of grasses which showed a
higher cover in the fertilized compared to the uilfeed subplots in the first year (Tab. 1). Thigect

is supported by looking at the number of plant gem the same radius. Plant species richness was
higher in unfertilized than in fertilized subplaiSig. 1). The relationship was significant, however
only in the second year of the fertilizer applioati(2009: Intercept: value = 13.97, standard error
2.62, df = 75, P < 0.001; treatment control: vadulEs, standard error = 0.38, df = 75, P > 0.05,0201
Intercept: value = 10.96, standard error = 1.72= @0, P < 0.001; treatment control: value 3.17,

standard error = 0.58, df = 80, P < 0.001).

Effect of fertilization on the host plant

Fertilization reduced the abundance of the hosttg?alanceolata (2009: Intercept: value = 25.25,
standard error = 4.86, df = 75, P < 0.001; treatmentrol: value 4.91, standard error = 3.99, d5s

P > 0.05; 2010: Intercept: value = 2.16, standardre= 0.13, df = 80, P < 0.001; treatment control:
value 0.46, standard error = 0.10, df = 80, P QD.0After the second year of fertilization the
abundance oP. lanceolata in the control subplots was higher compared to @handance in the
fertilized subplots (Fig. 2). Rosette diameter lom dther hand was larger in fertilized subplotsitima
the control. The effect was stronger in 2010 comgdo 2009. Stalk number was nearly the same in
both subplots in the first year, but lower in tieetifized subplot in 2010. Individual host planbhiass
was lower in the control than in the fertilizer pldis in both years of the study (Tab. 1). Nitrogen
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content of leaves of fertilizeB. lanceolata plants was higher compared to the leaves of tinralo
subplots (Intercept: value = 2.30, standard errbr1d, df = 72, P < 0.001; treatment control: value
0.12, standard error = 0.05, df = 72, P < 0.01)bGa content on the other hand was not influenged b
fertilization (Intercept: value = 43.16, standardoe = 0.51, df = 72, P < 0.001; treatment control:

value 0.06, standard error = 0.30, df = 72, P 0.0

Effects of fertilization on the herbivores

The abundances per subplot of the herbivéesabilis (2009: Intercept 3 = -3.696, SE = 0.489, z-
value =-7.561, P < 0.001, df = 75; Treatment air{ffC) 3 = 0.760, SE = 0.233, z-value = 3.257, P <
0.01, AIC = 196.2; 2010: Intercept 3 = -2.088, SB.333, z-value = -6.275, P < 0.001, df = 80,
herbivore incidence n = 17, no incidence n = 64;81€0.768, SE = 0.184, z-value = 4.169, P < 0.001,
herbivore incidence n = 28, no incidence n = 53C Al 253.5; Tab. 2), anil. pascuorum (2009:
Intercept 3 = -8.542, SE = 1.896, z-value = -4.990%; 0.001; TC 3 = 1.344, SE = 0.188, z-value =
7.143, P < 0.001, AIC = 259.3; 2010: Intercept 871, SE = 0.792, z-value = -3.627, P < 0.001,
TC R = 1.124, SE = 0.106, z-value = 10.588, P O0.(AIC = 488.9; Tab. 2) decreased with
fertilization in both years (Fig. 3). We always fabia higher abundance of the species in unfedilize
than in fertilized subplots.

Additionally different host plant covariates togettwith the fertilizer treatment were included et
models. We tested these models for both weeviliepeseparately. We present representative data
from 2010 because they show stronger effects daddnger period of fertilization. First we testbe
effect of number of stalks d®. lanceolata on M. labilis (2010: Intercept B = -1.925, SE = 0.343, z-
value = -5.617, P < 0.001, df = 80; TC 3 = 0.83%#,50.200, z-value = 4.192, P < 0.001, stalk
number 3 = -0.134, SE = 0.137, z-value = 0.983, 05, AIC = 254.6) antil. pascuorum (2010:
Intercept B = -2.575, SE = 0.717, z-value = -3.994 0.001, df = 80; TC B = 1.119, SE = 0.107, z-
value = 10.494, P < 0.001, stalk number 3 = -0.88~= 0.101, z-value = -1.970, P = 0.05, AIC =
487.2). The number of stalks did not influence #imindance oM. labilis. M. pascuorum was
influenced by the treatment as well as the stalinber. Second we tested the effect of host plant
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abundance oM. labilis (2010: Intercept B = -2.094, SE = 0.335, z-valué.256, P < 0.001, df = 80;
TC 3 =0.785, SE = 0.215, z-value = 3.655, P <1).80st plant abundance 3 = -0.001, SE = 0.004, z-
value = -0.159, P 0.05, AIC = 255.5) ant¥. pascuorum (2010: Intercept 3 = -2.834, SE = 0.761, z-
value =-3.724, P < 0.001, df =80; TC 3 = 1.01B,=50.113, z-value = 8.903, P < 0.001, host plant
abundance B = 0.010, SE = 0.003, z-value = 2.5270P1, AIC = 484.2)Mecinus labilis was only
influenced by the treatment but not by the hoshipébundanceMecinus pascuorum was positively
affected by the abundance of the host plant. Thigdested the effect of maximum vegetation height
on M. labilis (2010: Intercept B = -1.081, SE = 0.639, z-valud 691, P> 0.05, df = 80; TC B =
0.610, SE = 0.203, z-value = 3.003, P < 0.01, marinvegetation height B = 0.019, SE = 0.010, z-
value = -1.830, P 0.05, AIC = 252) and\. pascuorum (2010: Intercept B = -6.795, SE = 1.403, z-
value = -4.844, P < 0.001, df = 80; TC B = 1.670,=50.156, z-value = 10.717, P < 0.001, maximum
vegetation height 3 = 0.057, SE = 0.010, z-value664, P < 0.001, AIC = 459.3Mecinus labilis
was neither influenced by the host plant nor bysiheounding vegetation. Both weevil species were
affected by the fertilization in every model. Thashplant and the surrounding vegetation additignal
influencedM. pascuorum. Besides the effect of the fertilization vegetatieight seems to have the

strongest effect oll. pascuorum based on the AIC value of this model.

Effects of fertilization on the parasitoid

Abundance of the parasitoM. incultus (2009: Intercept 3 = -3.787, SE = 2.082, z-valu&.819, P>
0.05; TC R =0.571, SE = 0.113, z-value = 5.044,0P001, AIC = 489.1; 2010: Intercept 3 = -1.432,
SE = 0.380, z-value = -3.769, P < 0.001; TC B 28.5E = 0.079, z-value = 2.857, P < 0.01, AIC =
647.0; Tab. 2) decreased with fertilization in bgdars (Fig. 3). We always found a higher abundance
of M. incultus in unfertilized compared to fertilized subplots.

When host abundance of the two herbivores togetitbrthe treatment were included in the model,

the abundance of the parasitoid was positivelyuarfced only by its prefl. pascuorum (2009:

Intercept B =-3.113, SE = 1.826, z-value = -1.15,0.05;M. pascuorum 3 = 0.101, SE = 0.016, z-

value = 6.218, P < 0.001, AIC = 329.2). In this mlodeither the treatment ndi. labilis had
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significant effects on the parasitoid (2009: Treatbncontrol 3 = 0.033, SE = 0.158, z-value = -2,139
P > 0.05M. labilis3 = -0.037, SE = 0.053, z-value = -0.709, P >)0.8brbivore abundance seems to
be more important for the parasitoid than the tneait because this model had a better AIC than the
model with treatment effect (2009: model treatm&d€ = 489.1; model herbivores + treatment: AIC

= 329.2). Therefore fertilization turned out toeaff the parasitoid only indirectly via its host.

Discussion

Effects of fertilization on vegetation composition and the host plant

We found changes in the vegetation in the first y#ahe investigation and after only one fertitize
application. Fertilization supported the generavgh of the vegetation in the experimental subplots
These findings are corroborated by the studies rattGh and Denno (2003), and Willems and van
Nieuwstadt (2009). Grass species can use additimrakents more quickly than forbs and therefore
dominate fertilized areas (De Deyn et al. 2004)cdmtrast, plant species richness decreased with
fertilization only after the third application ilné second year. Gratton and Denno (2003) likewise
showed that fertilization decreased plant spedidmess but increased plant biomass and density.
Plant species composition reacts slowly to fediliapplication. After repeated applications a fevibf
species capitalize on the nutritional input leadioga dominance of these species (Foster and Gross
1998, Billeter et al. 2008).

Fertilization decreased host plant abundance irtiperimental subplots. This could be due to tke fa
that P. lanceolata prefers to grow in less dense areas with a lovegietation cover (Cavers et al.
1980). PossiblyP. lanceolata is not sufficiently competitive against the risingver of grasses. The
number of stalks per subplot and consequently theber of potential food sources and oviposition
sites decreased with fertilization whereas rosgitieneter and above ground biomass increased. The
host plant therefore seems to invest in growth wiegtilized. As expected?lantago leaf nitrogen
content as a proxy for primary metabolites was éigim the fertilized subplots, whereas carbon
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content was not influenced. With increasing nutrgurpplyP. lanceolata seems to invest in biomass

but not in reproductive organs like inflorescences.

Effects of fertilization on the upper trophic levels of P. lanceolata

Current paradigms assume that fertilization inasdasect abundance and enhances its performance
by increased plant nitrogen (N) (Mattson 1980; WHi©93). In our study, in contrast, fertilization
negatively affected the abundance of the weevitiggeliving onP. lanceolata and their parasitoid.
Decreasing insect abundances may be caused byseffefertilization via the surrounding vegetation

or via changes in resource availability or quali@ratton and Denno 2003). Different hypotheses
concerning the effects of fertilization on the difént upper trophic levels are discussed:

The small insect abundances per subplot result frenfact that the two weevils and their parasitoid
did not occur on every plot investigated. Therefibre boxplots show only low medians, but due to
consistent differences between treatments and highbers of replications we received explicit

significant results.

Effects on upper trophic levels mediated via vegetation

Fertilization in this study influenced the vegeatatiin terms of an increased vegetation height and
cover of grasses. Vegetation may interfere wittedhsbehavior in different ways. The structural
complexity of habitats and the architectural traitsingle plants influence for example, the moveime
ability of herbivores and their host finding prosg€&oodwin and Fahrig 2002; Hannunen 2002).
Particularly, the height and the density of theeatation within habitats play a role here. Tall and
dense vegetation, which we found in our studyhaneighborhood of host plants may either visually
mask or structurally impair the access to the tgptgnt (Perrin 1977; Asman et al. 2001). Asiderfro
visual camouflage, physical impediment caused hghtering plants may diminish the dispersal rate
of herbivores (Perrin and Phillips 1978). Denseetation may slow down the speed of movement by

exerting a spatial resistance on individuals wajkom the ground (Jopp 2006), crawling through the
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vegetation or on individuals conducting flightda# altitude as proposed by Coll and Bottrell (1294
Thus, vegetation structure may affect the accesgdources and consequently determine to some
extent the population dynamics of many phytophagatisropods. The structure of non-host plants
can also indirectly affect herbivorgm their natural enemies. Non-host plant physicalcstmes may
provide shelter for natural enemies of herbivoten§ellotto and Denno 2004) or, in contrast, may
render host search by the enemies more diffic@tlii@inz et al. 2005, Obermaier et al. 2008).
Additionally we could show that fertilization deased the plant species richness in the investigated
subplots. Several investigations in agriculturadteyns showed a decrease of specialist herbivores in
more diverse habitats resulting in specialist hentds being negatively affected by plant diversity
(Root 1973, reviewed by Finch and Collier 2000).wdger, in a natural context, most studies
revealed a positive impact of plant diversity onbineres and found higher herbivore abundance
(Unsicker et al. 2006) or a higher degree of hentyi(Scherber et al. 2006) in more diverse habitats
A study by Waschke et al. (unpublished) showed ttiatspecialist weevM. pascuorum living in an
agricultural landscape is more abundant when is$ plant is surrounded by a diverse vegetation. The
herbivorous weevil occurs more often with highearpldiversity in the field, and odors from a plant
species rich community enhanced its searchingipciivan olfactometer assay which was adjusted to
the field situation.

Regarding the parasitoid, several studies illustrditat foraging success is linked to parasitoid
movement ability and that vegetation propertiesngeatheir movement pattern (Randlkofer et al.
2010). In most cases complex vegetation struct(Cedl and Bottrell 1996; Tschanz et al. 2005),
which we found in the fertilized subplots, exerhegative influence on the foraging efficiency of

enemies.

Effects on upper trophic levels mediated via host plant availability

Host plant abundance can be essential for the npesfoce of individuals and the density of herbivore
populations (Stilling and Moon 2005). Fertilizatidacreased host plant abundance and may therefore
indirectly affect the herbivore species negatiwaly resource availability. However, in our stud,
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labilis was not influenced by the host plant abundandbestalk number when these covariates were
tested besides the treatment. The most importamrfavhich influenced the weevil species was the
treatment effect. On the other hand both covariaseka significant influence on the abundancisl of
pascuorum. The treatment effect, however, was still stronpan that of the host plant. Lower host
plant abundance and lower number of stalks pett pliath therefore decreasing resource availability in
fertilized plots might additionally be an importaeason for the lower abundance of the specislist

pascuorum in the fertilized subplots.

Effects on upper trophic levels mediated via host plant quality

Many publications report positive correlations bedw insect performance and N concentrations of
host plants (McNeill and Southwood 1978; White 1998ermaier and Zwdlfer 1999). The nitrogen
limitation hypothesis (White 1993), for exampleegicts a better herbivore performance with
enhanced leaf nitrogen, but studies are arisinghviinow an oviposition preference of herbivores for
plants with lower nitrogen content (Bernays andham 1988, Denno et al. 1990, Berdegué et al.
1998) or a poorer performance in terms of highgrapmortality and lower adult size on high nitrogen
plants (Fischer and Fiedler 2000).

In this study we found decreased abundances dhtbhe insect species in spite of increased nitrogen
content of the host plants in fertilized subpldischer and Fiedler (2000) likewise found that high
leaf nitrogen contents were not generally bendfitiaa butterfly species investigated. In a stufly o
Joern and Behmer (1998) three grasshopper spesipsided in different ways to increased levels of
nitrogen. Cease et al. (2012) showed that N featibn and protein rich artificial diets can have
consistent negative effects on the fithess of adbcAn explanation for a negative performance or
avoidance of N-rich plants by herbivores could e hutrients in the plant might be unbalanced due
to nitrogen fertilization. Additional fertilizer gfication and thus higher nitrogen levels in a pleen
also lead to higher organic acid concentrationskvimay act to kill herbivores (Brodbeck et al. 1990
Sarfraz et al. 2009 a) and/or change secondaryistrgrand decrease the aucubin concentratid® of
lanceolata (Fajer et al., 1992; Jarzomski et al., 2000).daski et al. (2000) assumed that the iridoid
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glycoside concentrations B lanceolata reflected a physiological response to nutrienilalgdity. To
avoid this kind of stress herbivores might preféangs with lower nitrogen content (Fischer and
Fiedler 2000).

Also higher trophic levels can respond to host ptarality, influenced by fertilization. A study by
Kaneshiro and Johnson (1996) showed that the fétyunidthe eulophid wasghrysocharis oscinidis
(Ashmead) was enhanced at an optimum nitrogen levatan foliage and was adversely affected at

higher or lower levels.

Effects on the third trophic level mediated via the herbivores

Fertilization may either directly or indirectly &ithe host species) influences also the third tooph
level. The abundance of both herbivores in thidystiecreased with fertilization. At the same time w
found an indirect negative effect of fertilizatiom parasitoid abundance. When fertilization effects
were tested together with host abundankksncultus abundance only depended on the abundance of
the herbivoreM. pascuorum and no longer on fertilizer treatment. Althoughincultus is a generalist
parasitoid, the wasp may preft. pascuorum as main host (Mohd Norowi et al. 2000; National
History Museum: Universal Chalcidoidea Database® ¢lu the higher abundance of this weevil
species in our study. Our findings agree with oitadies which found indirect effects of fertilimat

on parasitoids mediated via herbivores. Krausd.€2807) showed that also populations of natural
enemies together with their prey seem to increfiee fertilizer application. Furthermore Garrattabt
(2010) found that fertilizer treatments that impraereal-aphid fitness will improve parasitoid éis

as well. The influence of fertilization in this diy however, is still quite important for the third
trophic level by cascading up to higher trophicelevthrough the herbivorous hosts and affecting

species interactions.

In summary we showed that experimental fertilizatieas beneficial to the vegetation structure, the
above ground biomass of the host plant, and itegénh content, but it was unfavourable for the plan
species richness, the host plant abundance antllyfiioa the herbivore-parasitoid model system.
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Fertilization negatively affected the two speciatizherbivores, and its negative effect on herbivore
density cascaded up to the third trophic leveld®s of the effects of experimental fertilization o
plant-herbivore-parasitoid systems over such eelaamge of geographic regions are rare. Results of
this study might therefore offer important insightto how land use intensification can affect highe
trophic levels and species interactions in managedsland ecosystems with implications for future

landscape management and conservation of biodiyénsnutrient poor grasslands.
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Table 2: Number of plots (fertilized and control)twand without the incidence dflecinus labilis, Mecinus

pascuorum andMesopol obus incultus for the years 2009 and 2010.

2009 2010

Number of Mecinus Mecinus  Mesopolobus Mecinus Mecinus ~ Mesopol obus
Treatment plots labilis pascuorum incultus labilis pascuorum incultus

with incidence 15 10 13 17 13 28
Fertilized .

without

incidence 61 66 63 64 68 53

with incidence 17 9 16 28 26 32
Control .

without

incidence 59 67 60 53 55 49
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Figure legend

Figure 1: Median, upper and lower quartiles andiergt for the maximum vegetation height (cm) andnpl
species richness per subplot combining all thrgdoeatories for the years 2009 and 2010. Comparisiween
unfertilized (C: control) and fertilized (F) subfdoBoxplots with different letters were signifi¢tgndifferent at
P<0.05.

Figure 2: Median, upper and lower quartiles andierstfor the host plant abundance and the nitragenent of
Plantago lanceolata leaves (%) per subplot combining all three explwmias for the years 2009 and 2010.
Comparison between unfertilized (C: control) andilfieed (F) subplots. Boxplots with different lets were

significantly different at & 0.05.

Figure 3: Median, upper quartile and outliers foe abundance dflecinus labilis, Mecinus pascuorum and
Mesopolobus incultus per subplot combining all three exploratories the years 2009 and 2010. Comparison
between unfertilized (C: control) and fertilized) (fubplots. Boxplots with different letters wergrsficantly
different at P< 0.05.
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Abstract

Conversion of natural habitats to agricultural aread intensification of land use are known as majo
reasons to cause worldwide decline in biodiverditye quality of habitat patches within the landgcap
can substantially influence biodiversity, speciésiralances as well as trophic interactions. It has
rarely been investigated, however, what influereel luse intensification, as major factor deterngjnin
habitat quality in central Europe, has on organisindifferent trophic levels at the landscape scale
We studied the effects of land use intensity ofsglands in the landscape around focus habitats on
species abundances and trophic interactions oereliff spatial scales using the higher trophic &vel
of a common herb as model system.

We examined the weevildMecinus labilis Herbst, M. pascuorum Gyllenhal and their common
parasitoidMesopolobus incultus Walker on their host plant, the ribwort plantdfhantago lanceolata

L., on 76 sites. The effects of landscape compositn species abundances were analysed within the
large scale project German Biodiversity Explorasracross multiple spatial scales (circular sectors
around the plots with radii from 100 m to 2000 rihe abundance of the two herbivores was
determined by the proportion of extensively manageuhi-natural habitats in the landscape. In all
three regions and across most spatial scales imténsmanaged grassland influenced herbivore
abundance negatively and semi-natural habitat ipelit The abundance dfl. labilis was best
explained at radii of r = 1500 to 2000 m by a lowgmortion of intensively managed grasslands. The
abundance oM. pascuorum andM. incultus on the other hand was influenced strongest atlemal
radii of r = 100 to 500 m by a high proportion atensively managed semi-natural habitats. This can
be explained with different host specificity of tivsect species. The parasitoM, incultus, was
exclusively influenced by the abundance of the weevil species at all spatial scales investigated.
Land use in the landscape affected the parasitaidectly via its hosts. The parasitoid was strange
linked to M. pascuorum than to M. labilis. Our findings show that even for an ubiquist litke
common native plant speci€s lanceolata, the land use intensity of grasslands in the suging
landscape profoundly affects the abundance op#gialized herbivorous and entomophagous fauna.
This may have important implications for the prgaton of higher trophic level organisms and

biodiversity of grassland habitats in agricultuesddscapes.
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I ntroduction

Recent advances in metapopulation theory, landseaplbgy and macroecology (e.g. Rosenzweig
1995, Hanski 1999, Lawton 2000) have revealedtiflomg impact of landscape heterogeneity on local
diversity and community structure. Though habitaialdy may be the most important factor
determining the presence of a species at a given (Bluelli 1997), diversity within a patch
additionally depends on the heterogeneity of theosmding landscape. The composition of a
landscape is one of the key factors explainingisgaachness at different scales (Dunning et é219
Dale et al. 2000, Wagner et al. 2000). Landscapersity and percentage cover of certain land-use
types might serve as useful indicators for spetdsess at the landscape scale (Dauber et al)2003
In Central Germany, insect populations face fragewtandscapes in which suitable habitat patches
are interspersed between areas of intensive agnialland use (Heisswolf et al., 2009). Species ca
respond in different ways to those landscape camdit For example, Hendrickx et al. (2007) reported
that the total species richness of all investigagemlips (wild bees, carabid beetles, hoverfliagg tr
bugs and spiders) was most strongly affected bseased proximity of semi-natural habitat patches.
Bees likewise decreased in landscapes with a Imigimsity of farmland management. In a study by
Weibull et al. (2003) species richness generallyeased with landscape heterogeneity, but also
habitat type had a major effect on the speciesiesh for most investigated groups, with most sgecie
found in pastures and leys.

The number of species forming different trophicup® can decline in the order carnivores followed
by phytophages and omnivores with increasing laaqoissimplification (Purtrauf et al. 2005). These
findings seem to be partly due to increasing seitsitto landscape changes with trophic rank, and
partly to decreasing sensitivity of depauperate roomities to environmental stress. Species loss can
best be explained by the co-action of factors eallolandscape and regional scales (Purtrauf et al.
2005).

Since ecological interactions can depend much ronrepatial scales than on single habitat patches,
ecologists have become aware of the importancadiode landscape scales into studies regarding

ecological processes (Kareiva & Wennergren 1995%gdafid et al. 1999). Changes in landscape
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composition can be characterized by the propoxifosuitable habitat (Andrén 1994), the diversity of
habitats, and the size and spatial scale of hahitaa landscape (Gustafson 1998). A few empirical
studies provide an insight into how landscape caitipm determines the diversity and interactions of
local communities and which spatial scale mattalsensperg-Traun and Smith (1999) reported in
their study of Eukalyptus remnants in grazed laadss that predatory species of arthropods generally
required larger habitat patches than did arthrogidswer trophic levels. Additionally, large-scale
landscape effects can vary with the spatial scate sctale-dependency can differ between species
(Roland & Taylor 1997, Steffan-Dewenter et al. 200202). However Thies et al. (2003) could not
support that higher trophic levels experience tbddvat a larger spatial scale.

