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Summary

Recent declines in honey bee colonies as well afhandiversity and abundance of
native pollinators generated widespread concermitatie future of pollination and set
off a discussion about a general “pollination &tisPartly, this is due to the functional
importance of this ecosystem service not only f@anpreproduction but above all for
crop production and thus human welfare. Consequetitt matter gained particular
attention in current research and a rising numbestudies focus on the stability of

plant-pollinator interactions in relation to biodrgity and ecosystem change.

My dissertation focuses on the mutualistic intecaxst between flowering plants and
flower-visiting insects and their interactive respe to land-use intensity as well as
resource choice of flower-visitors in relation tollpn quality. The innovative approach
of my project is to use quantitative interactionwmrks to provide knowledge on how
species respond to land use and how their respanagsinfluence their interaction

partners. We show that information from ecologioatworks may help to predict
natural community responses to disturbance andilgessecondary extinctions in

systems that undergo agricultural intensificatibthe identity of each species’ partners
and relative interaction strengths are considefduds project presents large-scale
investigations on the characteristics and fragibify multi-species networks in real
landscapes. During two seasons we recorded thesdiyespecies composition and
specialization of plant-pollinator networks alonggeadient of increasing land-use
intensity. The study was conducted within the freumik of the Biodiversity

Exploratories, which are located in the Schorfh€lth®rin (NE Germany), Hainich-

Dun (Central Germany) and Schwabische Alb (SW Gagnaregions. Each

Exploratory contains 50 experimental grasslandsplehich comprise near natural,
protected sites as well as intensively fertilizeswn or grazed meadows and pastures.

Comparing meadows of high and low land-use intessitve found that species
richness of plants, bees and butterflies was sagmfly higher on low intensity
meadows. However, in terms of Shannon diversity abhdndance only butterflies
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responded negatively to land-use intensificatiohaj@er 2). Nevertheless, the analysis
of plant and flower-visitor composition revealedi@al differences between grassland
types with species overlaps of just 43 % in plamd 42 % in insects. This pointed to
the fact that investigation of biodiversity and adance alone may not detect biotic
homogenization e.g. a loss in functional diversiyareover, resource impoverishment
had stronger effects on the land-use responsegbfyhspecialized flower-visitor groups

than on little or unspecialized ones.

We examined if mutual specialization could expltie accelerating parallel declines
observed in plants and pollinators. Focusing oir ttability, we analyzed 162 plant-
pollinator networks from 119 meadows and pasturasaged at different intensities.
The fate of a flower visitor was predicted by tlaed-use response of its associated
plant species and vice versa. Furthermore, we getecdisproportional impact of land-
use intensification on the abundance of more speethpollinator species (Chapter 3).
Land-use intensification seems to set off losses$lawer diversity, which leads to
resource-mediated declines in pollinator speciekilé\the mean land-use response of
the pollinators visiting a plant species also ieflued its abundance, this effect was
weaker. Network analyses provide a valuable toolctwaracterizing mutualisms in a
community context and may be used to predict conityuesponses to disturbance and

possible consequences of species loss.

To further illuminate which land-use practices méstdamentally influence plant-
pollinator associations, we analyzed the isolatiéelcts of fertilization, mowing and
grazing intensity on plant — flower-visitor netwsriChapter 4). | found that these three
components of land use strongly differed in théfeas on the species richness and
composition of flower-visitor networks. While ina®es of fertilization and mowing
intensity in two out of three bioregions were acpamed by a decrease in plant species
richness, concerning pollinator species richnessindance and composition trends
were even more conflictive between taxonomicallffedeént pollinator groups and
between regions. Thus, the results showed that ok possible to readily transfer
results and management recommendations from omenregganother. Yet, | found that
across all three regions pollinator fate was detggthby the average land-use response
of the plant species they visited and vice verdaaffer 4). Moreover, in pollinators —
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but not in plants — specialized species were dEptmnately affected by land-use

intensification.

Specialized pollinators such as oligolectic beeseghthat collect pollen only from one
plant family or even just from one single spece®) often expected to be more prone to
disturbance and thus more vulnerable to ecosysteange. This is recognized as the
cost of specialization and was reinforced by myltsgChapter 3 and 4). On the other
hand it has frequently been proposed that benfbts resource specialization may
outweigh the costs. In pollinators, benefits of cspkezation so far were presumed to
result from higher foraging efficiency. Among tharius adaptations is assumed
specialization on very nutrient-rich pollen.