It has been suggested that biodiversity in agroetems depends on both landscape heterogeneity
and farm management, but at the same time, stodlie®diversity in relation to landscape variables
are rare (Weibull et al. 2003). Composition of gstasms and habitat diversity have been shown to be
interwoven with land-use intensity (e.g., Wrbkaakt2004), and may influence, as landscape effects,
important ecosystem functions such as biocontrdl feerbivory (Gardiner et al. 2009) or pollination
(Ricketts et al. 2008).

Intensification of land use is comprised by changesandscape composition therefore different
landscape parameters (arable land, forest, intelysmanaged grassland, and semi-natural habitats)
were used. To analyze the influence of agricultumansification by using the landscape composition
at different spatial scales we selected a tritroplystem consisting of a common herb species typica
for European grasslands as host plant and its ajsed herbivore-parasitoid system living on the
inflorescences. The ribwort plantdihantago lanceolata L. (Plantaginaceae) is an index species for a
cultivated landscape (Ellenberg et al. 1992). twg in a very broad range of ground conditions
(Dierschke & Briemle 2002), which makés lanceolata a perfect model for our study. It is very
common in the three regions investigated and hesisherbivorous weevildlecinus labilis Herbst
andM. pascuorum Gyllenhal (both Coleoptera: Curculionidae) andrthatural enemyMesopol obus
incultus Walker (Hymenoptera: Pteromalidae) (Mohd Norowale?000)

Modifications in land use intensity can result inanges in the abundance and distributiorPof

lanceolata and are likely to influence plant-herbivore andstqmarasitoid interactions within the
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associated insect community, as known from othatties (Herbst et al. submitted). In this study we
add the landscape perspective, investigating howdtyral intensification at landscape level atfec
the herbivore-parasitoid system in three regiof®ra@fore we focused on two habitat types to define
land use intensity of grasslands on a landscage, sbea proportion of intensively managed grassland
and extensively managed semi-natural habitat. Tthdyswas done in grasslands incorporating
multiple spatial scales around each plot. We hygsitted that 1) the land use intensity at landscape
scale has a negative influence on the abundante dhree insect species, 2) there are differeimces
the response of the second and the third tropkil,|8) the abundance of the two herbivores is more
strongly influenced by the surrounding landscapsnadller spatial scales than at larger spatiakscal

to which the parasitoid should react more.

Material and M ethods

Sudy sites and experimental design

Within the large-scale Biodiversity Exploratoriesoject (http://www.biodiversity-exploratories.de)
we investigated local and regional effects of lasd intensity on the abundances of higher tropiel le
species in three different regions, Schwabische (Bdden Wurttemberg), Hainich-Dun (Thuringia)
and Schorfheide-Chorin (Brandenburg) (Fischer e@l0). The three regions differ in soil types,
vegetation, precipitation and agricultural land y&éscher et al. 2010). The three exploratories
therefore enable the investigation of the influentalifferent habitat types on the same tritrophic
system across a large geographical scale.

A total of 150 experimental grassland plots wetald@shed by the large-scale project (Fischer et al
2010). According to the occurrence of our host fp(Bnlanceolata), the number of investigated plots
was 76 (Schwabische Alb 33, Hainich-Din 22, Scled&-Chorin 21). Every plot had a size of 50 m

x 50 m and had a north-south alignment.
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Sudy system

Plantago lanceolata, the ribwort plantain, is an ubiquitous herb ttat grow up to 50 cm and forms a
rosette. It blossoms from May to September (Sch&eéiltschen 2003). According to Ellenberg (1996)
and Opitz v. Boberfeld (1994. lanceolata grows both on wet and dry habitats.

Mecinus labilis lives oligophagous oR. lanceolata andP. sempervirens whereadW. pascuorum lives
monophagous on the ribwort plantain. Both weevdcsps hibernate as adults and become active in
May (Mohd Norowi et al. 1999). Females oviposit mwewly-formed seedheads in June and July
(Dickason 1968). The hatched larvae bore into disssd where they feed and develop in individual
seeds. The larvae are fully developed by July armmhte in the seedheads (Mohd Norowi et al. 1999).
Adults emerge from late August to September andamowvhe hibernation siteMecinus labilis can

be found mainlyon mown and dry pastures. Adults have a size oftd.2.2 mm (Lohse 1983).
Mecinus pascuorum lives on dry grasslands and has a body lengthsofol2.1 mm.

Mesopolobusincultus is a generalist parasitoid that parasitizes differeinsect orders

(http://www.nhm.ac.uk/ research-curation/ reseammtojects/ chalcidoids[December 2008]). This

pteromalid wasp is a solitary species and parasitthe larvae of the two dn lanceolata living
weevil species described above (Mohd Norowi eR&00). Mesopolobus incultus hatches from the
seedheads at the same time as the adult beetlddafi€ock, pers. observ.). No further details of

oviposition behavior are available and most paritsdife cycle are unknown.

Landscape composition

The land use in the landscapes surrounding thes plas been mapped and digitized for all 150
grassland plots based on an extensive field mapgamgpaign as well as on high resolution aerial
photographs (resolution 40 cm, Hansa Luftbild Mé&nstThe mapping included different land use
types within a radius of 2 km around plots. For Hiaseline year 2009 eight general land use types
(arable land, forest, intensively managed grasslamadl, semi-natural habitats, urban, waterbodies,

woodland) have been mapped.
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In general, the surroundings of the grassland péxsesent broad gradients in landscape composition
i.e. the proportions of the four major land useegparable land, forest, intensively managed gaads|
and semi-natural habitats.

Semi-natural habitats, like nutrient-poor grassland meadows with scattered fruit trees, represent
the most important land use type which generallyotwa high species diversity in agricultural
landscapes due to no or only extensive land useelD& Obrist 2003; Billeter et al. 2008).
Furthermore, semi-natural habitats represent a washge of different habitat characteristics, for
instance wet (fen) or dry (calcareous grasslanibtialenvironments.

To analyse the influence of the surrounding lanpsceomposition on the abundance Mécinus
labilis, Mecinus pascuorum and Mesopolobus incultus we calculated the proportions of intensively
managed grassland (G) and extensively managedrssomal (N) habitats. These two land use types
can be considered as most important for the abuwedaofM. labilis, M. pascuorum andM. incultus.

All other habitat types, e.g. woodland, urban amasater bodies, were excluded because they dre no
gualified for potential usable habitat of the hplsint and the three investigated insect speciesufd

the GPS based center points of each plot we apeiggd circular buffers with radii of 100, 200, 300
400, 500, 1000, 1500 and 2000 m that represenerdiif spatial scales. The buffer areas were
intersected with the underlying land use maps loutate the percentage of intensively managed
grassland and semi-natural area for the eightapstales. We used ArcGI$10 and FRAGSTATS

(McGarigalet al. 2002) to calculate the landscape parameters.

Invertebrate sampling

100 inflorescences d@®. lanceolata plants per plot were randomly collected for inssspling. The

collection was conducted between July and AuguB820 all three exploratories. The inflorescences

were stored in plastic boxes (17.0 x 12.5 x 5.6 with gauze covers (0.12 mm) under constant

conditions (11:13 LD, temperature: 22°C, 50% rHiteAhatching insects were identified and counted.
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Satistical analyses

Our aim was to estimate how the abundandd.dgbilis, M. pascuorum andM. incultus is influenced

by the proportion (%) of intensively managed grasdl (G) and extensively managed semi-natural
habitats (N) in the surrounding landscape at difierspatial scales. The statistical analyses were
performed in R (Version 2.15.1; R Development Cbeam, 2012) using generalized linear models
(GLM) with the abundance of the three investigatesects as the dependent variable and the
proportion of grassland or semi-natural habitatd aegion as predictor variables with assumed
additive effects (Crawley 2007). As the proportafrgrassland and semi-natural habitat was strongly
negatively correlated (depending on the spatiale}cae did use the two variables in separate
statistical models. We also tested if the effecthwf proportion of G or N on species abundances
differs among regions, i.e. by adding an interactierm proportion G or N: Region in models, but
these models were in all cases less supportedebgiata (based on QAIC values) than simple models
with additive effects of predictor variables. Duethe fact that the abundance of the parasitbid
incultus may probably not only be influenced by landscapmposition but also by the abundance of
its hosts, we additionally calculated models in achhive added the abundancedvbflabilis and M.
pascuorum as predictor variables. As the abundance dataoivesunt type and the data showed signs
of overdispersion, we modelled data assuming aippiason distribution of errors. The influence of
the proportion of G or N was analysed at severedfit spatial scales, i.e. in radii of 100, 200,30
400, 500, 1000, 1500 and 2000 m around plots Toftesspatial autocorrelation in the data we
calculated Moran’s | values for the residuals afagalized linear models (Bivand et al. 2008). We
tested the statistical significance of Moran'’s lues for a distance class of 1 km using permutation

tests.
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Results

Influence of different land use typesin the landscape on insect abundances

The proportion of intensively managed grasslandd@) extensively managed semi-natural habitats
(N), had a profound effect on the abundance otwleherbivores and the parasitoid. Proportion of G
influenced the abundance of all three insect speal&vays negatively and proportion N always
positively (Fig. 2). This could be shown at almaltspatial scales (100 — 2000 m) (Fig.1, Tab.he T
proportion of G decreased with increasing spatales and the proportion of N on the other hand
increased with increasing scale. However the ptapoof N was constant up to the 400 m radius.
The proportion of G was always higher than of NI(P& which means that other habitat types
increase with larger spatial scales. Intensificattbland use in the landscape had a negativeeinfie

on both higher trophic levels of the local seedle&gecommunity of the host plaflantago lanceolata.
This could be shown for a broad range of spatiallescin the landscapes. Moreover, models including
the interaction term between proportion of G orrd &egion were always less supported than models
with simple additive effects of predictor variahlssggesting that the effect of the proportion abrG

N on species abundances were consistent in the different geographic regions of Germany.
Although the proportions of both habitat types lie tandscape explain the abundances of all three
insect species at almost all scales significarithere are some differences in strength of intevacti
regarding the habitat type or the scale examinbd. dbundance défl. labilis is best explained by the
habitat type intensively managed grassland (Tab.Haybivore abundance decreased with increasing
proportion of G. ForM. labilis we found almost no differences between the thregions
(Schwabische Alb, Hainich-Dun and Schorfheide-QfjoriThe extensively managed semi-natural
habitats on the other hand best explained the amaedofM. pascuorum and the parasitoid/.
incultus (Fig.1, Tab.1B, C). Abundance of the herbivore #ralparasitoid increased with increasing

proportion of N (Tab. 2B, C).
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Dependence on the spatial scale

The two weevils and the parasitoid responded saifly to extensively managed semi-natural
habitats at almost all spatial scales, but modélsrdd in their fit to the data (in the coeffictsnof
determination = R2). The abundance of the herbithrkabilis was best predicted by the proportion of
G at radii of r = 1500 to 2000 m (Fig. 1, Tab. 1Ahe abundance of the herbivdve pascuorum and
the parasitoidV. incultus was best predicted by the proportion of N at senapatial scales on radii of
r = 100 to 500 m (Fig. 1, Tab. 1B, C). And the alamce of the parasitoidl. incultus was best

explained by the proportion of N at smaller spatdles (r = 100 to 500) (Fig. 1, Tab. 1C).

Differences between second and third trophic level

In a second step of data analysis the GLM modet@&ming the parasitoid was expanded and beside
the proportions of G or N in the landscape, thall@undance of the two host speddabilis and

M. pascuorum were included as further explaining variables wdels. We found that the abundances
of the two herbivorous hosts had significant pesiteffects on the abundance of the parasikid
incultus (Tab. 3), while the effect of the proportion ofdd G was not significant anymore in these
models. Moreover, we found that the influence & tiostM. pascuorum on the parasitoid was

stronger, i.e. two to three times higher, than ¢i&d. labilis (Tab. 3).

Discussion

Influence of land use on the landscape scale on higher trophic levels

It has been shown in many instances that landscefggogeneity has a profound influence on local

arthropod diversity and trophic interactions (Th&g scharntke 1999, Thies et al. 2003, Tscharntke

& Brandl 2004, Gagic et al. 2011k this study we investigate how intensificationlahd use of
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grassland habitats in the landscape influencesifap&erbivore-parasitoid interactions at different
spatial scales. This was examined in a broad rah¢gndscapes in different geographic regions. We
focused on two habitat types to define land usensity of grasslands on a landscape scale, the
proportion of intensively managed grassland andresively managed semi-natural habitat. Our study
showed that the insect species of the investigptadt-insect community were affected by both
habitat types in opposite ways. Increasing proportof intensively managed grassland in the
landscape negatively influenced the abundancedeftwo herbivores and the parasitoid whereas
proportion of extensively managed semi-natural taéthiad a positive effect on insect abundance. The
negative effect of intensively managed grasslarditha positive effect of semi-natural habitat i th
landscape on the herbivores as well as the paichsiboild be shown for almost all spatial scales. (i.
for radii of 100 — 2000 m) and for all three geqairia regions investigated. Results are supportea by
study of Hendrickx et al. (2007) where the totaa@ps richness of all investigated groups (wildshee
carabid beetles, hoverflies, true bugs and spideas) most strongly affected by increased proximity
of semi-natural habitat patches. Wild bees likevdsereased in landscapes with a high intensity of
farmland management. Neighboring anthropogenictaisbieduced the abundance of insects and their
ecological functions in natural habitats (Holzsclattal. 2011). In agricultural areas habitat diigrs
and composition can vary from structurally poorritth landscapes. Thus it is very likely that such
large-scale spatial patterns can influence locdtitmaphic interactions. This is supported by a few
studies focusing on a plant-herbivore-parasitoichrmmnity (Kruess 2003), pollinators and seed set
(Steffan-Dewenter et al. 2001, 2002) as well asgitism rate of the rape pollen beetle (Thies &
Tscharntke 1999).

The negative effect of land use intensity at thedégape scale on local abundance of the two
herbivores is consistent over scales and regiotmwgh the host plant of the study systedmn,
lanceolata, is a common and ubiquitous plant with a broadgeaof habitats (Ellenberg 1996).
Negative effects of land use intensity can on the band be due to the many mowing events on
grasslands during the year. Here the lifecyclehef ihsects could be interrupted and no shelter for
hiding is left. This is supported by a study of &raler et al. (2009) where many orthopterans adoide

the mown matrix in fragmented grassland, becauskeofack of shelter. On the other hand landscape
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effects on local herbivore abundance could be éxgdaby host plant availability or host plant gl
both potentially influenced by land use intenslty.an earlier study, we could show that host plant
abundance was not affected by local land use iityeimsthe field. Experimental fertilization on the
same plots, however, significantly decreased then@dnce ofPlantago lanceolata (Hancock et al.,
unpublished data) and increased host plant sizeenRally reduced host plant abundance at the
landscape scale caused by land use intensificatiight reduce herbivore abundances at the
landscape as well as at the local habitat scaleddtx et al. submitted). Thus, local interactiores a
triggered by factors such as resource availabiityboth the landscape and the habitat scale
(Tscharntke et al. 2011). Further explanation lier abserved patterns would be changes of pattérns o
nutrient quality of the host plant according todarse intensity and management at a landscape scale
with implications for the abundance of higher trimpglvel organisms. An analysis revealed a negative
impact of total leaf nitrogen on the abundance athbwveevil species investigated (Waschke et al.
unpublished data). Although many publications repon positive correlations between insect
performance and host plant N concentrations (M¢NMeouthwood 1978, White 1993, Obermaier &
Zwolfer 1999), other studies found that high ledfagen contents were not generally beneficial to
herbivorous insect species (Joern & Behmer 199&;Her & Fiedler 2000, Cease et al. 2012). This
might have implications on herbivore abundances aithe local habitat scale.

In a second step both, the effects of land uskeataindscape scale (habitat types G and N), asawell
of local host abundance of the two herbivores @ dbundance of the parasitoid were analyzed
together. It turned out that the parasitdidl, incultus, was directly positively affected only by the
density of its two host species and only indirectig its hosts, by land use intensity at the laage
scale. Land use intensity of grassland habitatsérandscape, however, stays an important paramete
also for the parasitoid since as a change in ptigpoof intensively or extensively managed grasslan
habitats in the landscape profoundly affects abooelaf the two host with a cascading bottom up
effect also on the parasitoibleisswolf et al. (2009) showed that the occurrgmodability of an egg
parasitoid only depended (positively) on an indregapopulation density of its host, the leaf be€lle
canaliculata whereas the host was dependent on different lapdstetrics like habitat size, isolation

and quality. In a study of Kruess (2003) parasigpdcies richness was at the same time influenged b
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habitat type and herbivore species richness. Nt babitat type and host abundance, but also
landscape factors such as for example the percemtbgon-crop area and the isolation of habitats
(Kruess 2003) was shown to affect the abundanbertfivores and parasitoids.

In our study the proportion of semi-natural habéatwell as the proportion of intensively managed
grassland were shown to be useful measurement@ndfuse intensity at a landscape scale as they
predicted very well the abundance of the two irftmence feeders investigated. The abundance of the
higher trophic level, the parasitoid was indirectifluenced by the land use at the different laagsc
sacles via his prey. Thies & Tscharntke (1999) el as Steffan-Dewenter et al. (2001, 2002) showed
that the percentage of non-crop area was a robarstmeter to quantify the landscape context.
Likewise Dauber et al. (2003) concluded that laagecdiversity and percentage cover of certain land-

use types might serve as useful indicators forispetchness at the landscape scale.

Dependence on the spatial scale

Studies indicate that particular processes occpadicular spatial scales and that the spatidesaia
which organisms interact may depend on both thdslzape type and the species’ traits:

The three investigated species differed in the ispatcale at which they responded most
deterministically to the landscape composition. M/lihe abundance of the herbivdve labilis was
best explained by models in which landscape cortiposat larger spatial scales were integrated as
predictor variables (r = 1500 — 2000 m), while trexbivoreM. pascuorum and the parasitoid.
incultus responded most strongly to landscape compositiemaller spatial scales (r = 100 — 500 m)..
The weevilM. labilis feeds oligophagous and may therefore have a laagee for host plant search
(Lohse 1983). Korosi et al. (2012) showed that pleecentage of grassland within 500 m around
sampling sites affected species richness and ahuads#H leafhoppers negativelyiecinus pascuorum
responded in the same radius to the land use ityefi$his weevil in contrast tdJ. labilis feeds
monophagous oR. lanceolata. For the herbivore smaller ranges may be sufftdienfood search due

to host plant density. Maybe the weevil occurs nmadten at plots which are surrounded by areas with
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a high host plant density at smaller scaMspascuorum is positively influenced by increasing host
plant density, as shown in other studies (e.g. ¥egdn et al. 2007). In contrast to our resultsistud
based on observations from agricultural habitatsvsh decrease of specialized herbivores in more
diverse habitat patches and conclude that spdsiare negatively affected by plant diversity (Root
1973). For the parasitoid stronger effects at smalpatial scales are contrary to other studiesavhe
higher trophic levels like parasitoids depend nyostl larger spatial scales. In our study the ptoisi
depended on his main hokt. pascuorum which was influenced at smaller spatial scalesaln
geographic scale analysis, Thies et al. (2003) tifiexhthe structure of the 15 landscapes for eight
circular sectors ranging from 0.5 to 6 km diameteorrelations between parasitism and non-crop
areas as well as between herbivory and non-crapvaeee strongest at a scale of 1.5 km, thereby not
supporting the view that higher trophic levels aigrece their environment at the largest spatidiesca
Our findings support the general idea that highephic levels should be more susceptible to
disturbance since they depend exclusively on thmaddnce of their two hosts as the second model
shows. This is shown in literature by theoretiqalgmoses (Holt 1997, Holt et al. 1999) and empiirica
results (Kruess & Tscharntke 1994, Thies & Tschari999).

However the parasitoid depended only on the densftyits hosts rather than on landscape
configuration.Mesopolobus incultus especially was linked to the abundancevbfpascuorum. The
impact of M. pascuorum on the parasitoid was twice as strong as of thergkherbivore of the seed
feeder systeml. labilis. Mohd Norowi et al. (2000) showed that the rat@afasitism oM. incultus
was related to host density in different ways #edént spatial scaleslesopolobus incultus exhibited
inverse density dependence at the finest (seedhsealp, direct density dependence at the
intermediate (plant) scale, and density indepergleriche large (habitat area 729 recale. In our
study, in contrast, the parasitoid was positivaingity dependent on its two host species at thigdhab
scale in all three regions and across all spatales investigated. Likewise, the less specialized
parasitoidr. reptans was more likely to be found on patches with higletle density, while patch size
and isolation seem to be less important (Heissetddil. 2009).

Land use intensity of grasslands at the landscegle svas the most important factor to influence the
abundances of the higher trophic levels of the commative herbP. lanceolata. The two weevil
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species, developing in the seed$offanceolata, were negatively affected by proportion of inteesy
managed grassland and positively by proportionxtéresively managed semi-natural habitat in the
landscape at all spatial scales (100 — 2000 mjraall regions examined. The parasitdid,incultus,
was exclusively influenced by the local densitytsftwo host specied). pascuorum having twice as
much influence on the abundance of the parasibt@id the other hosi. labilis. Land use intensity at
the landscape scale had an important indirecténfie on parasitoid abundance via the two weevil
species. This is one of the few studies consigtestitbwing the negative effect of land use intenaity
different landscape scales on the higher trophieléeof a tritrophic system on the basis of thgdar
data set of 76 landscapes, examined in differeagyrgghic regions. A general conclusion from this
study is that both higher trophic levels, eitheedily or indirectly, depend strongly on the larsku
intensity of grassland habitats at the landscajpde sgHolt et al. 1995, Thies & Tscharntke 1999,
Kruess & Tscharntke 2000a). These findings mighvehanportant implications for the protection of

trophic interactions and species diversity in mutripoor grasslands of palaearctic regions.
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Figure legends

Figure 1: Effects of the proportion of intensivetyanaged grassland (G) (red) and semi-natural hafbifa
(black) on the abundance bfecinus labilis (radius = 2000 m) and the abundance#etinus pascuorum and

Mesopolobus incultus (radius = 200 m). In grey: 95% confidence interval

Figure 2: Influences of the proportion of intengjvmanaged grassland (G) and semi-natural habtabf the
abundance oMecinus labilis, Mecinus pascuorum and Mesopolobus incultus. White arrows indicate direct
influences of land use type on the herbivores, gregws direct influences of the herbivores on pgheasitoid
and black arrows show the indirect influence ofitailtypes on the parasitoid. Plus signs show pasind

minus signs negative influences.
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Table 1: Results of GLM models for the abundanceMetinus labilis (A), Mecinus pascuorum (B) and

Mesopolobus incultus (C) for spatial scales from 100 to 2000 with eithlge proportion of intensively used

grassland (G) or semi-natural habitat (N) as erpigi variables in models. The Region columns shbe t

predicted model intercepts for the three diffemegfions in which the study was conducted. An asiteridicates

a significant difference in the intercept of Hamibun or Schorfheide-Chorin to the value of Schwébe Alb.

Proportion of G or N shows the strength and diceciof the influence of G or N on the abundancehef t

measured species, R? is the coefficient of detatiun and indicates the model fit to the data. Tieak for

spatial autocorrelation Moran’s | tests were penfedt for a distance of 1 km on model residuals.

A
Mecinus
labilis
Region
SchwabischeHainich- Schorfheide-
Alb Din Chorin Proportion of G R2 | Moran's |
G_100 2.019 3.297 2.393 -2.024* 0.0700.21 ns
G_200 2.346 3.425 2.949 -3.576** 0.0940.11 ns
G_300 2.382 3.279 2.799 -3.986* 0.0850.09 ns
G_400 2.411 3.262 2.808 -4.583** 0.0880.08 ns
G_500 2.486 3.274 2.913 -5.511** 0.1080.05 ns
G_1000 2.771 3.334 2.864 -8.938** 0.197 0.05 ns
G_1500 3.075 3.679 3.081 -12.565** 0.3240.03 ns
G_2000 3.591 3.837 3.284 -14.975** 0.3580.01 ns
Proportion of N
N_100 0.399 1.637 0.563 1.696* 0.0750.23 ns
N_200 0.605 1.560 0.514 1.862* 0.0770.19 ns
N_300 0.594 1.449 0.476 2.342* 0.0810.13 ns
N_400 0.484 1.331 0.428 2.875** 0.0910.03 ns
N_500 0.413 1.173 0.386 3.536** 0.0980.004 ns
N_1000 -0.049 1.189 0.334 5.504** 0.134-0.004 ns
N_1500 -0.270 1.403* 0.279 6.189* 0.151 0.07 ns
N_ 2000 -0.416 1.398* 0.182 7.762** 0.130 0.07 ns
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B

Mecinus

pascuorum

Region
SchwabischeHainich- Schorfheide-
Alb Dun Chorin Proportion of G R? Moran's |
G_100 -0.251 3.898**  4.098** -1.959** 0.287 -0.13 ns
G_200 -0.055 3.856*  4.244** -2.824** 0.296 -0.05ns
G_300 -0.078 3.675**  4.031* -2.950** 0.263 -0.002 ns
G_400 -0.212 3.502**  3.710* -2.665** 0.221 0.02ns
G_500 -0.323 3.345**  3.460** -2.400* 0.188 0.03 ns
G_1000 -0.198 3.346**  3.450** -3.730* 0.217 0.03 ns
G_1500 -0.483 3.091** 2.926* -2.294 0.147 0.02 ns
G_2000 -0.471 3.056** 2.849* -2.285 0.138 0.04 ns
Proportion of N

N_100 -1.993 2.182*  2.317* 1.890** 0.346 -0.16 ns
N_200 -1.872 2.004**  2.249** 2.275** 0.362 -0.19 ns
N_300 -1.755 1.990**  2.223* 2.556** 0.289 -0.22 ns
N_400 -1.787 1.946*  2.187** 2.911** 0.312 -0.17 ns
N_500 -1.796 1.849*  2.152** 3.410** 0.317 -0.15ns
N_1000 -2.039 1.968** 2.135* 4.768** 0.212 -0.10ns
N_1500 -2.838 1.940** 2.000** 6.908* 0.197 -0.02 ns
N_2000 -2.728 2.012** 1.934** 7.924 0.1¥0 0.01 ns
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C

Mesopol obus

incultus

Region
Schwabische Hainich- Schorfheide-
Alb Din Chorin Proportion of G R2 | Moran's |
G_100 2.168 5.376* 5.216** -2.427** 0.266 -0.14 ns
G_200 2.374 5.284* 5.280** -3.343** 0.260 -0.15ns
G_300 2.391 5.124* 5,105** -3.651** 0.229 -0.13 ns
G_400 2.195 4.873**  4.595* -3.039* 0.16% -0.08 ns
G_500 2.008 4.636** 4.184* -2.426 0.122-0.03 ns
G_1000 2.318 4.790**  4.453* -4.885* 0.188 -0.02 ns
G_1500 1.838 4.373* 3.634 -2.273 0.089.06 ns
G_2000 1.708 4.239* 3.413 -1.539 0.076.09 ns
Proportion of N

N_100 -0.066 3.198*  3.009** 2.417* 0.360 -0.14 ns
N_200 0.120 2.993*  2,924** 2.833* 0.364 -0.18 ns
N_300 0.316 3.026** 2.900** 3.091** 0.256 -0.25ns
N_400 0.296 3.005* 2.862** 3.448** 0.286 -0.20 ns
N_500 0.292 2.896* 2.820** 4.031** 0.294 -0.16 ns
N_1000 -0.104 3.036** 2.790** 5.827** 0.178 -0.10 ns
N_1500 -0.175 3.327*  2.757* 6.130* 0.129 0.04 ns
N_2000 -0.149 3.372*  2.690 7.178* 0.104 0.08 ns
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Table 2: Median, minima and maxima (both in pares#is) of the proportion of intensively used grasbis)

and extensively managed semi-natural habitat (N$hawn for the radii from 100 to 2000 m. Additidgathe

Pearson correlation coefficients r for G and Ngiven. * P< 0.05; ** P< 0.01.

Scale [m]
100
200
300
400
500
1000
1500

2000

Proportion G

Proportion N

Correlation r

0.81 (0.0-1.00)
0.57 (0.0-1.00)
0.45 (0.0-0.96)
0.37 (0.0-0.94)
0.33 (0.0-0.87)
0.23 (0.0-0.64)
0.21 (0.0-0.68)

0.19 (0.0-0.56)

0.01 (0.0-1.00)
0.05 (0.0-1.00)
0.06 (0.0-0.92)
0.07 (0.0-0.86)
0.07 (0.0-0.70)
0.07 (0.0-0.58)
0.07 (0.0-0.61)

0.07 (0.0-0.09)

-0.95**

-0.77*

-0.65**

-0.59**

-0.54**

-0.53**

-0.45**

-0.39**
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Abstract

Anthropogenic land use may shape vegetation cortiposind affect trophic interactions by altering
host plant metabolites. Here, we investigated tyygotheses (1) that plant nitrogen and secondary
metabolite contents of the hdPbantago lanceolata are affected by land use intensity and surrounding
vegetation composition (plant species richness Rindnceolata density) and (2) that quantities of
primary and secondary metabolitedfofanceolata are correlated on the one hand with abundances of
the herbivorous weevillecinus pascuorum andM. labilis, and on the other hand with abundance and
parasitization success of their larval parasitdiesopolobus incultus. We determined plant species
richness P. lanceolata density, and abundances of the herbivores angaheasitoid on 77 grassland
plots across Germany differing in land use intgnitUl index). We also measured nitrogen and
defensive secondary metabolite (iridoid glycosiqiSs): aucubin and catalpol) contents Bf
lanceolata leaves. We showed (1) that plant species richmasspositively correlated with IGs; the
LUI index was positively correlated with leaf nigen content. Furthermore, (2) abundances of
herbivores were correlated negatively with leafagen, and not related to IG content. Parasitoid
abundance and parasitization success were noedelat plant metabolite contents, but to host
abundance. We conclude that plant species riclzasdead to changes of the defensive metabolite
content of plants, but these changes may be witbffett on higher trophic levels. In contrast, land
use intensification can have negative effects oftitmaphic interactions by changing the nutritional

guality of the host plant.

Key words: neighboring plants, plant species rissnglant metabolites, multitrophic interaction,

Plantago lanceolata, land use
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I ntroduction

Multitrophic interactions are important drivers e€osystem stability and functioning, especially
because they can influence nutrient and energyingy¢reviewed by Weisser and Siemann 2004,
Schmitz 2010). Ecosystem stability is endangerebibgiversity loss (Balvanera et al. 2006) caused
by the on-going process of land use intensificationumerous habitats (Foley et al. 2005). The loss
of plant species and decrease in abundance ohaggacies may affect higher trophic levels (Jeshi
al. 2004, Petermann et al. 2010).

Vegetation composition in terms of plant speciesdiity and conspecific plant density can impact
the performance of an individual plant by formingfatent abiotic environments or changing
competition levels for this plant species (Barbesal. 2009); this may lead to changes of primagy a
secondary metabolite concentrations (Cipollini &sigelson 2001, Broz et al. 2010, Scherling et al.
2010). For example, plants grown in the neighbodhafbconspecifics (as compared to heterospecific
neighbors) allocate less primary metabolite ledelsoted as a decrease in amino acid amounts (Broz
et al. 2010), whereas an increase in concentratibdsefensive secondary metabolites indicates highe
resource allocation towards defense (Barton andeB®\®006, Broz et al. 2010). Furthermore, land
use practice (mowing, grazing by cattle, and fedil application) influences the vegetation
composition (Spiegelberger et al. 2006) as welpashary and secondary metabolite allocation in
plants (Prudic et al. 2005).

Changes of metabolite allocation in a plant carpshaultitrophic interactions in different ways by
changing the performance and preference of thense(®choonhoven et al. 2005) and third trophic
level (Gols and Harvey 2009). In general, primargtabolites such as nitrogen are proposed to be
correlated positively with herbivore performancendahus herbivore abundance) (Mattson 1980,
White 1993, Throop and Lerdau 2004). However, glawith high nitrogen content can also
negatively affect the fitness of herbivores (Joamd Behmer 1998, Fischer and Fiedler 2000). In
addition to a direct influence of the plant’s reriticontent on herbivore performance, plant nusien
may also affect herbivores by their indirect impactthe third trophic levelia the trophic cascade
(host or prey quality), thus leading to alteredagitism rates (Thompson 1999, Sarfraz et al. 2009a)
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Secondary metabolites of plants may function aerdef compounds against herbivores, which in turn
have evolved different ways to handle secondaryabwdites by sequestering or detoxifying them
(reviewed by Opitz and Muller 2009). The secondargtabolite content of a host plant may also
affect the third trophic level either indirectly bwgfluencing host or prey quality or by direct
interactions between the plant and enemies of ¢hneivores (Poelman et al. 2008, Gols et al. 2009).
The nutritional quality and direct defense compaurd a single plant can be traced from the
herbivore to further trophic levels in the trophascade (Kos et al. 2011).

Up to now, the effect of plant species diversityatincation patterns of specific plant metabolites
been investigated only by Mraja et al. (2011); tlslyowed that plant species richness affected
concentrations of secondary plant metabolites gfeeennial herb that is native to Europe and
widespread in very different kinds of habitats,. iie Plantago lanceolata L. (Plantaginaceae)
(Schubert and Vent 1990). Characteristic secondstabolites of this plant are iridoid glycosides
(IGs), especially aucubin and the more toxic catalfBowers 1991). The IGs are monoterpene
derivatives and toxic for many herbivores (Bowe@91, Dobler et al. 2011); hence, they are
considered as a direct defense systef. déinceolata. Mraja et al. (2011) showed that concentrations
of aucubin decreased and those of catalpol incdeag®n plant species richness was raised. Their
study was conducted on experimental grassland plb&se plant species were sown and weeded to
keep plant species richness constant. In ordenvestigate the observed patterns in a naturahgetti
field studies in different regions that vary inithendscape composition and abiotic parameters are
needed (Fischer et al. 2010).

Here, we investigated the effect of land use intgrand the surrounding vegetation composition on
the levels of primary and secondary metabolite®.dbnceolata undernatural field conditions. The
secondary metabolites investigated were major defencompounds of this plant species, the I1Gs
aucubin and catapol. In order to elucidate thecefté land use and vegetation composition on the
primary plant metabolism, we determined the totabgen content as a proxy of the plant’s protein
content (Schoonhoven et al. 2005) which is a crtuairitional factor for insects and often limits
insect growth. Furthermore, we investigated howplamt's metabolism that is affected by land use
and vegetation composition influences the abundantdéerbivorous insects and parasitoids in the
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field. The herbivorous insects studied wevecinus pascuorum (Gyllenhal) andMecinus labilis
(Herbst) (both Coleoptera: Curculionidae) whichdfem P. lanceolata stalks and leaves during their
adult phase; females oviposit into seeds and ladeaelop inside the seeds. The parasitic insect
species studied was the larval parasitdebopol obus incultus (Walker) (Hymenoptera: Pteromalidae)
which attackdMecinus larvae inside the seeds (Mohd Norowi et al. 208&den et al. (2012) could
not detect IGs in adulM. pascuorum and concluded that this weevil does not sequd§isr
Detoxification of defensive compounds can implyédss costs for an herbivore (e.g., Pankoke et al.
2012), and therefor®/l. pascuorum may avoid IG-rich plants. As yet, the impact of tlefensive 1Gs

of P. lanceolata on M. labilis and the parasitoifl. incultus is unknown.

Our study was conducted in a cultural landscap€entral Europe and on a large scale in different
geographic regions with varying environmental coods. In summary, we tested the hypotheses that
(1) land use intensity and vegetation compositigant species richness afd lanceolata density)
affect nitrogen and IG (aucubin and catalpol) leahtents ofP. lanceolata and that (2) plant
metabolite changes are correlated with the aburdanicthe herbivoresl. pascuorum andM. lahilis,

their parasitoidM. incultus as well as the interaction between herbivorespamdsitoids (parasitization

success).

Material & Methods

Sudy sites

Sampling took place within the German priority i “Biodiversity Exploratories” which is
described in detail by Fischer et al. (2010). Wadtwted our study in three geographic regions
(exploratories) in Germany (from north to souttd, Biosphere Reserve Schorfheide-Chorin, National
Park Hainich-Diun, and Biosphere Area Schwabisch® Ahe three regions across Germany, in the
following referred to as Schorfheide, Hainich anith,Adiffer in their environmental conditions like
precipitation (from north to south: (500 - 600, 50800, 700 - 1000) mm), altitude ((3 - 140, 285 -
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550, 460 - 860) m) and annual mean temperature§(B, 6.5 - 8, 6 - 7) °C) (Fischer et al. 2010). |
each region (exploratory), 50 grassland plots (%080m) are established for biodiversity research.
The grassland sites represent a land use gradiehtcancomitant differences in plant species
diversity. Land use is classified by meadows, pastand mown pastures which are either fertilized
or unfertilized. According to Blithgen et al. (201&nd use intensity can be calculated as a
continuous variable consisting of different measui@ land use: amount of fertilizer (kg N Ha
frequency of mowing (), and livestock density (livestock units x day8)and is summarized as the
land use intensity (LUI) index. According to thecaoence of the host planP.(lanceolata), the

number of plots studied was 21 in Schorfheide 2Rainich, and 34 in Alb.

Sampling of leaf material

Within each plot, we chose ten focBslanceolata plants in 4m x 4m subplots located in the corners
of each plot. Plant species richness (r = 15cm) Rnldinceolata density (r = 100cm) around the
chosen focus plant were surveyed from the end of Mdil the beginning of July 2008. Metabolite
composition of leaves varies with factors like legk, genotype (Bowers and Stamp 1992), ecotype
(Marak et al. 2000), and herbivory (Bowers and $ta®®93, Darrow and Bowers 1999).
Nevertheless, we sampled leaves from ten indiviglaats randomly along the plot regardless of leaf
damage, leaf age and geno- or ecotype; thus, véenelta group of leaves that was representative for
the entire plot. Leaves were harvested and immalgliatored on dried ice. In the laboratory leaves

were kept at -30°C until sample preparation.

Determination of insect abundances and parasitization success

To determine the abundances of the herbivbtepascuorum andM. labilis and the larval parasitoid

M. incultus, we collected 100 randomly chosén lanceolata inflorescences per plot in July and
August 2008. Inflorescences Bf lanceolata were kept in plastic boxes ((17.0 x 12.5 x 5.6) @vith

a fine-meshed gauze (0.12mm) top cover under canstanditions (11:13 LD, temperature: 22°C,
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50% rH). Adult insects that emerged from the irdkmences in August and September 2008 were
identified and counted. The parasitization suceeas defined as the ratio of parasitoids emerging
from the inflorescences compared to the sum ohthlmber of emerging parasitoids and the number of

herbivores.

Chemical analysis

Leaf material that was sampled and frozen as destiabove was taken out the freezer and ground in
liquid nitrogen. After grinding, the fine powder sviyophilized.

Leaf nitrogen content was used as a proxy for titational quality of the host plant for the insect
(Quintero and Bowers 2012). Nitrogen content ofdhied and ground plant material was analyzed by
an elemental analyzer (Euro EA 3000 ElementalaealysuroVector, Milan, Italy) and is given in %
dry weight (DW).

For I1G analysis, we added 50ul phosphate buffer i@ KH,PQ,) and 1ml methanol to 20mg
lyophilized leaf material. The mixture was shakeérd@°C and 1500rpm for 4h in a rotary shaker
(Thermomixer comfort, Eppendorf, Hamburg, Germaagyl centrifuged for 3-4min at 10,000rpm.
The supernatant (100ul) was concentrated to drymedser a N stream. Finally, we reconstituted the
concentrate in 1004l phosphate buffer (20mM,RE,) and analyzed the solution by HPLC-DAD
analysis.

The Shimadzu HPLC system (Shimadzu Deutschland Grbhlisburg, Germany) consisted of two
LC-20AD pumps, a CBM- 20A system controller, a manmmjection system, a Spherisorb ODS-2
analytical column (3um; 60mm x 4.6mm) with a gueotbmn (same material, 10mm x 4.6mm). We
used the solvents phosphate buffer (20mM,R®&) (A) and acetonitrile (B) and the following
gradient: 0-5min, 5% of B; 5-9min, 5%-50% of B. THew rate was 0.5ml mih The injection
volume was 20ul. The IGs were detected with a pliidde array detector SPD-M20A (190nm -
300nm). Retention times and UV spectra were contbavigh reference compounds (aucubin +
catalpol: purity> 99%, Phytoplan Diehm & Neuberger GmbH, Heidelb&egrmany) via the software
Chromatographydatasystem LC-Solution (Shimadzu $abland GmbH, Duisburg, Germany). For
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guantification, peak areas of aucubin and catalwe determined at 210nm. Amounts of catalpol and
aucubin were calculated by calibration with thepeedive reference compounds. Quantities of the

single IGs as well as the sum of both compoundal(t@s) are given in mg/g DW.

Satistical analysis

Field data were analyzed using linear mixed modetsgeneralized linear mixed models. The models
are based on mean values per plotfdianceolata density and mean number of plant species (= plant
species richness) per plot. Furthermore, the tataiber of weevils (or parasitoids) per plot weredus
for the models. Additionally, the nitrogen and I@ntents that were determined for leaf material
samples collected per plot were implemented inéortiodel as plot values. The region (exploratory)
was used as a random effect. All calculations wpeeformed using R (Version 2.12.1; R
Development Core Team, 2010). Models were calalaith the Ime (package nlme Version 3.1-97)
and the Imer function (package Ime4 Version 0.99937). Percentage response variables were arc
sine transformed to fulfill model assumptions. Exgltory variables with non-normal distribution
were In transformed for stabilizing variance (Crayvl2007). A term (+1) was added before
transformation if necessary. For plant metaboléemeters as response variables we used a Gaussian
error distribution (link = identity) and fitted themodels by maximum likelihood. For the insect
abundance data as response we used a Poissondestrisution (link = log) and the Laplace
approximation. For parasitization success as respome applied the binomial error distribution Klin

= logit) and linked the number of successes (nurmbemerging parasitoids) and number of failures
(number of emerging herbivores not parasitizedhgydarasitoid) as the response variable (Crawley
2007). Furthermore, to account for overdispersieragded an individual-based random effect (Elston
et al. 2001). We started with the full model andpgred terms that were not significantly different
from zero. Model comparison was done by Akaike dmfation Criterion (AIC, Burnham and
Anderson 2002) until we ended up with a minimal cagge model (with the AIC not dropping

anymore).
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To elucidate the effect of the LUI index and vetjetacomposition on plant metaboliparameters
(nitrogen, total IG, aucubin, and catalpol) we used fixed effects “plant species richnessP. “
lanceolata density”, and “LUI index”. When asking for the et of plant metabolite concentrations
on the multitrophic interactions we added nitrogeal 1Gs, ratio of catalpol to total 1Gs, and tos
abundanceR. lanceolata density for herbivores as response and herbiviobadance for parasitoids
as response) as fixed effects in the model. Thie aftthe more toxic catalpol to total IGs was
included in the model since this variable mightedetrelationships between the parameters studied
here more sensitiveQuintero and Bowers 20L1Host plant availability determines herbivore
abundance (e.g., Root 1973) and host availabildierines parasitoid abundance (e.g., Sheehan

1986); therefore, these parameters were includdtkianalysis as covariates.

Results

Effect of land use intensity and vegetation composition on P. lanceolata metabolites

To elucidate the effect of land use intensity aadetation composition (plant species richnesskand
lanceolata density) on concentrations of primary and secondatabolites of a single plant we tested
whether these variables were correlated with nénognd IG concentrations Bf lanceolata.

The analysis of the primary metabolites revealed kpaf nitrogen content d®. lanceolata was on
average 2.3% DW in Schorfheide, 1.9% DW in Hainghg 2.1% DW in Alb (Tab. S1, supplement).
Leaf nitrogen content was not correlated with plgpecies richness ari®l lanceolata density, but
negatively correlated with the LUI index (Fig. 1@dicating that a more intense land use leads to
higher leaf nitrogen content.

The quantitative analysis of secondary metabotifda lanceolata, i.e. the 1Gs, showed the following
mean values of the total leaf IG concentration:38®/g DW in Schorfheide, 41.3mg/g DW in
Hainich and 41.5mg/g DW in Alb. The variation ofstiparameter ranged from 26mg/g DW to 51mg/g
DW in Schorfheide, 20mg/g DW to 60mg/g DW in Hami@and 20mg/g DW to 78mg/g DW in Alb
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(Tab. S1, supplement). The IG concentration®.itanceolata were correlated positively with plant
species richness (Fig. 1b, Tab. 1). This appliesthe total IG concentration as well as the
concentration of the single compounds aucubin atal@ol (Tab. 1). The LUl index arRl lanceolata

density had no effect on the IG concentrationB.d&nceol ata leaves.

Plant metabolites and further trophic levels

The abundance of the herbivdvke pascuorum was highest in Schorfheide with a median valu@ of
individuals per plot. Similarly, the abundanceMflabilis was highest in Schorfheide, but the median
value of individuals was much lower (1 individuatrpplot). M. labilis showed lower individual
numbers tharM. pascuorum except for Alb where 0-52 individuals of this hiedyre species were
found per plot as compared to 0-4 individualsMf pascuorum (Tab. 2). The abundances of the
herbivoresM. pascuorum and M. labilis were negatively correlated with host plant nitnog®ntent
(Fig. 2). Abundances of both herbivore species weither correlated with the amounts of total IGs
nor with the ratio of catalpol to total IGs (Tab. Burthermore, the abundancehf pascuorum was
positively correlated withP. lanceolata density. The results indicate that the host platriogen
content may have affected the abundances of memifetbe second trophic level since the
abundances of the two herbivore species decreatiethareasing leaf nitrogen content.

The abundance of the parasitdid incultus followed the abundance pattern of its hosts wighést
abundance in Schorfheide and the lowest in Alb. &l@w, the parasitization success was highest in
Hainich with median values of 49% compared to 43%&chorfheide and 24% in Alb (Tab. 2). In
order to elucidate the effects of plant metabdibatents on the parasitoid, we included herbivore
abundance as a covariate in the model. Conterisirofiry and secondary host plant metabolites did
not explain abundance and success of the parasieidbivore abundance correlated positively with

parasitoid abundance and negatively with parasivzauccess (Tab. 4, Fig. 2).
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Discussion

Our field study addressed the question whether gdwrnn land use intensity and vegetation
composition (plant species richness &danceolata density) induce changes in the contents of host
plant primary and secondary metabolites and, ifd@ther these changes affect higher trophic levels
We found that (1) land use (as quantified by thd ltdlex) was positively correlated with leaf
nitrogen content, and plant species richness wastiyily correlated with the concentration of
secondary metabolites (IGs)flanceolata leaves. Furthermore, we could show that (2) |&abgen
content negatively correlated with the abundanédiseoherbivores. Contents of host plant metab®lite
(N, 1Gs) did neither affect parasitoid abundance parasitization success. The relationships between
land use intensity, plant species richness, hoahtpmetabolites, and insect abundances were

detectable over a broad range of environmentalitond throughout Germany.