We therefore analyzed hand-collected pollen frora pgkant species for its quantitative
and qualitative amino acid composition. The comimsi of amino acids varied
strongly among plant species, but taxonomicallyatezl species had similar
compositions. Surprisingly, the concentration eefrand protein-bound amino acids —
also of the essential ones — was significantly lomveoollen sources used by oligolectic
bees than in other pollen sources (Chapter 5). Mane pollen sources of oligoleges
deviated more strongly from the ideal compositioh essential amino acids as
determined for honey bees than plants not hostilggplectic bees. This leads to the
assumption thatompetitive avoidance or in other words an advamiagierms of the
available pollen quantity might have led to oligtie bees being specialized on pollen

that is deficient in amino acids. This hypothetils iseeds to be tested in detail.

Several of the results presented in this thesid sieev light on patterns and processes
within plant-pollinator interactions. We found that contrary to the prevailing
contemporary opinion — plant-pollinator network drighly specialized systems in

which the diversity of plants and pollinators issgly related to each other.

13



14



Zusammenfassung

Das Bienen-Sterben in den USA und Europa sowieRimkgang der Diversitat und

Abundanz heimischer Bllitenbesucher haben weltweiges um die Zukunft der

Pollination geschirt — und eine hitzige Diskussiaiber eine allgemeine

.Pollinationskrise” losgetreten. Dies ist zum Telér funktionellen Bedeutung der
Pollination als Okosystem-Dienstleistung im Allgeénsn geschuldet. Eine erfolgreiche
Pollination ist nicht nur fur die Reproduktion v@titenpflanzen, sondern auch fur die
Nahrungsmittelproduktion — und somit auch fir deoh8tand des Menschen — von
grof3ter Bedeutung. Dementsprechend legt die aktuedirschung ein besonderes
Augenmerk auf dieses Thema und eine stetig wacks@&ndahl an Studien beschaftigt
sich in Verbindung mit Biodiversitatsverlust und dsigstemwandel mit der Stabilitat

der Interaktionen zwischen Pflanzen und Bestaubern.

Meine Dissertation konzentriert sich auf die mustschen Interaktionen zwischen
Blutenpflanzen und Bliten besuchenden Insektenilmadinteraktive Reaktion auf die
Intensivierung der Landnutzung sowie auf die Ressmwahl Bliten besuchender
Insekten in Abhangigkeit von Pollenqualitat. Der uadige Ansatz des hier
prasentierten Projekts ist es, quantitative Intiwaknetzwerke zu nutzen, um
aufzuzeigen, wie eine Art auf Landnutzung reagiend wie ihre Reaktion ihre
Interaktionspartner beeinflusst. Betrachtet manideatitat der Partner einer Art sowie
die Interaktionsstarken, lasst sich  darauf schheRewie naturliche
Lebensgemeinschaften auf Stérungen reagieren undicheve sekundéren
Aussterberisiken fur Arten in Okosystemen, die lain$chaftlicher Intensivierung
unterliegen, maoglicherweise resultieren. Mein Hbjest eine der ersten breit
angelegten Untersuchungen Uber die Charakteristikexd die Fragilitat der
Beziehungen zwischen verschiedenen Spezies inerastierenden Okosystemen, die
einer sich intensivierenden Flachennutzung untgelie Uber zwei Vegetationsperioden
hinweg haben wir verschiedene Charakteristika deidghungen von Pflanzen und den
sie besuchenden Insekten entlang eines Landnugratgenten im Grinland
untersucht. Die Studie wurde innerhalb des GroBgtes der Biodiversitats-

Exploratorien durchgeftihrt, die jeweils 50 expenmede Grinlandflachen in Nordost-,
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Zentral- und Sudwestdeutschland (Schorfheide-Chorainich-Din, Schwébische
Alb) umfassen. Diese Griunlandflachen reprasentieMutzungstypen, die von
naturnahen, geschitzten Flachen bis hin zu integeiliingten, haufig gemahten oder
intensiv beweideten Flachen reichen.