Effect of vegetation composition on P. lanceolata secondary metabolites

Our results show tha®. lanceolata density did not affect concentrations of IGsléaves; these
findings suggest that intraspecific competitionRoflanceolata has no effect on leaf IG quantities.
Greenhouse experiments conducted by Barton and Bq2806) showed higher IG concentrations in
P. lanceolata grown together with conspecifics than in thosewgravithout conspecific neighbors.
This effect was especially marked six weeks aftéedings had been planted together, whereas nine
weeks later this effect decreased considerablyceSthe plants we sampled might have been even
older than nine weeks; differences in IG allocatibre to different intraspecific competition levels
might have been not detectable anymore at thig sthgntogeny.

In our field study, concentrations of both aucudnd catalpol irP. lanceolata leaves were correlated
positively with plant species richness. These figdicontrast with recent studies by Broz et al1(20
and Mraja et al. (2011). Broz et al. (2010) analyze the field and in the greenhouse the
concentration of an ubiquitous and very broad groliplant secondary metabolites (plant phenolic
compounds) in dependence of vegetation compositiay, found higher levels of total phenolics in
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methyl jasmonate induce@entaurea maculosa Lam. (Asteraceaeyrown in monoculture than in
plants grown with heterospecific neighbors. Thetment by methyl jasmonate was conducted to
mimic herbivory. The authors concluded that thenplinvests in defense when growing in
monoculture, but in growth when the plant is sunaed by heterospecific neighbors. This conclusion
is based on the idea that plants surrounded bypegifics might suffer more from specialist
herbivores (Root 1973) than plants surrounded kgrbspecifics; and thus, enhanced levels of
herbivory may lead to induced levels of total pHeso(Broz et al. 2010). The comparison of the
relationship of plant secondary metabolite conegiain and plant species richness in our study and
the one by Broz (l.c.) suggests that the biosymhes different plant metabolite types is affected
differently by the species richness in the surrangs} furthermore, invasive species (li&emaculosa

in the USA) may respond differently to heterospesifthan a native plant in the field (like.
lanceolata) in our study.

Mraja et al. (2011) found a positive correlatiorcafalpol with increasing plant species richnessan
negative one with aucubin i lanceolata. They performed their study within experimentasgiand
plots which were maintained to keep a certain pégetcies richness per plot constant. In contrast, o
study was conducted in a cultural landscape atndweirally varying environmental conditions.
Different methodological approaches applied to wsid®d ecosystem functioning can result in
different outcomes (cf. Scherber et al. 2006, Wegiet al. 2006).

The observed positive correlation between IGs dadtspecies richness in our study could be atresul
of plant-plant interactions in terms of interspecifompetition. For example, iBlanum nigrum L.
(Solanaceae) plants that were grown under competitgenes for primary metabolism were
downregulated, and genes involved in defense twat® upregulated (Schmidt and Baldwin 2006).
Secondary metabolites maintaining plant defensénsigderbivores also can act allelopathically
against non-host plant species neighbors (Siemeas €002). This has also been shown for IGs
inhibiting seed germination (Adam et al. 1979, Pagal. 1994)Plantago lanceolata roots and root
exudates contain IGs (Wurst et al. 2010) and ttaiicentrations correlate with IG concentrations in
leaves (De Deyn et al. 2009). Those IGs exuded fhoenroots might defend the plant against
heterospecific plant neighbors via the rhizosphé&teus, the positive correlation between I1Gs and
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plant species richness could be a result of allop due to induction by heterospecific plant
neighbors and interspecific competition. Futuredigtsi need to elucidate how IGs fh lanceolata

affect other plant species and whether these congimloave a function in plant-plant interactions.

Plant metabolites and further trophic levels

The abundances of the herbivoMspascuorum andM. labilis were not influenced by the secondary
plant metabolites studied here. Bernays and Grafi®¥88) suggested that secondary metabolites
might not be the driving force in plant-herbivorgeractions. Herbivores might select their hoshpla
also in response to the top-down pressure exestgutdulators and parasitoids (e.g., Randlkofer.et al
2007). While IG concentrations had no effect onahendances of herbivores, other toxic compounds
that were not considered in this study or primamstabolites might have affected abundances of the
herbivores studied here (Agrawal 2004).

While 1G concentrations had no obvious impact ombivere abundance, leaf nitrogen content
correlated negatively with the abundances of bettbikiores. Leaf nitrogen content Bf lanceolata

and the LUI index correlated positively in our stuBurthermore, the LUI index correlated positively
with several other plant response variables (EBegbnitrogen indicator values for the plant
community, nitrogen and phosphorus concentratigolant biomass, phosphorus concentration in the
soil, C/N ratio in the soil) (Bluthgen et al. 201tRat indicate higher availability of nutrients plots
with a more intense land use. Thus, our data stigiggisboth herbivore species are more abundant in
nutrient-poor habitats (here indicated by lowef lei&rogen content). According to the N limitation
hypothesis (White 1993), nitrogen is the limitingctior in insect growth, and a better herbivore
performance would be expected when leaf nitrogeantjies increase. However, some studies
showed a negative correlation between herbivoreddmce and plant nitrogen content (e.g., Agrawal
2004) or a worse insect performance when the @anitfogen content increased (shown lfgcaena
tityrus (Poda) (Lepidoptera, Lycaenida@ischer and Fiedler 2000). In the following, wesaliss
different possibilities that might explain the higghabundances of the herbivores in nutrient-poor
habitats:
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1.) Predation risk for herbivorous insects can tfeaaced on plants with a high nitrogen level (Rrudi
et al. 2005), and herbivores could try to escapasuegm by choosing plants with a low nutritional
value (Fox and Eisenbach 1992, Sarfraz et al. 2009arbivores feeding on a plant with a low
nutritional value might provide a low quality hdset a carnivore. A parasitoid needs to search for a
high quality host since it cannot compensate thve haitritional host quality by consuming larger
amounts of tissue like predators can do (Williar899). Hence, host acceptance by parasitoids is
indirectly influenced by the host plant’s nutrittdmguality (Sarfraz et al. 2009a). The parasitoight
preferentially search for plants with high nutnitéd value, while the herbivore might try to escape
parasitism by choosing plants with lower nutritibeantent. Even though such a scenario would
explain the relationship between the abundancegeefils and plant nitrogen content in our study, it
does not match our data with respect to the abuwadanh the parasitoid since the plant nitrogen
content did not correlate with the abundance optmasitoid\V. incultus.

2.) Different ways of feeding adaptation have egedlamong herbivores known as “flush feeders” and
“senescence feeders”. “Flush feeders” have beegested to be adapted to nitrogen-rich plant
material, whereas “senescence feeders” are supposiee adapted to nitrogen-poor plant material
(White 1993, Schoonhoven et al. 2005). “Senescérmders” are supposed to respond negatively to
fertilizer application. In our study, the herbiverare suggested to belong to the “senescence $&eder
and thus, may be adapted to plants with low nitmogentent and may avoid higher nitrogen
availability and high nutrient habitats.

3.) Leaf nitrogen content was correlated with thgl lindex that is concomitant with fertilizer
application. High nitrogen availability may lead dobalanced leaf amino acid profiles or to higher
organic acid concentrations in plants which coulcbss herbivores or act toxic against them
(Brodbeck et al. 1990, Sarfraz et al. 2009b). Farrttore, fertilization can lead to an imbalancehef t
protein / carbohydrate ratio by enhanced proteinteastt (Cease et al. 2012). An herbivore can
compensate the imbalanced nutrient profiles of lno&t plant by a more diverse food intake (Jonas
and Joern 2008). Search for a more diverse dietinex) high mobility by the herbivores; highly
mobile herbivores may have to cope with high priedatisks (Raubenheimer and Simpson 2003). To
avoid these kinds of stress (imbalanced nutrieofilpr high predation risk), herbivores might prefe
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plants with a low nitrogen content (Fischer anddléie2000). This hypothesis is most congruent with
the results in our study and also supported byrtdiZation field study (Herbst et al. unpubl.) whi
found higher abundances of the herbivokés pascuorum and M. labilis in unfertilized than in

fertilized subplots.

Parasitization success

Host plant metabolite content did not affect theapiization success dfl. incultus. While the
abundance of the parasitoid was positively coreelatith herbivore abundance, parasitization success
was negatively correlated with herbivore abundariee relationship between parasitism and
herbivore abundance can be positive, negative, itihhout correlation (Heimpel and Casas 2007).
Negative density-dependent patterns of parasitismsh@wn here have been observed frequently in
host-parasitoid interactions (Stiling 1987, Williarat al. 2001, Vanbergen et al. 2007), and caritresu
from interference among parasitoids, higher prdiglof superparasitism, and handling time of the

parasitoids (Heimpel and Casas 2007).

Conclusion

Our field experiments which were conducted in défe geographic regions in Germany with varying
environmental conditions showed that plant sped@mess can affect secondary metabolite®.of
lanceolata, but this effect on the host plant did not inflaenhigher trophic levels in a cultural
landscape. However, high amounts of leaf nitrogentent in a host plant may negatively affect
abundances of specialist herbivores that have edldlv a close interaction with the plant. The rissul
of our study underline a negative impact of land ugensification on the abundances of specialist

herbivores and their larval parasitoids.
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Table 2: Medians (and interquartile ranges in pieses), number of plots (N) and range of the anices of

the herbivoresMecinus pascuorum and Mecinus labilis and the parasitoidMesopolobus incultus and their

interaction (parasitization success) in each region

Herbivores Parasitoid
Abundance of Abundance of Abundance of Parasitization
Region M. pascuorum M. labilis M. incultus success oM.
incultus
(per plot) (per plot) (per plot) (per plot)
3 Median 8 1 8 43
Q = (Interquartile) (0-18) (0-3) (0-29) (0-74)
“cg é N 21 21 21 21
3~  Range 0-32 0-12 0-161 0-88
5%  Median 1 0 6 49
% g (Interquartile) (0-19) (0-3) (0-25) (0-82)
T O N 22 22 22 22
Range 0-137 0-110 0-618 0-100
- Median 0 0 1 24
o= (Interquartile) (0-0) (0-4) (0-5) (0-100)
<9 N 34 34 34 34
= Range 0-4 0-52 0-31 0-100
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Table 3: Effect of leaf nitrogen content aRthntago lanceolata (host) density on the abundances of the
herbivoresMecinus pascuorum and M. labilis. Results of the generalized linear mixed model strewn:
Estimates [f) with standard errorg values and AIC are given for the minimal adequatalel (evaluated by

Akaike information criterion (AIC)). P values arearked bold if significant. 77 plots are involved tine

analysis.

AbundanceMecinus pascuorum  AbundanceMecinus labilis
Explanatory variables § SE zvalue P B SE zvalue P
Intercept 1.22031.9882 -0.614 >0.05 2.3754 1.7061.392 >0.05
Nitrogen content [%)] -17581 0.6969 -2.523 <0.05 -1.8015 0.8445-2.133 <0.05
P. lanceolata density’ 07119 0-3174 2.243 <0.05 - - - -
AIC full model 217.3 197.1
AIC minimal model 213.4 194.0

®|n transformed, -: excluded by model simplificatio

Table 4: Effect of herbivore (host) abundance anahundance of the parasitditbsopolobus incultus and its
parasitization success. Results of the generalinedr mixed model are shown: Estimat@} \{ith standard
errors,z values and AIC are given for the minimal adequatelel (evaluated by Akaike information criterion

(AIC)). P values are marked bold if significant. pléts are involved in the analysis.

Abundancevesopol obus incultus Parasitization success
Explanatory variables B SE  zvalue P B SE  zvalue P

Intercept -0.51210.2782 -1.841 <0.1 2.8153 0.5505.114 <0.001
Herbivore abundande 1.1133 0.1216 9.159 <0.001 -0.9076 0.1728-5.251 <0.001

AIC full model 251.6 150.9
AIC minimal model 247.5 145.9

®|n transformed
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Fig. 1: The effect of (A) the LUI index on nitrogeonntent and (B) plant species richness on totatd@ent in
Plantago lanceolata. Percentage data of nitrogen are arc sine tramsitr Triangle symbols represent data of
Schorfheide, circle symbols of Hainich, and squaymbols of Alb. Lines show fitted values from thieelr

mixed model.

Fig. 2: The effect of plant species richness ard il index on plant metabolites (nitrogen and I@s)l further
effects of metabolites and host densi® fanceolata density for herbivores and herbivore abundancetter
parasitoid) on abundances of higher trophic leagld their interaction (parasitization success)idSatrows:

positive relationship, dashed arrows: negativeticgeiahip, grey arrows: no significant relationship.
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Supplemental Material:

Table S1 Medians and interquartile ranges in paesas, number of plots (N) and ranges for the blaseof the

vegetation composition (plant species richness Btahtago lanceolata density) andP. lanceolata leaf

metabolites (total IG and nitrogen contents) inhe@gion.

Plant species P.lanceolata Total IG

Leaf nitrogen

Region richness density (mg/g DW)  content
(average per (average per (%)
plot) plot)
.. Mean+*SE 3.7+0.3 145+3.1 36.3£15 23%01
Sc(r:]%r:t?s'de 21 21 21 21
Range 1-6 1-47 26-51 1.4-35
Hainich Mean+*SE 6.1x0.4 174 £33 41325 19+0.1
(central) N 22 22 22 22
Range 3-11 1-52 20-60 1.3-2.6
Alb Mean+SE 8.2+0.5 229+45 415+2.3 21+0.1
(south) N 34 34 34 34
Range 4-14 2-111 20-78 1.3-3.1

155






Chapter - VIII

Habitats as complex odor ous environment: How does plant diversity affect

her bivor e and parasitoid orientation?







Chapter VIlI

Habitats as complex odorous environments: How gtag diversity affect orientation of insects?

Nicole Waschkk Kristin Hardgé, Christine Hancock Monika Hilke!', Elisabeth Obermai&t,

Torsten Meiners

! Freie Universitat Berlin, Institute of Biology, Aligd Zoology / Animal Ecology, Haderslebener Str.
9, 12163 Berlin, Germany

2 University of Wiirzburg, Department of Animal Ecojognd Tropical Biology, Am Hubland, 97074
Wirzburg, Germany

®present address: University of Bayreuth, EcologRetianical Gardens, 95440 Bayreuth, Germany

Corresponding author:
Dr. Torsten Meiners, Freie Universitat Berlin, ihdge of Biology, Applied Zoology / Animal
Ecology, Haderslebener Str. 9, 12163 Berlin, Geynmaphone: +49 30 83855910, email:

meito@zedat.fu-berlin.de

156



Chapter VIlI

Abstract

The effect of plant and plant odor diversity on #p@st insect species interactions under natural
conditions has received attention in ecologicakaesh only recently. Here, we investigated the
hypothesis that (a) plant diversity affects indsmtbivore and parasitoid abundance, and (b) noh-hos
plants which increase odor complexity in a halafétct the host location ability of insect herbigsr
and their parasitoids. We chose the héthntago lanceolata, the herbivorous weeviMecinus
pascuorum, and its larval parasitoillesopolobus incultus as a model system. We surveyed vegetation
and insect abundance data on 77 grassland siteein different regions in Germany. Plant diversity
was positively correlated with weevil abundancegras the parasitoid abundance was independent
of plant diversity in the fieldIn laboratory olfactometer assays with weevils gradasitoids we
offered combined host and non-host plant volatlesording to the field situation. Odors from non-
host plant species did not affect the weevil's d&ir capability of host plant odors in a newly
established two-circle olfactometer. However, higplant diversity enhanced the weevil’s foraging
activity. A combination of host plant and host \ikss attracted the parasitoid both in the absemck
presence of non-host plant volatiles in a Y-tudaatbmeter. However, in choice-tests the parasitoid
preferred the blend of host plant and host volatdeer its combination with non-host plant volatile
Hence, both the weevils and parasitoids showeddheory capacity to cope with complex vegetation

odors during host search.

Keywords: tritrophic interactions, olfactory oriatibn, insects, non-host plants, complex odorous

environment
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I ntroduction

Host location is a crucial event in an insect’s Iifistory. It is a prerequisite for accessing faod
oviposition sites (reviewed by Schoonhoven et @052 Hilker and McNeil 2008). Herbivores as well
as parasitoids use volatile cues of the host pthathost, or the microhabitat, for locating tHeists at
greater distances (reviewed by Visser 1986; Godfi@84). However, multitrophic interactions take
place in a heterogeneous and complex environmeichvid formed mainly by non-host plants (Casas
and Djemai 2002). Non-host plants and high plamedity may generate a complex odor bouquet
(Randlkofer et al. 2010) which insects have to cafib when searching for their host by olfactory
orientation.

Diverse plant patches affect host location behagfonerbivores (Root 1973; Unsicker et al. 2006;
Randlkofer et al. 2010) and carnivores (Petermanal.e2010; Randlkofer et al. 2010) in different
ways. Negative effects may occur because of dienupif olfactory host location by non-host plant
volatiles (Sheehan 1986; Finch and Collier 2000fdeéo and Vet 2003; Randlkofer et al. 2007).
Positive effects could occur indirectly due to arpact of plant diversity on adjacent trophic levels
(Sheehan 1986; Theunissen 1994; Barbosa et al) 20@®e to a higher food and nectar supply (Price
et al. 1980; Andow 1991; Wackers 2001). The avditgof the host or the host plant also impacts
insect performance and affects the occurrence baddance of herbivores (Root 1973; Otway et al.
2005) and their parasitoids (van Nouhuys and Hah8RO; Vanbergen et al. 2007). Only very few
field studies have adopted a multitrophic approabkn determining the importance of plant diversity
on host location of insects (Aquilino et al. 20@®etermann et al. 2010; Kostenko et al. 2012).
However, the observed patterns of herbivore digtidim might not only be the result of a bottom-up
regulation by the host plant or of the olfactorpakility of the herbivore, but also of an interaaotiof

the herbivore with higher trophic levels resultinga top-down regulation (Dicke 2000; Aquilino &t a
2005).

Both field and laboratory studies have to be takém account when determining the impact of non-
host plants on the orientation of herbivores argirtlntagonists. Field studies show correlative
relationships between environmental factors and pghesence of organisms, but controlled and
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simplified laboratory conditions are necessary lideo to reveal the underlying mechanisms which
determine successful performance of the organisondiesl (Schmitz 2007). However, behavioral
responses of insects to volatiles presented itatiaratory often differ from responses found iridfie
studies (Randlkofer et al. 2007) since the imp&¢he complex odor bouquets present in the natural
environment is often neglected in laboratory steidiinsect olfactory behavior (Knudsen et al. 2008
Laboratory studies revealed that the effects oémbi® odorous surroundings of a host plant or host
may be manifold, e.g. positive for herbivores ahneirt parasitoids, negative for both or for just one
trophic level (reviewed by Schréder and Hilker 20B&ndlkofer et al. 2010). Non-host plant odors
can mask the target odor (Thiery and Visser 19881d& et al. 2003; Randlkofer et al. 2007) or may
have a repellent impact (Hori and Komatsu 1997;08aet al. 2006). However, some insects are not
disturbed by the diversity of odor released frorheotenvironmental sources present in the habitat
where they are searching for a host (Dicke et@032 Couty et al. 2006). Background (habitat) odor
may indicate the presence of a host and even tetitetincreased attraction of insects (Mozuraitis e
al. 2002; Mumm and Hilker 2005).

So far, research of plant diversity effects on détsehas focused mainly on crop plants and the
orientation behavior of insect pest species (Fenath Collier 2000; Randlkofer et al. 2007). However,
agricultural systems do not function like naturebgystems, and insects might respond differently to
environmental factors in the latter (Visser 19&ihce only a few studies investigated non-croptplan
species and their interaction with higher trophéwels regarding volatile-based communication
(Unsicker et al. 2009; but see Kessler and Bal@®@idil; Karban 2007; Pareja et al. 2007), the ecology
of multitrophic interactions needs investigationsier more natural conditions (Bezemer et al. 2010).
In the present study we combine both a field atabaratory approach to reveal the impact of plant
(odor) diversity on host location in a tritrophigsgem by using the perennial héttantago lanceolata

L. (Plantaginacege the herbivorous weevilMecinus pascuorum (Gyllenhal) (Coleoptera:
Curculionidae), and its larval parasitditesopolobus incultus (Walker) (Hymenoptera: Pteromalidae)
as a model systenm the field we studied (1) the impact of plantefisity and host plant density on
the abundance of the herbivorous we&¥ilpascuorum and the parasitoil. incultus; we surveyed
vegetation data (number of plant species and #imindances) and abundances of the insect species
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studied here ograssland plots differing in plant diversity withénlarge scale project in Germary
order b mimic natural odorous conditioms the lab weestablished a new olfactometer assay
tested (2) whethavl. pascuorum is attracted by odor of its host plant, and ifwbether this attraction
is affected by plant diversity. Furthermowee investigated (3) whether the parasitbldincultus is
attracted to odor of the host complex (host plahbst), and how plant diversity (presence of nostho

plants) affects the parasitoid olfactory orientatio the host complex.

Material and Methods

Field

The ubiquitous hertP. lanceolata is native to Europe (Schubert and Vent 1990)occurson
meadows and pastures and is widespread alongatiff&nds of habitats differing in plant diversity.
The weevilM. pascuorum oviposits in the seeds &. lanceolata in June and July. Weevil larvae
develop within the seeds and hatch from Augusteat&nberThey are hosts of the parasitic wasp
incultus (Mohd Norowi et al. 2000)The host planP. lanceolata, the weevil and the parasitoatcur

in all three geographical regions studied here.

The study took place within the German priorityjpod Biodiversity Exploratories which is described
in detail by Fischer et al. (2010). In three gepbieal regions (exploratories) in Germany (fromthor
to south: Biosphere Reserve Schorfheide-ChorinjoNak Park Hainich-Din, and Biosphere Area
Schwabische Alb) 50 grassland plots were assigmddotiversity research. One plot is 50m x 50m.
The three regions across Germany differ in theirenmental variables like precipitation, altitude,
and annual mean temperature (Fischer et al. 20h®).grassland sites are established within a land
use gradient and thus show differences in plargrdity. Since land use intensity and plant diversit
are negatively correlated with each other (Blithgeal. 2012), we discarded land use intensity and
focused on plant diversity effects on insect abanda

Because of the limitation given by the occurrentche host plantR. lanceolata), the number of plots
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studied was 21 in Schorfheide-Chorin, 22 in Haiflldiim, and 34 in Schwéabische Alb. Within each
plot we sampled ten focu lanceolata plants in 4m x 4m subplots located in the corio¢sach plot.
The number of herbaceous plant species and théaledoverage of each plant species (Braun-
Blanquet 1964) (r=15cm) as well as host plant derfst100cm) around the chosen focus plant were
surveyed from May until July 2008. To determine difseindance df. pascuorum andM. incultus we
collectedP. lanceolata inflorescences from July to August 2008. Since gusmall number of insects
might hatch from the ten focal plant inflorescenceiected at each plot, we collected additionally
100 randomly choseR. lanceolata inflorescences per plot. Inflorescencedofanceolata were kept

in plastic boxes (17.0cm x 12.5cm x 5.6cm) withiredmeshed gauze (0.12mm) top cover under
constant conditions (11:13 LD, temperature: 22@W/p5H). Insects hatched in August and September

2008 and were identified and counted.

Laboratory assays

Herbivore. Weevils used for the olfactometer bioassays welleaed from June to July 2009 when
femaleM. pascuorum were searching for oviposition sites (Dickason8,9dohd Norowi et al2000).

To reduce a possible impact of sampling in theistlidegions, the weevils were not collected on the
Biodiversity Exploratory plots, but at a site cdllé/uhletal (Berlin Marzahn-Hellersdorf, Germany;
52°32'2"N, 13°34'50"E). The weevils were reare@23iC + 1°C, 48% rH and 14:10 LD in plastic
boxes (20cm long x 10cm wide x 6¢cm high) with sefmeshed gauze top. Male and female weevils
were kept together for at least one week to enswating before separating the sexes. Weevils were

fed daily with fresh host plant material (infloresces and leaves).

Plants used for bioassays with herbivores

Seedavere obtained from the seed collection of the BiotrGarden Berlin. Seeds were sown in soil
(Einheitserde Typ T Topferde, Einheitserde- und Hswerke Gebr. Patzer GmbH & Co. KG, Sinntal
- Jossa, Germany), and individual plants were se¢pdrafter 4 to 5 weeks. At the same time, pots
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were filled with soil and were later used as dunptants. Seven- to nine-week-old plants were used
in the bioassays. The. lanceolata plants were in a flowering state at this age. Aflev plants used
for bioassays were not bloomy. Two herBshillea millefolium L. (Asteraceae)Agrimonia eupatoria

L. (Rosaceae)and two grassef~estuca rubra L., Poa pratensis L. (both Poaceae)) were used for
generating a complex odor blend. All plants ocaliirethe natural habitat dfl. pascuorum and co-
occurred withP. lanceolata. Plants were grown in a greenhouse at 24-30°G42% rH, and 14:10

LD.

Olfactometer setup for bioassays with herbivores

We created a new type of olfactometer in order itmiman odorous background around the host plant
comparable to the field situation (Fig. 1). Thiatit two-circle olfactometer consisted of a circula
polyamide gauze (mesh width 0.12mm, diameter 180iima) served as walking arena and was
divided into a central (diameter 60mm) and an amtbaircle. The walking arena was stabilized by
metal stands of 40cm height. Test plants were gldetow the walking arena either into the central
chamber or into the ambient chamber. The wall ef ¢thambers consisted of flexible polyethylene
bags (Toppits ®, Cofresco Frischhalteprodukte Gnédbi€o. KG, Minden, Germany) which were
clipped to a glass plate (30cm x 30cm) at the bottd the entire set-up. The ambient chamber
provided space for four flower pots, and up to ¢hflower pots could be placed in the central
chamber. A light source (60 Watt, photosynthetiivaaadiation @mol m? s*) was located above the
olfactometer in a distance of 50cm to the walkingna in order to illuminate the test arena unifgrml
Bioassays were conducted from 10am to 6pm underaidry conditions of 22 1°C and 43-65% rH.

To avoid diurnal biases, experiments with the sataat arrangement (treatment) were conducted on
different days and at different day times. The expents were conducted in June and July 2009 when
females are ovipositing. After every tested fentake walking arena was cleaned with 96% ethanol
and allowed to dry before reuse. Odor from onetplrangement was offered consecutively to five
females. Afterwards the whole olfactometer was redelawith ethanol. The polyethylene foil was
changed for every treatment. Twenty females westedeseparately for one treatment (plants: N=4).
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Each female was observed for 300s. The females alkwed to acclimate for one hour in the test
room without food. The plants were acclimated ia tifactometer setup for one hour. In order to
evaluate the weevils’s host plant finding successsaarch activity, we recorded different behaviora
components by using the software “The Observer @\W@ldus, Wageningen, The Netherlands): time
the weevil spent in the central field (durationstdy), time the weevil needed to enter the cefighl

(target odor) for the first time (latency), numbefr switches between central and ambient field

(frequency), total time walking of one weevil dgithe observation time (activity).

Herbivore olfactory orientation to the host plant

Dummy plants (here referred to as dummies) werk fsaim a flower pot with soil and a green sheet
of paper that was rolled up and plugged into thke koexperiments with vacant zones in the ambient
chamber, dummies were placed in the olfactomet@rawide a consistent visual stimulation (Finch
and Collier 2000). For control, we tested a dummyhe central and four dummies in the ambient
chamber. In order to test the attractiveness afrahrost plantA. millefolium was placed in the central
chamber, and four dummies were placed in the armbleamber. The attraction to the host plant was
tested by placing a flowering. lanceolata in the central chamber, and four dummies in theiant
chamber. We used only flowering host plants bec#lusse are the targets of gravid female weevils.

We compared the duration of stay in these expeitsnen

Herbivore olfactory orientation to the host plant in an odorous environment

Odors from different plants that are placed indéetral chamber might be perceived as a singledblen
by an insect since the odor sources are placed alesgly together. In contrast, odor provided by
plants in the central chamber and odor releasenh fptants in the ambient chamber might be
perceived as separate blends because the odoesa@recfurther apart than those placed altogether i
the central chamber. It is well known that sucaddsbst location may depend on whether the odor
source of a host is detected separately from attier sources (e.g. Bruce et al. 2005). Therefoee, w
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tested the effect of plant diversity (a) by placiman-host plants (two herbs) with the host plarthia
central chamber while four dummies were placechenambient chamber and (b) by placing the host
plant in the central chamber and two herbaceoushnsh plants plus two dummies in the ambient
chamber. In a further bioassay, we tested (c) ln@rotientation of the weevil to odor of the hostrpl

in the central chamber is affected by odor fromrfdiiferent non-host plants (two herbs and two
grasses) placed in the ambient chamber (i.e. higlaet diversity than in bioassay (b)) (Tab. 1)alh

three set-ups a flowerirfg lanceolata plant was positioned in the central field.

Parasitoid

Parasitoids were obtained frdPnlanceolata inflorescences collected in the Biodiversity Explories

in July and August 2010. The inflorescences wept kader the same conditions as the ones obtained
for the fieldwork data in 2008 (described aboveneEging unparasitize. pascuorum as well as
parasitoids emerging from inflorescences infestéti WM. pascuorum larvae were taken out of the
boxes every two day#lecinus pascuorum were reared at 23°€1°C, 48% rH and 18:6 LD in plastic
boxes (described above) and fed regularly with Ipdesit material. The parasitoM. incultus was
kept at 10°Ct 1°C, 65% rH, 18:6 LD and fed with aqueous hondytgm. The parasitoids were kept
in this cool environment in order to enhance thifgrspan. Both insect species were kept at long-da
period to mimic summer time and to retard hibeoratParasitoids were four to six weeks old when
tested. In total 446 male and female parasitoitishieal. Both sexes were kept together for at least t
weeks. Just female parasitoids were tested. Beadube high number of replications and a shortage
of parasitoids, we had to test each parasitoid ab@utimes. Parasitoids were pooled after testing.
Female parasitoids were chosen randomly from tb@ for the next test. Parasitoids could rest at

least 2 days between two consecutive tests. Bigassare performed in August and September 2010.

Plants used for bioassays with parasitoids

Seeds of plants for bioassayith parasitoids were obtained from Appels Wildem®&a GmbH
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(Darmstadt, Germany). Sowing and planting was cotatlias described above for the bioassay with
weevils. Non-host plant specieA. (nillefolium andA. eupatoria, N = 7 each) were the same as those
used for the bioassays with weevils. After eachttrent we randomized these plant individuals and
chose randomly plants for the next treatment. Tdrehost plants were about seven to nine weeks old

when used for the bioassays with parasitoids.

Olfactometer setup for bioassays with parasitoids

We used a dynamic Y-tube olfactometer in ordees (i) whether the parasitoid is attracted by sdor
from the host complex and (ii) how olfactory origtidn of the parasitoid is affected by the presence
of non-host plants. The host complex consistedafdring P. lanceolata and five female and five
maleM. pascuorum adults. Although the parasitoM. incultus is a larval parasitoid, we were not able
to conduct experiments with weevil larvae, sinceséction of plant seeds would have injured the
larvae and laboratory oviposition by weevils woulot have been ensured an infestation. However,
the weevils lay their eggs iR. lanceolata seeds in June and July and stay on the plantsevihey
have oviposited (pers. observation). As parasit@asasitizing inconspicuous hosts or host stages
(here: larvae hidden within seeds) may use alse froen non-appropiate host stages (e.g. adults), th
host complex was provided by adult weevils plusttbst plant when testing the orientaion abilitiés o
the parasitoidThe two-circle olfactometer used for testing theewkcould not be adopted for the
parasitoid, since side or area preferences coutdbaoexcluded, and a faster movement of the
parasitoids led to a long residence time in thetraérield in all setupsThe Y-tube olfactometer
consisted of a Y-shaped glass tube (one 20cm adrvem 14cm branched arms, diameter: 1.2cm).
The open ends of the branched arms were connegteBietion tubing to glass jars (2100 ml)
containing the odor sources (host complex, plaAts)that entered the glass jars was charcoalrétle
and humidified. Air was pumped with a flow of 138/mmn through the setup. The flow was
controlled by flowmeters (Supelco, Bellefonte, FASA). Both, the tested odor sources and the
parasitoids were acclimatized in the test room lomgr before testing. Bioassays were conducted in a
darkened room at 21 1°C and 50-60% rH. One parasitoid was placedeabgiening of the long arm
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of the Y-tube and was observed for maximal 300s. rdémrded the number of parasitoids which
entered one arm and crossed an imaginary bordeerofwithin this arm. Ten parasitoids were tested
for each odor source. After testing ten parasitdiglses and glass jars were cleaned with 96% ethano
heated at 100°C for one hour, and odor source sides exchanged. A blank test was conducted, and
the parasitoids showed no side preference. As tiatome used a pot filled with soil. The parasitsid
olfactory response to the following combinationssviested: (a) odor of the flowering host pl&nt
lanceolata versus control (N = 30); (b) odor of five femaleddive maleM. pascuorum adults versus

a control (N= 30); (c) odor of the flowering hosamt P. lanceolata with five female and five malis!.
pascuorum adults versus a control (N = 50); (d) odor of taan-host plantsA. millefolium and A.
eupatoria) plus floweringP. lanceolata combined with five female and five male pascuorum adults

versus a control (N=50); and (e) odor of setupsérsus setup (d) (N = 50).

Satistical analysis

Field

All calculations were performed by R (Version 2t R Development Core Team, 2010). Field data
were analyzed using a generalized linear mixed m&dant diversity was calculated according to the
Shannon-Index H =¥p; x In p where pis the ratio of the"i species compared to the entire pool. We
calculated mean values per plot for host plant itherasd plant diversity. The region was used as a
random effect. Explanatory variables with non-ndrohatribution were In transformed for stabilizing
variance (Crawley 2007). A term was added (+1) feefoansformation if necessary. Models were
calculated by the Imer function with Laplace apjpmtation in R (package Ime4 Version 0.999375-37)
with a Poisson error distribution (link = log) fbre abundance data as response variables. To @accoun
for overdispersion we added an individual basedoeneffect (Elston et al. 2001). We started with
the full model and dropped terms that were not iB@antly different from zero. Models were
compared by Akaike Information Criterion (AIC, Bimam and Anderson 2002) until we ended up
with a minimal adequate model with the AIC not drimig anymore or all terms included in the model
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being significantly different from zero. As fixedfects we added plant diversity and host plant
density. To analyze the effect of vegetational peai@rs on the parasitoids” abundance we corrected
for the host abundance (Sheehan 1986) by incluttireyvariable in the model as a covariate. For
calculating host abundance in additionMo pascuorum another weevil Nlecinus labilis (Herbst)
(Coleoptera: Curculionidae)) was included whichocours withM. pascuorum and is parasitized by

M. incultus.

Herbivore olfactory orientation to the host plant

The two-circle olfactometer test data were analyaethe Wilcoxon one sample-test when comparing
the observed duration of stay in the central figith an expected value corresponding to the size of
the field (33.3s). If the weevils” duration of staythe central field did not significantly différom

33.3 sec, the weevils did not discriminate betwador in the central and the ambient field.

Herbivore olfactory orientation to the host plant in an odorous environment

We compared the weevils” olfactory responses to dbers from the different odor sources
combinations offered in the two-circle olfactomef€ab. 1) by Kruskal-Wallis ANOVA followed by
Mann-Whitney-U-Tests with Bonferroni correction ¢Ba 1992). For these comparisons, we used the
following parameters: duration of stay in the caehfreld, latency, frequency, and walking activity.
The behavioral component “latency” was the timewleevil needed to enter the central field for the
first time during the observation period of 300® tlatency” was set 300s when the weevil has not
reached the central field at all. “Frequency” dims how often a field was visited and serves as
indicator of switches between odor fields. Walkiagfivity has been measured as the time during
which the weevils were actively walking around eatthan resting or cleaning themselves. We used a
nonparametric test accounting for non-normalitythe data. Variance homogeneity was checked by

Levene-Test, and if necessary, logarithmic tramsédion was conducted.
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Parasitoid

Data obtained from the parasitoid bioassay werdyaea by the Sign Test (MacKinnon 1964). Just

parasitoids that made a decision were includedarahalysis.

Results

Abundance of Mecinus pascuorum and Mesopolobus incultus in habitats with different plant diversity

To reveal the effect of plant diversity on abundaot the herbivore and its parasitoid we sampled
vegetation data in three different regions in Gewynd he field data revealed a positive effect anpl
diversity and no effect of host plant density om thbundance oM. pascuorum (Tab. 2). The
abundance of the parasitditl incultus was independent of plant diversity, and best expthby the
abundance of its host (the weevils). Abundanceghef parasitoids and the weevils correlated
positively (Tab. 2).

Plant diversity was enhanced from north to soutih @iShannon Index (H) of 0.9 in Schorfheide, 1.5
in Hainich, and 1.7 in Alb. Host planP.(lanceolata) density in a radius of one meter around the
chosen focus plant ranges in average from £88.in Schorfheide, 17.4 3.3 in Hainich, and 22.9

4.5 in Alb. The abundance of the herbivepascuorum was highest in Schorfheide with a median
value of 8 individuals per plot and ranges from20#3dividuals. In Hainich and Alb the individual
numbers ranged from 0-137 and 0-4 with median watiel and O respectivley. The abundance of the
parasitoid M. incultus followed the abundance pattern of its host witlghkst abundance in
Schorfheide (median: 8 individuals per plot) and kbwest in Alb (median: 1 individuals per plot),
and intermediate in Hainich (median: 6 individuads plot). The ranges were highest in Hainich with

0-618 individuals, followed by Schorfheide with 61land Alb with 0-31 individuals per plot.
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Olfactometer assays

Herbivore

The two-circle olfactometer proved to be a suitaldeice for testing the orientation of the weeiiils
complex bouquets. There was no significantly lordymation of stay in the central field compared to
the expected value (33.3s) for an equal duratiostaf in the entire arena in the setup with dummies
in the central and the ambient chamber (mediantidaraf stay: O s; interquartile ranges: 0-4.8 s).
Females oM. pascuorum stayed significantly longer in the central fieldtlwthe host plant odor than
expected (61.6 s; interquartile rangést-124.8 s; Tab. 3) and thus were attracted aradfested by
odors from the flowering host plaRt lanceolata. In contrast, the weevils showed no response®o o
of the non-host planA. millefolium (no significantly longer duration of stay in thental field
(median: 32.8 s; interquartile rang@®s103.8 s) than expected at equal durations of igtdlye entire
arena.

When comparing the weevil’s response to the diftepéant combinations, the duration of stay in the
central field and latency oM. pascuorum to reach the central field did not differ betwete
treatments with the various plant arrangementeddsere (Tab. 3). Neither odor from non-host plants
offered in the ambient field nor that of non-holstris placed additionally tB. lanceolata beneath the
central field hampered the host finding processs Tidicates that there is no disrupting effechonh-
host odors on host finding by the females.

However, when comparing the different treatments abserved significant differences in the
frequency by whictM. pascuorum crossed field bordeiass well as in its overall walking activity (Fig.
2). These behavioral components were enhanced thieerweevils experienced odors from two herbs
and two grasses in the ambient chamber additientdde host plant in the central chamber compared
to the setup with only. lanceolata placed in the central chamber and no other plantise ambient

chamber (Fig. 2).
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Parasitoid

Dynamic Y-tube olfactometer studies were condutbedevealing the influence of non-host odors on
the orientation of the parasitold. incultus in the laboratory. The parasitoM. incultus was not
attracted by odor of the host pldhtlanceolata (choices: 15 test / 11 control / 4 no decision;.p5D

nor by host odor (choices: 11 test / 16 controlnb3decision; p>0.05). However, the parasitoid was
attracted to odor from the host complex consisbhdlowering P. lanceolata and female and male
weevils when tested against a control. Odor from-imast plants (i.e. increased plant diversity) did
not affect the attractiveness of the host compléerwadded to the host complex odor and tested
against a dummy. However, when offering the pavitsta choice between odor from the host
complex only (without non-host plant odor) and offom the host complex with non-host plant odor
added,M. incultus preferred the simpler odor bouquet (Fig. 3). Tésults indicate tha¥l. incultus

can distinguish between non-host and host odors.

Discussion

We used field surveys and laboratory assays totheshypothesis that high plant diversity disturbs
host location both by an herbivorous insect andaggitic one attacking herbivorous larvae. We
studied olfactory responses of the weedMil pascuorum, a specialist orP. lanceolata, and of the
pteromalid wasp/. incultus, a larval parasitoid of this herbivorehe field data showed that increased
plant diversity is positively correlated with therbivore’s abundance, but not with the parasitoid’s
abundance; the latter was positively linked witk tierbivore’s abundance. These findings indicate
that successful resource location capacities df bwtect species are not hampered by increasetl plan
diversity. This suggestion is supported by our fablmry data. Both insect species showed excellent
olfactory host finding capacity even in the pregent non-host plant odors; host location was hardly
hampered by the presence of non-host plant odascée] we suggest that increasing plant diversity
does not (or only marginally) disturb olfactory htmgation by the non-crop species studied here.
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Impact of plant diversity on a herbivore and its parasitoid in the field

Studies based on observations from agriculturalithisb show a decrease of the abundance of
specialized herbivores in more diverse habitatscamtlude that specialists are negatively affebted
plant diversity (Root 1973, reviewed by Finch arali€r 2000). In contrast, when considering plant -
herbivore interactions of non-crop species in amahtor seminatural context, several studies foand
positive effect of plant diversity on plant damame herbivory (Mulder et al. 1999; Scherber et al.
2006), probability of herbivore occurrence (Ranfi#koet al. 2007), and herbivore abundances
(Siemann 1998; Unsicker et al. 2006), thus corratiay the results of our study.

In our field study the abundance of the larval piioéd M. incultus was explained exclusively by host
abundance. The positive correlation found betwdmmaances of weevils and parasitoids might be
explained by improved oviposition possibilities the parasitoids in patches with high host density,
thus leading to an aggregation of parasitoids @sehpatches (Janz 2002; Vanbergen et al. 2007). The
higher the trophic level, the more difficult it te determine the impact of specific environmental
factors on this trophic level. The observed outcasneften not directly caused by a single factat, b

is mediated indirectlyia its effect on other trophic levels (Siemann et1#98; Petermann et al.

2010).

Impact of plant diversity on host location of a herbivore and its parasitoid in the laboratory

In the laboratory we tested the effect of differamtangements with varying plant diversity on the
olfactory orientation of the weevil and its paraglt A new olfactometer setup was designed and
presented in detail in the ‘Methods’ section abolMee weevil’s orientation ability could be tested
very well with this device, but not so that of tparasitoid. The searching behavior of these two
insects differs substantially. The weevil is watkithrough vegetation rather than flying like the
parasitoid species tested here (pers. observatityniihg insects orientate differently in the vedeta

and use wind-borne signals. A dynamic olfactometéght be more appropriate for testing the
orientation of insects which move fast and fly wisearching for a host (Visser 1988; Schoonhoven et
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al. 2005).

The herbivorous weevM. pascuorum was attracted by volatiles of flowerifiy lanceolata. Females
oviposit in the seedheads and feed on stalks awbde Our study shows that diverse plant bouquets
did not hamper the weevil’s success in findinghbst plant by olfactory cues, but induced increased
activity of M. pascuorum. A suitable foraging habitat might be an environtevhich elicits
intensified host searching behavior (Pettersson. &088), i.e. increased locomotion activity. Since
the ubiquitous herP. lanceolata emits few volatiles (Fontana et al. 2009), backgbodor released
from non-host plants might indicate the presence stfiitable habitat. The role of non-host plantrodo
for host foraging in insects is ambivalent. On ¢ime hand, non-host odor has been shown to impede
host foraging in many insect species (e.g. ZhamySuhlyter 2004, 2010), whereas on the other hand
non-host odor or ubiquitous green leaf volatileserMeund to have positive effects on host locatbn
some insects (e.g. Muller and Hilker 2000; Mumnalet2005). The weevil. pascuorum may need
additional olfactory cues from the host plant hatbiior activation of searching behavior. A rich
odorous environment may stimulate weevils to searwre intensively and may improve the
likelihood of locating a host plant. Thus, our fiedind laboratory data suggest that odor of vegetati
with greater plant diversity indicates a “patchirtterest” for the weevil. Such patches may provide
enhanced host plant quality or offer more refugliciv allow the weevils to escape from natural
enemies or competitors (Gilbert and Singer 1975).

The larval parasitoii!l. incultus was attracted by the host complex odor (i.e. odmnfthe host plant
and weevils) and was capable to discriminate betweest bomplex odor offered with and without
non-host odor. The parasitoid preferred the simpéerquet without non-host odor. Parasitoids do not
only use volatile cues from the host or the hoatipfor host location, but also cues emitted by the
host habitat (Vet et al. 1995). In the tritrophjstem studied here the weevils lay their eggs imeJu
and July and remain on the plants where they haimosited (pers. observation). The host plant
lanceolata emits mainly green leaf volatiles. The emissiorvaifatiles fromP. lanceolata was found

to significantly increase after herbivory by getistalarvae which severely damaged the plant
(Fontana et al. 2009). Howeveé, pascuorum adults only chew small parts of the flower steincg
plant damage is usually proportional to plant \itdagmission, at least for lipoxygenase pathway
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products (green leaf volatiles) (Copolovici et 2011), the weevils are not expected to indBce
lanceolata in such a way that it leads to a significantly Hag volatile emission. However, for
parasitoids searching for herbivorous hosts thentityaof emitted and perceived plant volatiles is
important (Dicke et al. 2003). Thus, it might benégcial for the parasitoid to take into account
general cues from the habitat where the host wstihdst plant occurs. Gohole et al. (2005) showed
that the presence of non-host plants does not hithdeclose-range foraging activities of different
parasitoids. In conclusiorM. incultus may use habitat odors for long-range orientatiod might
respond specifically to the pure host complex sti@t-range distance.

In our laboratory bioassays we have shown that lmdbct players are not prevented from host
location by greater plant diversity. In the fietthe herbivorous weevil is positively associatedhwit
plant diversity, and odors from a plant-rich commyrenhanced its activity in the olfactometer.
Diverse habitats may constitute high quality pascire grasslands when considering multitrophic
interactions occurring in natural or semi-naturabitats. To understand the mechanisms behind the
positive relationship between plant-rich commusitiand organisms taking part in multitrophic
interactions, further studies are necessary tamite the factors being altered by plant diversity

impacting habitat quality.
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Figure legends:

Figure 1: Bioassay setup. The two-circle olfact@nebnsists of a central field (diameter 60mm) andambient
field. The total diameter of the arena is 180mnanB and dummies are placed below the walking arensisting

of a gauze. The chamber walls are provided by plojyene foil (here: cooking bag).