Ein Vergleich zwischen intensiv und extensiv getarizWiesen ergab, dass die
Abundanz von Pflanzen, Bienen und Schmetterlinggneatensiv genutzten Wiesen
signifikant hoher war als auf intensiv genutzteezglich der Diversitat liel3 sich ein
negativer Einfluss hoherer Landnutzungsintensit@geden nur fur Schmetterlinge
nachweisen (Kapitel 2). Dennoch zeigte eine AnaljseArtenzusammensetzung von
Pflanzen und Blutenbesuchern erhebliche Unterseh&mdschen den Nutzungstypen
auf. Die Artiberschneidung betrug lediglich 43 %i Bdlanzen und 42 % bei
Blutenbesuchern. Ein klarer Hinweis darauf, dassUintersuchung von Biodiversitat
und Abundanz alleine nicht ausreicht, um eine bobte Homogenisierung und damit
einen Schwund der funktionalen Diversitat nachzeesmi Aul3erdem hatte die mit der
Landnutzungsintensivierung  einhergehende  RessoMedmappung  starkere
Auswirkungen auf die Reaktion spezialisierter Paltoren-Gruppen, als auf die
Reaktion solcher, die als nicht oder kaum spematiangesehen werden kdnnen.
Daher wollten wir herausfinden, ob sich der zu laebltende parallele Riickgang von
Pflanzen und Pollinatoren durch eine wechselseBigezialisierung erklaren lasst. Wir
untersuchten dazu 162 auf 119 Wiesen und Weidenersghiedlicher
Nutzungsintensitadt aufgenommene Pflanzen-Pollieatdtetzwerke in Hinblick auf
ihre Stabilitat. Das durch die Landnutzung bestimi@thicksal einer Pflanzenart und
des sie besuchenden Bestaubers waren eng miteinagrttaiipft. Weiterhin hatte die
Intensivierung der Landnutzung einen Uberpropodiem Einfluss auf die Abundanz
spezialisierter Bestauberarten. Die Abundanz speieider Pflanzenarten nahm entlang
des Landnutzungsgradienten nicht Gberproportion@Kapitel 3).

Die Intensivierung der Landnutzung scheint zu eiritiickgang der Pflanzendiversitat
zu fihren, der wiederum zu einem ressourcenbedingteickgang der
Bestauberdiversitat fuhrt. Die durchschnittlicheak®n der Pollinatoren auf die
Landnutzung hat zwar auch einen Einfluss auf diemlanz der von Ihnen besuchten
Pflanzen, jedoch ist dieser Effekt weniger starkgapragt. Netzwerkanalysen stellen

somit ein geeignetes Werkzeug zur Charakterisieromgualistischer Beziehungen
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innerhalb von Artengemeinschaften dar. Sie konnernvorhersage der Reaktion einer
Artengemeinschaft auf Storung sowie der durch Amenst moglicherweise
resultierenden Konsequenzen herangezogen werden.

Um herauszufinden, welche Aspekte der Landnutzurgy Rflanzen-Pollinatoren-
Beziehungen am starksten beeintrachtigen, habedi@iAuswirkungen der Dingung,
der Mahd und der Beweidung isoliert analysiert (k&p4). Die Ergebnisse zeigten,
dass sich die drei Komponenten in ihrem Einflusé @den Artenreichtum und die
Abundanz von Pflanzen sowie Pollinatoren zwischeen dExploratorien stark
unterschieden. Wahrend sowohl ein Anstieg der Dimgesitdt als auch der
Mahdhaufigkeit in zwei von drei Untersuchungsregimmmit einem Ruckgang der
Artenzahl bei den Pflanzen verbunden war, zeigiem Isei Artenreichtum, Abundanz
und Komposition der Pollinatoren sowohl zwischem ¢Regionen als auch zwischen
taxonomisch verschiedenen Pollinatorengruppenwaierschiedliche Trends.

Daher zeigen die Ergebnisse, dass es nicht ohneteregi moglich ist,
Schlussfolgerungen und Management-Empfehlungenenoer Region auf andere zu
Ubertragen. Gleichwohl konnten wir auch hier zejgeass Uber alle Exploratorien
hinweg das Schicksal der Pollinatoren durch diekRea der von ihnen besuchten
Pflanzen auf die Landnutzungsintensitat bestimnmtewnd umgekehrt (Kapitel 4).
Spezialisierte Pollinatoren wie beispielsweise abgtische Bienen (Bienen, die nur
den Pollen einer einzigen Pflanzenfamilie oderagaer einzigen Pflanzenart sammeln)
gelten haufig als anfélliger gegenlber aufl3eren MB&ehtigungen und somit auch
gegenuber Veranderungen im Okosystem. Dies wirdPedss fiir die Spezialisierung
angesehen — eine Hypothese, die durch meine Eggebgestitzt wird (Kapitel 3 und
4). Man geht davon aus, dass der Nutzen der Sgerahg ihre Nachteile Uberwiegt.
Bezogen auf Pollinatoren galt bislang, dass dietéfler der Spezialisierung aus einer
effizienteren Nahrungsaufnahme an den besuchtem##th heraus resultieren. Dazu
zahlt neben zahlreichen weiteren Aspekten die &psErung auf besonders
nahrstoffreichen Pollen.