Figure 2: Orientation of the weewillecinus pascuorum to its host planPlantago lanceolata in different odorous
surroundings during 300s in the two-circle olfaceden (N=20 females per treatment). Number of sweitdhetween
the fields (frequency) and walking time (in seconale shown as medians and quartiles for combinsitad host
plant (HO) and non-host plants (HE: herbs; GR: ggay as well as dummies (DWifferent letters indicate
significant (0.05) differences (Kruskal-Wallis ANOVA followed bivlann-Whitney-U-Test and Bonferroni

correction).

Figure 3: Response of the parasitdésopolobus incultus (in % of total number of females responding) tmrsd
offered in a Y-tube olfactometer. A pot with sadirged as control. Different odor sources were ubkat: host plant
Plantago lanceolata, weevil: five male and five femal®lecinus pascuorum. HE: herbsAchillea millefolium +
Agrimonia eupatoria. Just parasitoids making a decision were incluiiethe analysis. Numbers of parasitoids
making a decision (j and numbers of tested parasitoids) (Are given. Data were analysed by the Sign Test

according to MacKinnon: **, g£ 0.01; *** p < 0.001.
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Table 1: Different treatments tested to study li@r drientation of the weewiliecinus pascuorum to the host plant in

an odorous environment in the two-circle olfactaenePosition of plants in the central and in thebemt chamber

is given. Dummies consisting of a pot filled withilsand a green sheet of paper. Data were analgygdgruskal-

Wallis ANOVA.

Central field

Ambient field

P. lanceolata (HO)

P. lanceolata (HO) +
A. millefolium + A. eupatoria (HE)

P. lanceolata (HO)

P. lanceolata (HO)

Dummies (DU)

Dummies (DU)

A. millefolium + A. eupatoria (HE) +
Dummies (DU)

A. millefolium, A. eupatoria (HE) +
F. rubra, P. pratensis (GR)

DU: dummy. HO: host plant. HE: herbs. GR: grasses.
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Table 2: Results of a generalized linear mixed rhddscribing the abundances of the herbivorous ivééecinus

pascuorum and the parasitoitflesopolobusincultus in the field.

Abundance oMecinus pascuorum  Abundance of Msopolobus incultus

Explanatory variables B SE  zvalue P B SE zvalue P
Intercept -5.6026 2.1219 -2.640 <0.01 -0.5121 0.2782 -1.841 <0.1
Plant diversity (H) 2.5085 1.0397 2.413 <0.05 NA NA NA NA
Host plant densit} 0.5961 0.3311 1.800 <0.1 NA NA NA NA
Host (weevil) abundande - - - - 1.1133 0.1216  9.159<0.001
AIC full model 214.7 250.7

AIC minimal model 214.7 247.5

Estimates[f) with standard errors (SE) are given for the madisdequate model (evaluated by Akaike information
criterion (AIC)). P values are marked bold if siggant. 77 plots were involved in the analysis.
> In transformed; NA: excluded from the model; -: matiuded in the full model
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Table 3: Host plant odor finding by the weeMikcinus pascuorum in the presence of different plant odors

surroundings in the olfactometer.

Duration of stay inTime to reach the

Treatment central field [s] central field [s]

Central field  Ambient field

HO DU 61.6 74.1
(7.1-124.8) (30.2-293.0)

HO + HE DU 87.9 122.9
(0.0-155.6) (80.2-300.0)

HO HE + DU 78.0 43.9
(12.8-139.5) (17.9-279.6)

HO HE + GR 71.2 65.2
(51.1-112.3) (27.0-125.5)

Statistics n.s. n.s.

Duration of stay in the central field and time &ach the central field (latency) in seconds arevshfor 20
females tested per treatment observed for 300hsH@tE; Achillea millefolium and Agrimonia eupatoria) and
grasses (GRFestuca rubra and Poa pratensis) were presented in different combinations in thebint or
additional to the host plant (H®jantago lanceolata) in the central field (see Tab. 1 for details).diémes and
interquartile ranges (parentheses) are given. indicates no significant (P>0.05) differeneealuated by
Kruskal-Wallis ANOVA followed by Mann-Whitney-U-Tésnd Bonferroni correctiordbU: Dummy.
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Abstract

Biodiversity, a multidimensional property of natusgstems, is difficult to quantify partly becausethe
multitude of indices proposed for this purposeidad aim to describe general properties of comriamit
that allow us to compare different regions, taxad &ophic levels. Therefore, they are of fundaraent
importance for environmental monitoring and conaton, though there is no consensus about which
indices are more appropriate and informative. Wedudata collected around the focal pl&ntago
lanceolata on 60 temperate grassland plots embedded in &uklgral landscape to explore relationships
between the common diversity indices of speciebngss (S), Shannon’s diversity (H'), Simpson’s
diversity (Dy), Simpson’s dominance ¢ Simpson’s evenness (E), and Berger Parker doroenéBP).
We calculated each of these indices for herbacetargs, arbuscular mycorrhizal fungi, aboveground
arthropods, belowground insect larvae, &danceolata molecular and chemical diversity. Compound
indices such as H’, D and O incorporate information on richness and abundagnoe, are therefore
predicted to outperform other more basic indice® Wsed principal components analysis (PCA) to
determine whether compound indices were bettersatithinating sites than more basic indices. We als
used linear regressions to determine whether compindices were more able to detect hypothesized
negative effects of land use intensity (LUI; asaage of fertilization, grazing and mowing). Finallye
used path analysis to determine whether compounites detected more relationships between
diversities of different organisms and traits tinaore basic indices. The compound diversity meaddyes
and D were the most effective at discriminating sitesly(plant diversity, as measured by S, H’, angl D
was affected, negatively, by LUI. In the path madelore paths were significant when using H’, even
though all models except that with E were equadiliable. This demonstrates that while common
diversity indices may appear interchangeable irplEnanalyses, when considering complex interactions
the choice of index can profoundly alter the intetgtion of results. Data mining in order to idgnthe
index producing the most significant results shdauddavoided, but simultaneously considering analyse
using multiple indices can provide greater insigl the interactions in a system.
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Introduction

Biodiversity represents the variety and heterodgrafiorganisms or traits at all levels of the hiehy of

life, from molecules to ecosystems. Typically thleeds is on species diversity, but other forms of
diversity, such as genetic and chemical diversitg, also important and informative. Even after dieg
which form of diversity to measure, quantifying diieersity remains problematic because there is no
single index that adequately summarizes the conééptbert 1971, Purvis and Hector 2000). Richness
(S), or the number of species or attributes predgenthe simplest metric used to represent diversit
(Whittaker 1972), and it remains the most commamplied (Magurran 2004). Intuitively, species @auittr
abundance is also important for diversity, and fheportional abundance of species can also be
incorporated into indices representing diversitye Bimplest of these indices was proposed by Bewggbr
Parker, has an analytical relationship with thengewic series of the species abundance model (May
1975, Caruso et al. 2007), and reports the praputiabundance of only the most abundant specig®in
population (BP, Table 1, Berger and Parker 1970).

There have been numerous attempts to create comipodites that combine measures of richness and
abundance. Foremost among these are the Shanneersity (H) and Simpson’s diversity (Dindices
(Table 1), which differ in their theoretical fourien and interpretation (Magurran 2004). H' has its
foundations in information theory, and represeihis tincertainty about the identity of an unknown
individual. In a highly diverse (and evenly distribd) system, an unknown individual could belongrig
species, leading to a high uncertainty in any teah of its identity. In a less diverse system duwated

by one or a few species, it is easier to predietitientity of an unknown individual and there isde
uncertainty in the system (Shannon 1948). Thisime&trcommon in the ecological literature, desjitite
abstract conceptualization (Magurran 2004). i® the complement of Simpson’s original index, and
represents the probability that two randomly chadselividuals belong to different species (McCune an

Grace 2002). Dis closely related to [ being the inverse of Simpson’s original indexniSson 1949).
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Both of these transformations serve to make thexridcrease as diversity intuitively increases, and
although both are used, B more common (Magurran 2004).

Finally, evenness represents the degree to whidividtuals are split among species with low values
indicating that one or a few species dominate, ldg values indicating that relatively equal nunsbef
individuals belong to each species. Evenness icalotlated independently, but rather is derivennfr
compound diversity measures such as H,,ahd D, since they inherently contain richness and evasnne
components. However, evenness as calculated fro(@'His of only limited use predictively because i
mathematically correlates with H’ (DeBenedictis 3R7 E, calculated from P (Table 1), is
mathematically independent of; fSmith and Wilson 1996), and therefore a more usefeasure of
evenness in many contexts.

There is much confusion in the literature abowet &ppropriateness of these various diversity measur
with S favored over more complex measures by Witett€1952, 1956, 1960, 1965, 1972). Among the
compound diversity measures; 3 recommended by Pielou (1969) and Lande (19@8)le D is
recommended over by Hill (1973), and yet Whittake(1972) prefers H'. Several recent analyses have
attempted to make sense of this confusion by exgarorrelations between these indices to determine
whether or not they actually convey the same in&diom. Correlations between S, H'p,[E, and J' are
remarkably consistent across organisms (Stirlind)\ilsey 2001, Ma 2005, Wilsey et al. 2005, Bock et
al. 2007, Heino et al. 2008), lending further suppo the idea that the relationships between many
these indices are based on mathematics insteadlo@ (DeBenedictis 1973, Hill 1973).

Strong correlations between diversity measuresldhmat be surprising since they represent aspddteo
same phenomenon. In fact, most of the measureyzachhere can be derived from the same basic
generalized entropy formull, = (7%, PA)Y®®, whereN, is the effective species numb@&is total
species numbePR;? is the proportional abundance of specjemda is the power (Table 1; Hill 1973). H’

is equally sensitive to rare and abundant spes@ssitivity to rare species increasss decreases from

1, and sensitivity to abundant species increasesiseases from 1 (Fig. 1; Jost 2007). Thereforis, S
sensitive to rare species; Bnd 3 are sensitive to abundant species, and BP istisen& only the most
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abundant species. Since all thgs have species as the unit, the range of valuedeanterpreted as a
continuum from effective number of the most rarecéps to effective number of the most abundant
species.

Despite the strong relationships between thesegliyaneasures, there is still some debate oveclnisi
appropriate in various contexts. Based on impodawalues (IVs) calculated from PCA scores, the
importance of diversity measures for distinguishiivgrine sites by macroinvertebrate diversity ded

in the order H' > J' > S (Heino et al. 2008). Usitige same technique with plant diversity data in
temperate grasslands the importance of diversigsomes was generally ranked ®BP > E > S (Wilsey

et al. 2005). These patterns are similar in thetfzat a compound index was most effective, whilgeS
least effective at distinguishing sites in bothteyss. This suggests that for purposes where rargiiag

by their level of diversity is the primary goal,cbuas in conservation planning when selecting $itdse
protected, compound indices are to be preferred epecies richness (Magurran 2004). However, it
remains unclear whether the same is true when biective is to detect effects of external factors o
diversity, such as when assessing anthropogeniadten the environment. There is some suggestion
that simple indices may be more effective in theases, since S correlated better with landscape
parameters than either J' or H’ for aquatic macreitebrates (Heino et al. 2008). As experiments and
field surveys become ever more complex, an inangsicommon objective in biodiversity studies is an
understanding of how changes in biodiversity of drogphic level affect biodiversity of other trophic
levels. In analyses such as these, additional hisignto community dynamics can be obtained by
including trait based diversity measures. For eXxammhen modeling changes in species diversity
throughout a community, knowledge of the genetit eimemical diversity of the primary producer (eg. a
plant) in the system would provide mechanisticghts into any changes in herbivorous insect ditersi
that could be related to the complexity of herbévdefenses or attractants displayed by the plaig. |
unclear which diversity index is most effectiveltas type of complex community level analysis.

We attempted to clarify these complex relationshisd develop guidelines for practical applications
using data collected in grasslands throughout Geyraa part of the Biodiversity Exploratories resbar
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network, which consists of 150 plots in three regithat are managed with combinations of fertilizgt
mowing, and grazing (Fischer et al. 2010). We fedusn 60 plots containinglantago lanceolata, and
collected data around focRl lanceolata plants in each plot. Focusing data collection adoane plant
species allowed us to collect in depth data ondg§mamics of similarly structured communities spread
across a land use gradient. In addition to spetiveysity of the plants, arbuscular mycorrhizal dun
(AMF), aboveground arthropods, and belowgrounddnkevae, we also measured neutral molecular and
chemical diversity oP. lanceolata. These neutral measures have not yet been incindathlyses of this
type, which have to date focused on species diyecsimponents of biodiversity. Including them will
allow us to determine whether changes in speciasrslty dynamics are reflected in other traits thiab
contribute to biodiversity.

We set out to test three hypotheses related tomeaince of diversity indices. (Qorreations between
diversity indices, and which indices discriminate sites. Compound diversity indices are predicted to
outperform other indices at discriminating siteice they contain information on both richness and
abundance. This has been demonstrated previoustiywa needed to verify that this trend was also
observed in our dataset before testing novel, rooneplex, hypotheses. (Bependence of effects of land

use on diversity indices. Land use intensity is expected to negatively impdiversities of all
organisms/traits, with rare species/traits gragudibappearing in favor of dominant species/traitthe
most intensively managed sites. Since rare speaiesoften disproportionately impacted, an index
providing greater weight to rare species (S) shpeldorm the best. Performance of diversity indiagb

be judged by the number of significant effectsamid use intensity identified, although if theradseffect

of land use on diversity this method will actuatientify poorly performing indices. (I)ependence of
community dynamics on diversity index chosen: Community dynamics, or interactions between spgecie
can be modeled using path analysis to describetdined indirect interactions between species, and t
quantify the strength of these interactions. Intigdrait-based measures of diversity will providsights
into the mechanisms behind species interactions.slgnificance and strength of such interactiokelyi
depends on the index used to represent diversitguse the diversity indices differ in their emphasi
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rare and abundant species, which are predictedtdoaict in different ways. As in the second aindeix
performance will be assessed using the numberesftified relationships. This is the first analysis
compare performance of diversity indices when gbiang complex community dynamics. Our results
should provide guidelines for appropriate use amdrpretation of diversity indices in future stuglie

exploring biodiversity and community dynamics.

Methods

Field sites, measurements, and land use index

We sampled in 60 grassland plots spread acroghrtbe regions (Schorfheide Chorin, Hainich Dln, and
Schwabische Alb) of the German Biodiversity Exptorges (see Appendix for a list of sites, and Fesch
et al. 2010 for site details). Ten fodallanceolata plants were marked on each plot in June and July o
2008, and future sampling was conducted aroundetHesal plants. Interactions between plants,
symbiotic fungi, above and belowground herbivorasd parasitoids in temperate grasslands are
extraordinarily complex. Collecting data aroundyoohe consistent plant species on each plot allayged
to focus on a more manageable network of interastiand to explore mechanisms driving interactlons
including trait based measures of divers®y.lanceolata was chosen as the focal plant because of its
relative abundance in all three Exploratories, &edause of its potential for mediating interesting
interactions within and between aboveground (fpiio interactions involving herbivores and paradiad
and belowground biota (involving arbuscular myc@ahfungi and insect larvae; Gange and West 1994,
Wurst and Van der Putten 2007). Furthermore, soanget metabolites oP. lanceolata are well
characterized (Fontana et al. 2009), and our exmansf this knowledge base using metabolic

fingerprinting approaches allowed us to investigates chemical diversity relates to diversity of eth
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organism groups. Finallyr. lanceolata is a generalist species occurring in various ¢gadshabitats and

is known to exhibit genetic differentiation at thepulation level (Kuiper and Bos 1992).

Detailed methods used to assess diversity of glhrmsms/traits are given in the Appendix. Brieflye
guantified herbaceous plant diversity by estimaipegcent cover of each species in a 15 cm sampling
radius around the focal plants. Arbuscular mycaahifungal diversity was quantified using terminal
restriction fragment length polymorphism analydi®bIA extracted from rhizosphere soil of focal pan
Aboveground arthropods were collected from plamfages, and belowground insect larvae were sorted
by hand or heat extracted from soil cores colletimukath focal plant®lantago molecular diversity was
guantified for five loci, andPlantago chemical diversity was assessed by UHPLC-TOF-MBigus
metabolic fingerprinting techniques. All speciedits were sampled on small spatial scales arouad th
focal plants so that we could focus on interactionslving P. lanceolata.

Land use intensity (LUI) on each site was quarttifies an index incorporating three equally weighted
variables: fertilization, mowing and grazing int#énsThis index is conceptually similar to one pogpd

by Herzog et al. (2006) and has been found to grestil aggregation, plant root length, and fungal
hyphal length in our system (Barto et al. 2010) €ach experimental plot i, land use intensity Lii]

defined as the sum of each variable divided bgngsn over all experimental plots per Exploratory:

L[i] = F[i] / F[mean, E] + M[i]/ M[mean, E] + GJi} G[mean, E]

where F[i] is the fertilization level (kg nitrogéra’ year'), M]i] is the frequency of mowing per year and
GJi] is the livestock density (livestock units hgeaf') on each site i. The mean L[i] across the years
2006-2008 was used in this study, where F[mearMihean, E] and G[mean, E] are defined as the mean
value across all three years. LUl was square raosformed to improve normality and is dimensiosles
due to standardization by ratios. Land use databased on interviews with farmers and landowners
conducted each year by the management teams of Eegaoratory (Nico Bluthgen, University of
Wirzburg, and the consortium of the Biodiversityplexatories, unpublished data).
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Satistical analyses

We calculated richness (S), Shannon’s diversity,(Bérger Parker dominance (BP), Simpson’s diversit
(D,), Simpson’s dominance ¢ and Simpson’s evenness (E) for each organisirgitaup (Table 1). For
plant, aboveground arthropod, and belowground trse¢a data, abundance was quantified as number of
individuals. For mycorrhizal fungi, terminal restion fragments (TRFs) were used as surrogates for
species, and abundance was quantified as peakttodighch TRF. Measurement used as a surrogate for
species with the population genetic data, and amgelwas quantified. Also for population genetitada
D, is equal to the expected heterozygosity under YH@/dinberg equilibrium, whereas,ls known as

the effective number of alleles, both of which a@mmonly used measures of genetic diversity
(Frankham et al. 2002). Metabolites were used asgates for species in the chemical diversity daal
abundance was quantified. It is important to nbig the formulas given in Table 1 are for complete
populations, and that the actual formulas for datoug these indices from sample data are sligmidye
complex (Magurran 2004). However, in practice tifeecence between these two approaches is usually
so small that the simpler formulas are generalbeptable (Magurran 2004). For organisms/traits wher
samples were taken around multiple focal plantspbat; the mean of each diversity index per ploswa
calculated.

In order to ensure that our estimates of S werahiel, we computed several estimates of total
species/trait number based on extrapolations frpectiss/trait accumulation curves, namely Chao 1,
Jackknife 1, and Bootstrap for each organism/trsiilg R package ‘vegan’ and compared them with the
observed total species/trait number (Magurran 2004anen et al. 2010).

Aim 1. We performed Pearson correlations between alliosetvithin an organism/trait group to assess
relationships between the different diversity measuafter transforming data to improve normalityeve
necessary. Each organism/trait group was analyzearately because we could not be sure that the sam
pattern would be found for all groups and therefdick not want to pool data. In order to account for
multiple comparisons we used Bonferroni correcteeialues for all correlations within each
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organism/trait group. We then used principal congmbnanalysis (PCA) of correlation matrices to
determine which measures of diversity were mosg &bl differentiate sites by calculating importance
values (IV) for each index (Wilsey et al. 2005).€TIVs synthesize information on the importanceaafre
principal component axis and the score for eacbrdity index to generate one number representiag th
overall importance of each diversity index in digtiishing plots based on distances between pldtsein
ordination.

Aim 2. We also performed linear regressions of each measdiversity within organism/trait groups on
LUI in order to determine whether or not the effe€tland use depended on the metric chosen, after
transforming data to improve normality of residuatsere necessary. As in Aim 1, each organism/trait
group was analyzed separately because we couldencture that each responded the same way to
increases in land use intensity and therefore didwant to pool data. Indexes detecting the greates
number of significant effects were judged to be mhest effective, although if land use did not atffec
diversity in our system these indices would aciubé the least effective. We used Bonferroni caeec
P-values within each organism/trait group to accdantnultiple comparisons.

Aim 3. Finally, we constructed a path model of hypothesirelationships between organism/trait groups
(Fig. 2). Belowground insect larvae were not ineldidn the path models because they were sampled on
fewer sites than other groups and their inclusiauld have reduced the sample size below acceptable
limits given the complexity of our model. We rarethame structural model with each of the diversity
indices, and we report model fit gsand its associate@value, withP-values greater than 0.05 indicating
an acceptable fit (Hooper et al. 2008). Sigtean be influenced by sample size we also reporRitiat
Mean Square Error of Approximation (RMSEA), whemafier values indicate more parsimonious
models, and values less than 0.07 suggest an adengodel fit (Hooper et al. 2008). The Tucker Lewis
Non-Normed Fit Index (TLNNFI) is less sensitivesample size and accounts for model parsimony, with
values close to one indicating good model fit (Herogt al. 2008). Path analyses were performed kg
‘sem’ package version 0.9-16 in R (Fox 2006). Alakyses were performed with R v2.11.1 and newer (R
Development Core Team 2008).

201



Chapter IX

Results

Robustness of S

Estimates of total species/trait number showed dliatobserved richness values likely underestimated
total richness for many organism/trait groups (€ad). Estimates of aboveground arthropod, chemical,
and two loci of molecular richness overlapped dugesved values, suggesting that these observatiens
robust. For the other organism/trait groups, comgodiversity measures, especially &nd 3, may be

more appropriate than S because they are not andept on sample size (Magurran 2004).

Aim one: Correlations between diversity indices, and which indices discriminate sites

Correlations between diversity indices were gemerstrong within organism/trait groups, and BP
correlated negatively with S, H’, ;Pand B (Appendix, Table 1). E did not correlate in a dstent
manner with any other index of diversity.

We used PCA to visually represent these correlatiand determine if any metrics were better at
differentiating plots, despite the strong correlag between all metrics (Fig. 3). The first priratip
component axis accounted for a large part of tmiawee for all organism/trait groups (60 - 72 %)ddhe
first two axes accounted for almost all the vaoiat{84 - 87 %). Generally, the compound diversity
measures Pand D loaded strongly on the first PC axis and had ibbdst Vs, with H' also having high
IVs. Evenness was often ineffective at discrimimgtiites, although it had a high IV for chemical
diversity data. The simplest diversity index, Ssvgenerally adequate at discriminating sites, laveg
low IVs for aboveground arthropod and chemical diitg data. This suggests that the compound indices

discriminate between plots better than more sirdjlersity measures.
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Aim two: dependence of effects of land use on diversity indices

LUI generally did not affect diversity, with no eence for stimulation or suppression of AMF,
aboveground arthropod, belowground insect larva®. danceolata molecular or chemical diversity for
any diversity index used (Table 3). This lack déef of LUI is apparent in the PCAs (Fig. 3), whétél

is orthogonal (perpendicular) to most diversityited, indicating that it is independent of thenyl dmat
there is little overlap in how plots are discrintie based on LUI or diversity. In contrast, we foun
evidence for effects of LUl on plant diversity filwee of the six metrics (S, H’, and)DFurthermore, the
magnitude of this effect was similar for all six tmes. It is important to note that we used Bordair
correctedP-values to account for multiple comparisons, burify one diversity index had been chosen

priori for analysis all but E would have been signifitaaffected by LUI at the more typical= 0.05.

Aim three: dependence of community dynamics on diversity index chosen

As in the first two analyses, the path analysis alowed that E represents different informati@ntthat
captured by the other diversity indices (Fig. 2bl€ad). Furthermore, the model using E fit the getarly
while the fit of the other models was excellenteai&glenced by low RMSEA values and high TLNNFI
values. The/ P-values increased slightly in the order E << S <<HD; < D, < BP (Table 4), suggesting
that model fit may have improved slightly alongstlgradient from indices emphasizing rare species to
those emphasizing dominant species. More signifipaths were identified with H’ than with other
indices (Fig. 2), allowing for a deeper interprietatof the data than with the other indices. Théyon
consistently significant path in all models (exdhgl E) was a negative effect of herbaceous plant

diversity on chemical diversity ¢. lanceolata.
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Discussion

We compared diversities of multiple organism/tgaitups across a land use gradient in order to rdéter
which diversity indices provided the greatest &piid discriminate sites, whether or not the effefciand

use on diversity depended on the diversity indeoseh, and how the choice of index affected reslts
path analyses. This is the first analysis of thyisetto include measures of molecular and chemical
diversity along with the more traditional speciégedsity, and also the first to assess how the cghofif
diversity index influences detection of effects af external factor on diversity, and detection and

interpretation of community dynamics.

Aim one: Correlations between diversity indices, and which indices discriminate sites

As in other studies (Wilsey et al. 2005, Heino et2808), we found that S provided a poor abiliby t
discriminate sites, while the compound diversityaswees, primarily Pand D, provided the greatest
such ability. This shows that the compound divgrsieasures do indeed contain additional information
beyond that supplied by S, notably the proporticstaindances of each species. The failure of E to
effectively discriminate sites shows that the sgsth of richness and abundance information is sacges

for site discrimination, and that the individuahggonents of the compound diversity measures (S=and
are much less informative when considered indepghderhe greater ability of measures derived from
Hil's N, (D1, D,) to discriminate sites further suggests that slififerences are largely based on
differences in abundant species.

A further strength of compound diversity measuresr gpecies richness is their reduced dependence on
sampling effort (Magurran 2004). As can be se€hahle 2, we likely underestimated diversity of pan
AMF, belowground insect larvae, and three molecldar. This may be because we sampled multiple
grasslands spread across Germany, and our sangiingmay not have been sufficient to adequately
catalogue the diversity of some organisms/traitesscsuch a broad area. For these groups, compound
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diversity indices are expected to be more robuet 8, although they are still influenced to somierx

by sample size (Magurran 2004).

Aim two: dependence of effects of land use on diversity indices

Diversity of organisms/traits in our system was aerably uninfluenced by land use changes including
increased fertilization, grazing, and mowing. Weirfd no effect of land use on diversities of AMF,
aboveground arthropods, belowground insect laread?. lanceolata molecular or chemical diversity.
Aboveground arthropods were identified to order leshielowground insect larvae were identified to
family. It is not entirely clear what level of rdgtion is achieved with the NS31-AM1 primers usedhe
AMF analysis, but it is almost certainly higher thapecies level. Any effects of LUl may only be
apparent at finer taxonomic scales. In this anglys focused on species associated Rithanceolata,

and it is possible that effects of LUI would be eh®d in broader communities. At least in this ayst
molecular and chemical diversity were less seresitiviand use than herbaceous plant species. Bifiree
the six plant diversity measures (S, H) Wvere negatively affected by LUI. The differingnséivities of
diversity indices to LUI in our analysis were laigalriven by our need to correct for multiple
comparisons. In analyses using only one diversitex, similar significant effects of LUI would have
been detected using any of the indices we includedect E. Thus, when conducting simple statistical
analyses of a specific effect of disturbance orewdity the choice of index does not appear pagityl

important.

Aimthree: dependence of community dynamics on diversity index chosen

Our ability to detect relationships between divi@si of organisms/traits was clearly influencedtbg
choice of diversity index, despite the fact thatpath models (except that using E) fit the datxeswely
well. Model fit increased slightly as rare spedieés were excluded from the index used, sugggstiat
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rare species/traits were behaving in ways devidtimg model predictions. However, similar fit s&ics
using RMSEA and TLNNFI suggest that any such dexiatwere small. When using BP and focusing
only on the most abundant species/trait we deteateggative dependence Bf lanceolata chemical
diversity on herbaceous plant diversity. This shdhet as the abundance of the most abundant plant
species increases, the abundance of the most aitucitemical metabolite declines. This pattern also
holds when using Dand DB, in fact with a higher path coefficient, indicafithat when other highly
abundant species/traits are included the relatipristween plant and chemical diversity is evearsger.
When moderately rare species/traits are also cerexidby using H’, even more relationships become
apparent. The positive dependence of abovegroutdopod diversity on chemical diversity, and the
negative dependence of aboveground arthropod diwens molecular diversity may therefore be driven
equally by rare and abundant species, while abunsiaecies/traits do not seem important for these
interactions. The positive dependence of abovegtautihropod diversity on plant diversity is appairian
the models using H' and S, suggesting that rareispeare driving this interaction. The presence of
significant path from plant to chemical diversity fall indices (except E) suggests that changdsth
rare and abundant metabolites are negatively affdzy changes in rare and abundant plants.

The a priori choice of only one index for a path analysis coblse profound consequences on
interpretation of relationships between organisrag#. Running models with a range of diversityited
along Hill's series allowed us to better understaridractions within our system. Abundance of rare
moderately rare arthropods was positively affedigdabundance of rare to moderately rare plantss Thi
may be due to increased niche availability for st insect species as plant diversity increaJdu
negative relationship we observed between plantchedhical diversity for all indices, except E, vedso
apparent in a separate analysis (only H’' was called) using more extensive chemical and plant sityer
data sets (Maier et aubmitted). This persistent trend could be explained byljikeductions irPlantago
abundance as plant diversity increased and otlaet ppecies took up space in the system. In sitss w
low plant diversity, intraspecifiP. lanceolata competition could affect chemical composition ({@®arand
Bowers 2006). Any decreases Rhantago abundance associated with increasing plant diyevebuld
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also be expected to lead to reduced attacRlaftago by specialistPlantago herbivores, and therefore
reduced induction of defense responses, seen aseckdliversity in the metabolic profile of the glan
Positive relationships between chemical and aboegt arthropod diversity could easily be explaibgd
increased production of compounds attracting arstiorulating pollinators, herbivores, and paradigabf
herbivores, and by induction responses of the ptantifferent interacting species. These further
hypothesized interactions betweBtantago metabolites and different insect groups suggebtedhe

current analysis could be specifically tested turfe experiments or field sampling campaigns.

Conclusions

The importance of carefully deciding how to quantifiversity in multiple organism/trait groups is
apparent from our analysis. The failure of any f®#trait group other than herbaceous plants tectiet
effects of land use also calls into question tteefice of using easy to measure indicator taxationate
effects on other taxa. At the very least, analygesh as this should precede selection of suchatwtic
taxa to ensure that non-indicator taxa are inbbatiaving as expected.

We could not identify one ideal diversity indexnfison’s indices, Pand B, performed best when
differentiating sites, but simpler indices weregstly preferable when detecting effects of land use
intensity on diversity. All indices except E wergually effective when fitting path models to deberi
relationships between organisms/traits, althoughgiteatest number of relationships was apparenh whe
using H'. We assessed performance of each indgellams the significance of effects or number of
relationships detected, with the inherent assumitiat such effects and relationships did in fagstelf
effects of LUI or relationships between organisaiftgroups are not strong, indices that did notdet
effects may more accurately represent reality. Modeapproaches using artificial systems where
relationships are predefined could help resolve ig8ue. While analyses of synthetic data wouldwall
one to completely control community structure audic biases related to varying sample sizes, sach a
approach would also disallow the ecological realishbtained in the present analysis. It is clear that
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relationships between diversity indices do not gviollow mathematically predicated patterns (8Bt
and Wilsey 2001, Nagendra 2002), and it is theeefimportant to perform analyses such as theseain re
data to ensure that conclusions will be valid i filkeld.

Other attempts to identify an ideal diversity measiave failed to find one, and instead suggesirtiey

at least two measures (Whittaker 1972, Stirling ®fitbey 2001, Heino et al. 2008). Including mulépl
diversity measures, spread along Hill's continuurill (1973), provided us with a more complete
understanding of how shifts in rare and abunda@tisg were driving interactions. Additional bersefif
using the Hill series instead of the closely relat@ore traditional indices include the simplified
interpretation of results because units are ahimysfective number of species regardless of trstiom
along the series (Jost 2006). Furthermore, effectipecies numbers behave as one would intuitively
expect when diversity is doubled or halved, whilleeo standard indices of diversity (H';,[D,) do not
(Jost 2006). Data mining to identify an index pdivg strong significant effects should be discoae
We advocate priori selection of, at most, a small number of divergiyasures along Hill's series that
are expected to capture the important aspectsvefsiiy in the system under study. If effects aqgeeted

to be more apparent in rare species then S woushpepriate, whereas if dominant species are ¢xgec
to be more important then;PD, and BP would be more appropriate. H' could be usesituations where
rare and abundant species are expected to be ydgualbrtant. Comparison of a few carefully chosen

indices could greatly enhance understanding ottimeplex components driving diversity.
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Table 1: Formulas used to calculate diversity messanalyzed.

Metric Traditional brmula® Surrogate in Hill’s
Series, Hill's
power**

Richness (¢ number of specit S, (

Shannon’s diversity (H =Y piIn(p) exp(H), 1

Simpson’s diversity (i) 1-Y p? D,, 2

Simpson’s dominance )  1/3 p? D, 2

Berger Parker dominani  Prax BF?, o

(BP)

Simpson’s evenness | D,/S --

*p; is the proportion of individuals belonging to si@sci; pmax iS the proportion of individuals belonging to test
abundant species. Formulas from McCune and Gr&@2§2Shannon (1948), and Simpson (1949).
**Eormulas from Hill (1973).
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Table 2: Total observed species/order number esllpér locus, and metabolites, and estimatesaifdpécies or

trait number (mean + SE) for each organism/trait.

Observed species num Chac Jackknife Bootstra|

Plan 177 239+2( 240+1. 206 +¢
AMF 6C 71+ 76 £ ¢ 68 1
Aboveground arthropa® 14 16 +¢ 16 + 1 15+1
Belowground insect lvae® 23 30+€ 32 27 2
Moleculal

Locus : 92 97 +¢ 102 £¢ 98 +7

Locus : 54 59 ¢ 63 +< 59 +2

Locus 3 16 16 +(C 16° 16 +(C

Locus 4 36 39+: 42 2 39 +1

Locus ¢ 12¢ 145+¢ 153 ¢ 141 +¢
Chemica 144¢ 1449 £ ( 1449° 1449 + (

@ Aboveground arthropods were identified to order
® Belowground insect larvae were identified to famil

°No estimate of standard error possible becaudeeadibsence of singular alleles or metabolites
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Table 3: Results of linear regression of richn&s Berger-Parker dominance (BP), Shannon’s dityeflsi'),
Simpson’s diversity (B), Simpson’s dominance ¢ and Simpson’s evenness (E) of various traitssuneal in
grassland plots in and arouRthntago lanceolata on land use intensityF| P, r]. Values in bold indicate significance
at Bonferroni corrected of 0.05/6 = 0.0083.

Plant AMF Abovegrounc Belowground insect larve Molecular Chemical
(N =60) (N=60) arthropods (N=20) (N=60) (N=59)
(N = 60)

S 9.68, 0.004 0.08 0.0¢, 1.5 0.6,
0.0029, 0.947, 0.774, 0.771, 0.220, 0.411,
-0.38 -0.01 0.04 0.07 -0.16 0.11

BP 7.40 0.04 1.21 0.001 2.19 0.01
0.0086, 0.841, 0.276, 0.970, 0.144, 0.918,
0.34 0.03 0.14 -0.01 0.19 -0.01

H 9.44 0.03 0.55 0.05 2.8¢, 0.16
0.0032, 0.872, 0.462, 0.819, 0.097, 0.687,
-0.37 -0.02 -0.10 0.05 -0.22 0.05

D, 7.33 0.11 0.85 0.03 0.52 0.005
0.0089, 0.742, 0.362, 0.868, 0.475, 0.946,
-0.33 -0.04 -0.12 0.04 -0.09 -0.01

D, 8.8¢, 0.13 0.78 0.002 0.59 0.04
0.0043, 0.720, 0.380, 0.989, 0.445, 0.842,
-0.36 -0.05 -0.12 0.003 -0.10 0.03

E 1.23, 0.26 1.35 0.06 0.04 0.01
0.2650, 0.615, 0.251, 0.815, 0.841, 0.929,
-0.15 -0.07 -0.15 -0.06 -0.03 0.01
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Table 4: Model fit statistics for structural equatimodels.

Model| Y, P RMSEA TLNNFI®
S 1.18, 0.7 <0.000: >0.9¢

H’ 051, 0.9: <0.000: >0.9¢

D, 0.50, 0.9; <0.000: >0.9¢

D, 0.44, 0.9: <0.000: >0.9¢
BF 0.15, 0.9 <0.000: >0.9¢

E 6.39, 0.0' 0.1¢ 0.3¢

2 For all models df = 3.

® RMSEA — root mean square error of approximation

° TLNNFI — Tucker Lewis non-normed fit index
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Figure legend

Figure 1: Herbaceous plant diversity in sites wéjresentative high and low land use intensity {LUhe low LUI
site (AEGO07) was an unfertilized sheep pastureleathie high LUI site (AEG02) was a fertilized meadthat was
mown three times a year. The effective species mundecreases in both sites as Hill's power increassd

increasingly abundant species are excluded.

Figure 2: Structural equation models of links betweliversity of organisms or traits measured in armund
Plantago lanceolata. S — richness, H' — Shannon’s diversity, -BSimpson’s diversity, P— Simpson’s dominance,
BP — Berger Parker dominance, E — Simpson’s evenmesl —Plantago molecular, chem Plantago chemical,
AMF — arbuscular mycorrhiza, plant — herbaceoustplarth — aboveground arthropod. Solid lines iathgositive
effects while dashed lines indicate negative effeBlack lines indicate significant paths while ygtaes indicate

non-significant paths at = 0.05. The magnitude of the path coefficiennidi¢cated by line length.

Figure 3: Principal component analysis of diversitgasures taken in and arouPidntago lanceolata, and land use
intensity (LUI). S — richness, H' — Shannon’s dsigy, D; — Simpson’s diversity, Pp— Simpson’s dominance, E —
Simpson’s evenness, BP — Berger Parker dominaneet p herbaceous plant diversity, AMF — arbuscular
mycorrhizal fungal diversity, above — abovegrountimpod diversity, below — belowground insect ke\diversity,
mol — P. lanceolata molecular diversity, chem P. lanceolata chemical diversity. Numbers indicate importance

values for each vector.
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SUPPLEMENTARY METHODS

Stes sampled

In Schorfheide Chorin we sampled 15 sites; SEGE; @, SEG31, SEG32, SEG33, SEG34, SEG35,
SEG39, SEG40, SEG41, SEG43, SEG44, SEG45, SEGd&GEB47. Similarly, 15 sites were sampled
in Hainich Din; HEG06, HEG08, HEG09, HEG11, HEGHEG18, HEG20, HEG30, HEG34, HEG36,
HEG42, HEG43, HEG44, HEG46, and HEG48. Coveragem@a® extensive in Schwabische Alb, with
30 sites covered; AEG02, AEG03, AEG06, AEGO7, AEGBRG11, AEG12, AEG13, AEG15, AEG17,
AEG18, AEG21, AEG22, AEG25, AEG26, AEG27, AEG?28,@ED, AEG31, AEG32, AEG33, AEG34,
AEG36, AEG38, AEG40, AEG41, AEG42, AEG43, AEGA7dakEG49. Detailed site descriptions can

be found in Fischer et al., (2010).

Plant diversity
We recorded plant species diversity by identifyiregbaceous plant species and estimating the pageent

cover of each species in a 15 cm radius arouritDdibcalP. lanceolata plants in each plot.

Arbuscular mycorrhizal fungal diversity

Arbuscular mycorrhizal fungal diversity was assdsaesing terminal restriction fragment length
polymorphism (T-RFLP) analysis. A 10 cm diameteil sore (0 — 10 cm depth) from immediately
beneath a focd?. lanceolata plant in each site was collected between July amguat 2008 and stored at
-20 °C until analysis. Cores were thawed overngiht °C, then split vertically down the center katta
soil sample (~ 3 g) could be collected from thelanceolata rhizosphere. These samples were again
stored at -20 °C until DNA was extracted from 25@ soil with a MoBio PowerSoil DNA Extraction Kit
(96well) kit (Carlsbad, CA, USA), and AMF DNA wasmalified with a nested PCR approach. We began
with GLOMER WTO/GLOMER 1536 primers (08M each), 1X FIREPol 5xPCR Mix, 7.5mM Mg30

(Solis BioDyne, Tartu, Estonia), andpul of template DNA in a final volume of 5aL (Wubet et al.
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2006). The PCR conditions were 98 °C for 30 seipv@d by 5 cycles of 94 °C for 30 sec, 60 °C fér 4
sec, and 72 °C for 1 min with the 60 °C step deginggby 1 C each cycle; then 25 cycles of 94 °C3fbr
sec, 55 °C for 30 sec, 72 °C for 1 min, and final® °C for 5 min in an Eppendorf thermocycler
(Eppendorf, Hamburg, Germany). We performed twassp reactions for the second PCR using NS31-
FAM and one of two AM1 primers: the original (Hefgm et al. 1998), and a modified primer designed to
capture more AMF genera than the original AM1 prigegM1b: 5'- CTT TGG TTT CCC ATA RGG
TGC C -3") (unpublished, Wubet). The second PCR pexformed with the same recipe as the first PCR,
but with PCR conditions of 98 °C for 1 min, 30 aydf 94 °C for 30 sec, 63 °C for 30 sec, 72 °Cifor
min, followed by 72 °C for 5 min. PCR products weteaned with a Nucleospin Extractll kit (Machery
Nagel, Diren, Germany), before quantification of DWith a NanoPhotometer (Implen, Munich). We
then combined 40 ng DNA from each AM1 primer reattio regenerate complete samples. We used
Hinfl (Fermentas, St. Leon-Rot, Germany) in digest0afi@ DNA, 2uL buffer, and 0.3 units enzyme in
20 pL total volume. Digestions were incubated at 37f6C2 hours, then cleaned with a Nucleoseq kit
(Machery Nagel, Diren, Germany) before analysisaomABIl 3730xlI Genetic Analyzer with a custom
made ROX size standard (BioVentures,

Murfreesboro, TN, USA).

Terminal restriction fragment (TRF) sizes and péaights were determined using GeneMapper 3.7
software (Applied Biosystems, Carlsbad, CA, USAthva threshold of 75 AU. Total fluorescence of each
profile was standardized (Dunbar et al. 2001), th@&RFs were aligned with T-REX
(http://trex.biohpc.org/index.aspx) to combine freents lengths differing by less than one baseiptir

the same TRF (Culman et al. 2009). TRF number wsasl as a surrogate for species richness, and TRF
peak height as a surrogate for species abundaree lafter may not always be accurate due to the
existence of the same TRF across different AMFisge®CR bias during amplification, and differences
in gene copy number among different AMF (Corradalet2007). However, the technique had been used

to calculate diversity indices for AMF (Burke 2008nd it is instructive to do so in this contextattow
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for comparisons with diversity indices of other amgsm and character groups investigated in thidystu

while bearing in mind that for AMF specificallychiness remains the most reliable metric.

Above ground arthropod diversity

We used a modified hand-held vacuum cleaner (R@vafit 8818 Silencer 12V, Offenbach/Main, SEB
Deutschland GmbH) to collect all arthropods restingall 10P. lanceolata plants in each plot. We began
vacuuming over the inflorescences of each plantiedaown to the rosette, and then back up in dader
prevent escape of the arthropods. Afterwards ttieaods were transferred with a small paintbrsh t

70% ethanol and stored in the lab until individuaése identified to order level.

Below ground insect larval diversity

Only 20 sites were sampled for below ground insactal diversity; SEG06, SEG08, SEG33, SEG34,
SEG35, HEGO06, HEGO08, HEG11, HEG30, HEG48, AEG02GAE, AEG06, AEGO7, AEG09, AEG11,
AEG13, AEG22, AEG26, and AEG27.

Three soil cores of 5 cm diameter and 10 cm deptte vaken randomly from a 1 m x 6 m subplot at each
site in September/October 2009. Visible insectdarwere sorted out by hand and smaller larvae were
extracted by subsequent heat extraction (MacFagy®&1). Larvae were stored in 70 % ethanol until

identification to family level.

Plantago molecular diversity

To assess molecular diversity we sampled betwesn dnd eight individuals oP. lanceolata and
extracted DNA from 50 mg dried leaf tissue. Theuswas homogenized with a mixer mill and DNA was
extracted with a commercial extraction kit (Nuclpof®6 Plant, Macherey Nagel, Diiren, Germany). The
DNA content was measured with a fluorescence spmetter and each DNA sample was diluted to 5 ng

per 5 ul with nuclease free water.
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We used the 5 polymorphic, dinucleotid, nuclearrogatellite loci (simple sequence repeats) develope
by Hale and Wolff (2003). These microsatellite neask were labeled with fluorescent dye and
multiplexed for PCR amplification. PCR reactionsrevearried out in 10 pl volumes containing 5 ng
DNA, 5ul Qiagen HotStarTag Master Mix Kit (ValencldSA, consisting of multiplex PCR buffer with a
final concentration of 3 mM Mggl dNTP mix, and HotStarTaq DNA polymerase), 0.50fillocus-
specific 5" fluorescent labeled forward primer (88 ™, HEX ™: Microsynth, Balgach, Switzerland,
and NED™ Applied Biosystems), and non-labeled reverse prifR€R amplification was performed in a
96-well PTC-100 TM Programmable Thermal Contro{Md Research, Inc.,Waltham, USA) by using the
following cycling protocol: 15 min at 95°C; 30 cgsl consisting of 30 sec at 52°C, 30 sec at 720Gg8
95°C, followed by 1min at 52°C and 8 min at 72°Qudfescent PCR fragments were visualized by
capillary electrophoresis on an ABI PRISM® 310 G&nanalyzer (Applied Biosystems) with GeneScan
500 ROX as a standard and analyzed by the GeneM@&phralysis Software version 3.7 (Applied
Biosystems). To ensure that the multiplexing haceffect on the size of the amplified DNA fragments,
loci were amplified singly for several individuasd compared with the multiplex profiles. Furtherejo
we re-analyzed several samples to test the repitutityc of band length and genotyping. We then
assessed the number and frequencies of alleleslai@cus, calculated the diversity indices forheacus

separately and averaged the values across loci.

Plantago chemical diversity

Site HEG11 was not sampled f&r lanceolata chemical diversity. In May 2009, the oldest and th
youngest leaf of on®. lanceolata plant per plot were cut and transferred to methdiobloromethane
(2:1, pH 6). The sample was homogenized and starddC for one week. Then leaves were extracted in
the laboratory three times at different pHs (pHpB, 2, pH 9) following the protocol by Maier et al.,
(2010). Supernatants from each extraction step wpoeled and water was added (2:1:1

methanol:dichloromethane:water) for phase separafihe agueous phases were stored in Eppendorff
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tubes at 4 °C until analyses. Remaining pelletsewdried for determination of dry weight (Sartorius
LA120S, precision +/- 0.1 mg, Géttingen, Germany).

Metabolic fingerprinting was performed on an UHPTOF-MS (1290 Infinity UHPLC and 6210 TOF,
Agilent Technologies, Santa Clara, U. S. A.) eqagppith a Grom-Sil 120 ODS-4-HE-column (150 x 2
mm, 3 um; Alltech Grom GmbH, Rottenburg-Hailfinggkermany) using a gradient from water with
0.1% formic acid (98-100%, Co. Merck, Darmstadtrr@any; solvent A) to acetonitrile (LC-MS grade,
Co. Fisher Scientific UK Limited, Loughborough, Gr&aitain; solvent B) with 0.1% formic acid at a
flow of 0.75 ml and an oven temperature of 35 °Ce ghadient started at 5% solvent B with a holdifor
min, increased from 2-16 min to 95% B and was lietdl min at 95% B, followed by a cleaning and
column equilibration cycle. Measurements were diomeositive mode with a Dual ESI source (gas
temperature: 350 °C, drying gas flow: 11 I/min, fiden pressure: 55 psig). For further details sese¥

et al., (2010).

Metabolite data were pre-processed with R (ver2i®r0 and newer) package “xcms* (Sméthal. 2006;

R Development Core Team 2008; Tautenhettad. 2008) (method = "centWave”, ppm = 23, profmethod
= "bin", peakwidth = ¢(5,12), snthresh = 10, prefil= ¢(3,200), fitgauss = T; settings for "groupiw =

30, minfrac = 0.5, minsamp = 1, mzwid = 1, max 5 Sleéep = 0). Peaks occurring in blanks were
subtracted from samples, except peaks with meamsittes being 100 or more times intensive than in

blanks. Intensities lower than -110° were not considered. Each peak was consideredia@botiée, for

simplicity. Data were log transformed for normaliaa.
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Appendix Table 1.Correlations between richness (S), Berger-Parketiance (BP), Shannon’s diversity (H’),
Simpson’s diversity (B), Simpson’s dominance £ and Simpson’s evenness (E) for each organismdctex
group P, r) measured in grassland plots in and aroRlaetago lanceolata. All statistics refer to within group

correlations. Values in bold indicate significartéBonferroni corrected of 0.05/15 = 0.0033.

Plant N =60) BP H D D, E
S <0.0001, <0.0001, <0.0001, <0.0001, 0.7993,
-0.80  0.94 0.86 0.89 -0.03
BP <0.0001, <0.0001, <0.0001, <0.0001,
092 097  -097  -0.48
H' <0.0001, <0.0001, 0.0490,

0.98 0.98 0.26

D, <0.0001, 0.0018,
0.99 0.40
D, 0.0020,
0.39
Arbuscular mycorrhizal fungiN = 60) BP H’ D D, E

S <0.0001, <0.0001, <0.0001 <0.0001, 0.2102,
-0.72 0.95 0.88 0.87 0.16
BP <0.0001, <0.0001, <0.0001, <0.0001,
-0.88 -0.94 -0.93 -0.76
H <0.0001, <0.0001, 0.0002,

0.98 0.97 0.47

D, <0.0001, <0.0001,
0.99 0.61
D, <0.0001,
0.59
Aboveground arthropod\(= 60) BP H’ D D, E

S 0.1218, <0.0001, 0.0037, 0.00314, <0.0001,

-0.20 0.59 0.37 0.38 -0.56
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BP <0.0001, <0.0001, <0.0001, <0.0001,

-0.80 -0.92 -0.92 -0.61

H’ <0.0001, <0.0001, 0.0421,
0.95 0.96 0.26
D, 0.0001, <0.0001,
>0.99 0.50
D, <0.0001,
0.50
Belowground insect larva&dl(= 20) BP H’ D D, E

S 0.0005, <0.0001, <0.0001, <0.0001, 0.3735,
-0.70 0.98 0.90 0.92 -0.21
BP <0.0001, <0.0001, <0.0001, 0.0219,

-0.81 -0.92 -0.90 -0.51

H’ <0.0001, <0.0001, 0.8820,
0.96 0.96 -0.04
D; <0.0001, 0.3374,
0.97 0.23
D, 0.5616,
0.14
Plantago molecular N = 60) BP H’ D D, E

S <0.0001 <0.0001, <0.0001, <0.0001, 0.1462,
-0.56 0.87 0.59 0.59 0.19
BP <0.0001, <0.0001, <0.0001, <0.0001,

-0.56 -0.88 -0.84 -0.73

H <0.0001, <0.0001, 0.0399,
0.59 0.60 -0.27
D, <0.0001, <0.0001,
0.95 0.87
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D, <0.0001,
0.90
Plantago chemical N=59) BP H’ D D, E

S 0.0210, <0.0001, <0.0001, <0.0001, <0.0001,
-0.30 0.79 0.61 0.60 0.52

BP <0.0001, <0.0001, <0.0001, <0.0001,
-0.634  -0.86 -0.88 -0.90

H <0.0001, <0.0001, <0.0001,

0.92 0.91 0.88

D, <0.0001, <0.0001,
0.99 0.99

D, <0.0001,
0.99
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Discussion

Intensive land use (like high fertilizer applicatiand mowing) represents one fundamental impact for
decreasing species richness and biodiversity Bsazing and mowing, for example, lead to changes
in vegetation complexity, plant growth (Kruess &charntke 2002) and vegetation composition which
besides can influence the diversity of herbivorauhropods (Koéhler et al. 2004; Unsicker et al.
2006). These changes in the diversity of organigfrane trophic level can influence the diversity of
the next level (Hartley & Jones 2003). Despite issiadbn agricultural influences we still know little
about how intensification in land use influencescps of higher trophic levels apart from simply
reducing species numbers (van der Putten et a)200

Therefore my study aims to investigate the infleeatland use on different trophic levels of a mode
system (plant-herbivore-parasitoid) and on differsgratial scales in three German regions. | want to
give an overview of the effects of land use ondimgle plant, the vegetation to upper trophic Isvel
like herbivores and their parasitoid and additipnabnsidering different spatial scales from subplo
over plot level up to the landscape scale.

| investigated the influence of land use (intenlgiwes. extensively) on the ribwort plantaiRléntago
lanceolata) and upper trophic levels, like two herbivorous ewitss (Mecinus labilis and M.
pascuorum) and their common parasitoitiésopolobus incultus) living on it. Furthermore | took a
closer look on the influence of additional fer@izapplication by implementing a fertilizer expegint

in all three regions. Additionally | wanted to kndvow the host plant itself and the surrounding
vegetation are influenced by land use and how tbieaages in host plant quality and quantity as well
as in the vegetation and the odor bouquet influempger trophic levels. After investigating the syst

on smaller scales like the subplot (6m x 6m) arad (B0m x 50m) level | was interested in how the
weevils and their parasitoid are influenced by lasd on larger spatial scales. Taking these aspects
into account | have structured my thesis and teeudision by dividing my studies on the one hand in
investigating different trophic levels from plantes vegetation up to higher trophic levels and o t

other hand in describing the results of differguatil scales like subplot, plot and landscapelleve

Host plant level

For individual plant performance fertilization (tmuse intensity) normally results in an increase in
leaf nitrogen content (plant quality), the biomassl plant growth (plant quantity) of the plant

(McNeill & Southwood 1978; Chen, Dawn & Rubersorl@)) Interestingly, in my study, the usual

fertilization of the farmers had mostly no influenan host plant sizeChapter 1V), although fertilizer

is known to support the plant growth (Ellenberg 297n my fertilization experiment, where | added

additional fertilizer in the investigated grasslaad the other hand rosette diameter and abovengrou
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biomass increased, whereas the number of stalkshanefore the potential source for reproduction
decreased with fertilizationChapter V). Plantago lanceolata seems to invest in growth but not in
reproduction when fertilized. Land use type, m@ws. grazing, had a significant positive effect on
the host plant size. In the experimental studyfreop to the plots treated only by farmers, wheurell
use had no effect, host plant abundance decreatiedewilization. This could be due to the facath

P. lanceolata prefers to grow in less dense areas with a lowegetation cover (Cavers et al. 1980).
Possibly P. lanceolata is not sufficiently competitive against the risimgver of grasses. These
findings show that land use intensity is not ovdsaheficial for the investigated model plant.

As | expectedPlantago leaf nitrogen content as a proxy for primary metddbs was higher in
fertilized grassland, whereas carbon content wasnflaenced. Looking at the secondary metabolites
of P. lanceolata, aucubin and catalpol (IG) were positively cortethwith plant species richness
(Chapter VII). This stands in contrast to a similar study ofajdret al. (2011) and our study on
calculated diversity indice<Chapter 1X). Mraja et al. (2011) found opposite effects amntlspecies
richness on aucubin and catalpol contentPinlanceolata on experimental grassland plots with
catalpol increasing and aucubin decreasing withdrigplant species richness. In our indices study we
detected a negative dependencePolanceolata chemical diversity on herbaceous plant diversity
(Chapter 1X). This shows that as the abundance of the mostdami plant species increases, the
abundance of the most abundant chemical metabdéitdined. This result is in contrast to my
investigation of the secondary metabolites aucahthcatalpol (IG) which | mentioned before.

In case of the metabolites of the ribwort plantashowed that fertilization increased the leafogen,
which can be an advantage for herbivore diet. &ingly secondary metabolites were not influenced
by land use directly but indirectly via the surrdimg vegetation which was influenced by the land

use.

Vegetation level

Repeated application of fertilizer can lead to @untion of plant species richness because only few
forbs can handle the nutritional input leading tdaainance of these species (Foster & Gross 1998;
Billeter et al. 2008). As | expected, both, expenal fertilization and fertilization by farmers
decreased plant species richness in the invedfigmtesslandGhapter 1V, V). Land use type in terms

of mowing reduced plant species richness, too, lwticsupported by a study of Kéhler et al. 2004.
Here agricultural influences in form of intensivewing represent one of the major negative impacts
on plant species richness. In my study specieseshwas highest on extensively used pastures which
points out that extensive land use (low life staghsities and moderate grazing by cattle) support
plant species richness. Joern (2005) describedsiiv@ocorrelation between extensive grazing and

plant species richness, too.
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Like plant species richness, vegetation structise was affected by land use. Intensive land use
(fertilization and mowing) influenced the vegetatistructure in the investigated grassland positivel
(Chapter 1V). The highest and most dense vegetation was mexhsur intensively used plots like
meadows and fertilized grassland. Taking a closek bn the fertilization experiment | could show
that the vegetation already changed after one agifn of fertilizer. Fertilization supported the
general growth of the vegetation. These findings @nfirmed by the studies of Gratton & Denno
(2003) and Willems & van Nieuwstadt (2009). The pgmdion of grass species increased with
fertilization because it can use additionally ofi@dmutrients faster than forbs and therefore domina
fertilized areas (De Deyn et al. 2004). | foundsthffect of higher vegetation density and height as
well as a lower number of plant species on intezigiused, tooChapter V).

In contrast to the plant species richness vegetatiucture and density benefited from intensivel la

use like higher fertilizer application and a higaduency of mowing.

Upper trophic levels

Since herbivores and their natural enemies mayfieetad not only directly by land use, but also
indirectly by changes in host plant quality andrgitg, as well as vegetation diversity and struetlr
investigated these different factors in my study.

Plant diversity impacts plant-insect interactioysdoeating habitat heterogeneity and increasing the
number of niches which can result in higher hen@wtdiversity and abundance (Siemann et al. 1998,
Unsicker et al. 2006). Higher diversity on differemophic levels and thus a higher degree of
herbivory might lead to induction of IGs IR. lanceolata. Field experiments showed a positive
correlation between IGs iR. lanceolata and herbivore damage (Mraja et al. 2011). Secgnplant
metabolites ofP. lanceolata did not influence the abundances of the wedMilgpascuorum andM.
labilis (Chapter VII). Maybe both herbivores can detoxify or eliminditese compounds somehow and
higher amounts might be avoided by selecting the plant. Besides the IGs | observed the nitrogen
content of the leaves d?. lanceolata. Increased nitrogen content of the host plantgeitilized
grassland did not support insect abundance as &xpethis contrary effect of nitrogen is found by
Fischer & Fiedler (2000) and Joern & Behmer (1998). Cease et al. (2012) showed that N
fertilization and protein rich artificial diets cdrave consistent negative effects on the fitnesa of
locust. An explanation for a negative performancevwidance of N-rich plants by herbivores could
be that nutrients in the plant might be unbalarthesito nitrogen fertilization.

Besides indirect influences of land use on thetgtampounds, the availability of the host plarkell
found in fertilized grassland, often determinesbhare abundanceMecinus pascuorum was
positively influenced by host plant density, aswshan several other studies (Joshi et al. 2004,

Vanbergen et al. 2007), too. On the other hand @ddmte of the larval parasitoM. incultus in the
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field was explained exclusively by weevil abundamasediscussed later on. The higher the trophic
level, the more difficult it is to determine thepact of specific environmental factors on this hiap
level. The observed outcome is often not direcilysed by a single factor, but is mediated indiyectl
via its effect on other trophic levels (Siemanilett998, Petermann et al. 2010).

Vegetation structure can interfere with herbivoehdyvior in different ways as | showed in my study
(Chapter 1V, V). The structural complexity of habitats and ofgénplants influences the movement
ability of herbivores and their host finding prosé&oodwin & Fahrig 2002, Hannunen 2002). Dense
vegetation like | found in fertilized grassland caauce the motility of individuals walking on the
ground (Jopp 2006), crawling through the vegetaiioron conducting flights as proposed by Coll and
Bottrell (1994). The structure of non-host plaras @lso indirectly affect herbivores their natural
enemies. Non-host plant structure may provide shédtr the enemies of herbivores (Langellotto &
Denno 2004) or, in contrast, may render host sebhycthe enemies more difficult (Tschanz et al.
2005). Complex vegetation structure (Coll & Bottr&996, Tschanz et al. 2005), like | found in
fertilized grassland, has a negative influencehanftraging efficiency of enemies. Intensive laisé u
not only had a negative direct and indirect immacboth herbivores, but also on the parasitoid.

In the laboratory the searching behavior of thdivere and parasitoid differed substantialGhépter
VI1I). Mecinus pascuorum was attracted by volatiles of flowerify lanceolata and was not hampered
by diverse plant bouquets in finding the host pldatolfactory cues. However, higher plant diversit
leaded to an altered searching behavior and caimseglased activity. A suitable foraging habitat
might be an environment which supports intense-seatching behavior (Pettersson et al. 2008). An
odorous environment may stimulate the weevils @arge more intensively and may improve the
likelihood of locating a host plant. Thus, my fieddd the laboratory data indicate that greatertplan
diversity may be a preferred habitat for the weevihis is reflected by my results that the hensgo
were more abundant in extensively used grasslatid high plant species richness. This shows that
extensive land use supports the abundance of smsect

Mesopolobus incultus was attracted by the host complex odor (combinadiohost plant and weevil)
but was capable of perceiving non-host odors inldberatory Chapter VIII). Experiencing greater
plant diversity still allows a successful host lb@a. However, the parasitoid preferred the simpler
bouquet when testing the presence of non-host plagdinst the host complex alone. During host
location parasitoids do not only use volatile cfrem the host or the host-plant, but also cuestenhit
by the host habitat (Vet et al. 1995). Plant dan@gebe proportional to volatile emission, at Idast
green leaf volatiles (Copolovici et al. 2011). ladethe weevils may not indu€e lanceolata in such

a way that it leads to higher volatile emissionghmsy plant. However, for host location the quarnbity
emitted and detectable volatiles is essential (®iekal. 2003). Thus, it might be beneficial foe th
parasitoid to take general cues from the surrountabitat into accountChapter VIII). Gohole et al.

(2005) showed that the presence of non-host ptiods not hinder the close-range foraging activities
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of different parasitoidaMesopolobus incultus might use habitat odors for long-range orientatod
respond to the pure host complex at a short-rarsante.

We already know that increasing land use interaity other human influences on environments lead
to a reduction in species diversity in differenbitats (Unsicker et al. 2006) but how and in which
way we still do not understand completely. | foumd that land use did not only influence insects
directly but also indirectly via the host plant atite vegetation. Although the host plant quality
increased with intensive land use the herbivoregepred grassland with extensive land use which
resulted in smaller host plants and higher plaatigs richness. The parasitoid on the other harsd wa

only indirectly influenced by land use via his st

Subplot level

My study was integrated into the long-term anddasgale project “Biodiversity Exploratories”. There

| investigated three different regions from noxthsbuth Germany (Schorfheide-Chorin, Hainich-Dln
and Schwabische Alb). In the three regions 50 éxpartal plots (50m x 50m) were provided. In
these plots | made my investigations on the subf@ot x 6m) level. There | performed my
fertilization experiment and found interesting Heswoncerning the influence of land use intensity
(fertilization) on my study system.

Fertilization in the subplots decreased plant ggecichness and host plant abundance, whereas it
enhanced total vegetation growth. lanceolata prefers to grow in less dense areas with a lower
vegetation cover (Cavers et al. 1980) what coulgdax the lower abundance in fertilized subplots.
Application of fertilizer at the same time reduced forbs in faograsses. Grass species may handle
the nutritional input better than forbs which | badiscussed already. Biomass and rosette diameter o
P. lanceolata increased with fertilization. To be competitives thost plant seems to invest in growth
when fertilized as mentioned in the host plantisactNitrogen content, as expected, increased with
fertilization in the subplot level whereas the @arlzontent was not influenced at all. However the
increased size and heightened leaf nitrogen condidmiot influence the herbivores positively. O th
contrary the abundance of the two herbivores wamgly negative influenced by fertilization at the
subplot level. Land use intensity (fertilisatior@cgeased the weevil abundance directly and indjrect
via their host plant and the surrounding vegetatibime parasitoid however only depended on the
abundance of one of its host4, pascuorum (positively density-dependent).

The reduced herbivore abundance due to fertilinatidich was the most important factor influencing
the weevils, can additionally be explained by iadireffects via a lower abundance of the host plant
and by changed patterns of host localisation withijher vegetation. Fertilization indirectly affedt

the third trophic level negatively by cascadingvigo host abundance. Summing up land use intensity

had a negative effect on the upper trophic levetaystudy system.
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Plot level

In every region the plots were differently treateyl farmers. It was differentiated between three
different land use types (meadows, mown pasturdgpastures) and the land use intensity (fertilized
or not fertilized plots). On the plot level | fo@dson the investigation of the influence of land tygpe
(mowing vs. grazing) and land use intensity (femdifion), which was established and handled by
farmers who use the grassland in extensive orsnterways, on the tritrophic study system.

Land use intensity (fertilization) and type (mowing. grazing) negatively affected the plant species
richness like in the subplot level and known frothep studies (Gratton & Denno 2003; Baessler &
Klotz 2006). In contrast, land use had a mostlyitpes effect on host plant size and vegetation
structure in the plot. | found that vegetation cosipion (plant species richness), which is influsghc
by land use, was positively correlated with IG emttin P. lanceolata leaves but these changes in
secondary metabolites did not cascade up througftehitrophic levelsGhapter VII). Abundances of
the weevils were negatively correlated with ledfagen content (Joern & Behmer 1998, Fischer &
Fiedler 2000, Cease et al. 2012) like in the subjdwel. Host plant quality and vegetation
composition did not affect the parasitoid and ttiesherbivore-parasitoid interaction.

Additionally we compared diversities of organisnogps across a land use gradient in order to
determine which diversity indices provided the tgeh ability to discriminate site<CKapter 1X).
Compared to the results measured on the plot tleelated diversity of organisms was astonishingly
little influenced by land use changes like increafgstilization, grazing and mowing. In this anasys
we found no effect of land use on aboveground aepibals, belowground insect larvd®,lanceolata
chemical (compound) diversitZhapter 1X).

Like on the subplot level | found the same conaise&ffects of land use on the observed model
system. Intensive land use always had a negatfeetedn the weevils and their parasitoid, showing

that extensive land use is essentially to preseindiversity in an agricultural influenced land.

L andscape level

Until today investigations on how anthropogenicddase on the landscape scale, like | investigated i
my study, influences herbivore-parasitoid intex@tsi on different spatial scales and in different
geographic regions, are rare. Therefore | took aerl look on the influence of land use at the
landscape scale on my study system. The threetiggecies investigated were affected by extensively
and intensively managed grassland, in opposite wagseasing proportion of extensively managed
grassland had a positive effect on insect abundafreglii of 100 — 2000 m). Intensively managed
grassland on the other hand had a negative effetlteotwo herbivores and their natural enemy (radii
of 100 — 2000 m). This result is supported by Haharet al. (2007) where the species richness of

238



Chapter X - General discussion

different investigated groups was most strongleetffd by increased proximity of seminatural habitat
(e.g. extensively used habitats like nutrient pgassland and meadows with scattered fruit trees)
patches. Seminatural habitats are important enwiests where a high number of species occurs and a
biodiversity of species is supported by this haliigpe compared to intensively used grasslandsevher
species richness is less.

Looking at the parasitoidvl. incultus, was directly positively affected only by the diénsf its two
host species and only indirectly, via its hosts,ldryd use intensity like we found for the smaller
subplot level, too. Heisswolf et al. (2009) suppdrimy findings. They showed that the occurrence
probability of an egg parasitoid only depended ifpady) on an increasing population density of its
host, the leaf beetl€. canaliculata whereas the host was dependent on different lapdscetrics
like habitat size, isolation and quality.

Interestingly, the three insect species differedhie spatial scale at which they responded to the
landscape diversity. While the abundance of théitiere M. labilis was best explained by larger
spatial scales (r = 1500 — 2000 m), the herbivdrepascuorum and the parasitoidM. incultus
responded most strongly to landscape diversityratller scales (r = 100 — 500 milecinus labilis
feeds oligophagous dn. lanceolata andP. sempervirens and may therefore have a larger range for
host plant search. In contragt pascuorum feeds monophagous @h lanceolata. For the herbivore
smaller ranges may be sufficient for food searah tduhost plant density. Looking at the plot lexel

a smaller spatial scalB. lanceolata density is higher compared to larger scales wisgiitable
growing habitats are less abundant due to a higraportion of forest and paved areas. At smaller
scalesM. pascuorum does not need to search very long for his hosttpkor the parasitoid stronger
effects on smaller spatial scales are contrary tteerostudies where higher trophic levels like
parasitoids depend in most cases on larger spstiales. Mesopolobus incultus abundance is
influenced by the abundance of his main Wspascuorum which is more abundant at smaller scales
as described before. Likewise, in another study,léiss specialized parasitdid reptans was more
likely to be found on patches with high beetle dgnsvhile patch size and isolation seem to be less

important (Heisswolf et al. 2009).

Summing up the results of my study, | found a neggainfluence of intensive land use and
fertilization on the upper trophic levels Bf lanceolata at all spatial scales investigated. Furthermore |
found out that land use can influence insects @udly via the surrounding vegetation (vegetation
density, plant species richness, odorous envirofmémnd use, vegetation and host plant in
intensively used subplots and plots are able toedse insect abundance and on extensively used
subplots and plots to increase the abundance. dihe sesults | found for different landscape levels.
Here the herbivores and the parasitoid preferréitdta with a higher proportion of extensively used

and lower of intensively used grasslands.
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