Wir haben deshalb den Pollen von 142 Pflanzenarggsammelt und die
Zusammensetzung seiner Aminosauren qualitativ aigaty Die Zusammensetzung der
Aminosauren variierte stark zwischen den verscmedePflanzenarten — nur bei

taxonomisch verwandten Spezies waren groRe Ahmditdk nachzuweisen.
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Uberraschenderweise erwies sich die Konzentratmmohl freier als auch protein-

gebundener Aminosduren — auch die der essentielldrei den Pollen liefernden

Pflanzen, die von oligolektischen Bienen besuchider, als deutlich niedriger, als bei
anderen Pflanzen (Kapitel 5).

Des Weiteren wich die Zusammensetzung der Aminesader Pollen bei den von
oligolektischen Bienen besuchten Pflanzen starker der fir Honigbienen optimalen
Zusammensetzung essentieller Aminosauren ab, aklnderen Pflanzen. Das legt die
Annahme nahe, dass Konkurrenzvermeidung oder agdeegjt der kompetitive Vorteil

in Bezug auf die Pollenquantitat dazu gefiihrt ass sich oligolektische Bienen auf
Pflanzen spezialisiert haben, die Defizite in darsammensetzung ihrer Pollen-
Aminosauren aufweisen. Dieser Hypothese muss nexchugr nachgegangen werden.

Die Ergebnisse, die ich in dieser Dissertation gméiere, werfen ein neues Licht auf die
Interaktionsmuster zwischen Pflanzen und Pollireatound die daraus resultierenden
Konsequenzen. Kontrar zur derzeit vorherrschendemivhg zeigen wir auf, dass die
Interaktionen zwischen Pflanzen und Pollinatoren bBboch spezialisiertes System

bilden, in dem die Diversitat von Pflanzen und ihalloren stark voneinander abhangt.

Bumblebee approachiri®osmarinus officinalis (Hummel im Anflug auf Rosmas officinalisY© Christiane N. Weiner
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1. General introduction

1.1 Why study biodiversity and ecosystem functions?

Biodiversity, a term coined by E. O. Wilson in tlage eighties, describes the number
and variety of living organisms, at all levels rarggfrom genetic diversity within a
species to the variety of ecosystems on Earth. M@ biodiversity is a factor
crucially modifying ecosystem function. Numerousds¢s, mostly for experimental
grassland systems, demonstrated that ecosysterarpespsuch as stability, fertility or
susceptibility to invasion greatly depend on it ¢slan et al. 2005). For example,

species-rich  soil communities show

enhanced litter decomposition compared

to species-poor ones and consequently \\35
meliorate soil formation (Bradford et al.
2002). Species-rich plant communities
show higher stability and resilience, o
towards drought as well as highen

productivity resulting in augmented

Ecosystem Services
2| What Nature proyides us for free &

carbon storage (Tilman and Downing e
1994, Tilman et al. 1997) and high(g/‘

&

pollinator richness leads to improved seed - ! AN v 1N \ 2

% Vg
set in some crops and wild flowers (Klein 7/

et al. 2003). Biodiversity thus directly and

Figure 1: An overview of ecosystem services
indirectly supports the provision with (source: www.metrovancouver.org)
ecosystem goods and services (Figure 1).
In addition to goods such as fresh water, fibefuet (provisioning services), which are
directly obtained from ecosystems, regulating s®wilike pollination as well as
supporting and cultural services gained increasitbgntion. They are obtained only if
ecosystems include the biodiversity that guaranteedunctional processes necessary
to underpin them (Daily 1997, Hassan et al. 20B®wever, the mechanism by which
diversity of organisms influences ecosystem fumitig is poorly understood (Yachi

and Loreau 1999, Hooper et al. 2005). Biodiverggtgearch is still in its infancy when
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it comes to the question how sundry componentsiodiversity are linked to the
provision of ecosystem services or create reséidncenvironmental change (Rands et
al. 2010). However, it is uncontroversial that @t®ns of species composition and loss
of species have far-reaching consequences for @aadystem and for many aspects of
human welfare, pre-eminent economical ones. Thhsg, @ngoing and recently
accelerated global declines in biodiversity haveegi new prominence to questions
concerning the relationship between human actsyitigodiversity and the stability of
fundamental ecosystem functions and services (Rahdd. 2010). We thus need to
address the mechanism by which biodiversity infagsnstability and resilience of
ecosystems to predict the consequences of biodiyéoss and educe suitable nature
conservation strategies.

In terrestrial habitats overexploitation, degragiatihabitat disruption, introduction of
alien species, fragmentation, climate change andural intensification are the main
reasons why nowadays human activities are considéee main cause of biodiversity
loss (Butchart et al. 2010, Krauss et al. 2010laBa:let al. 2012). While for some taxa,
namely vertebrates, vascular plants and some Biweattie groups such as grasshoppers
and butterflies, the existence of a negative cati@m between agricultural
intensification and biodiversity is satisfactorgyoven, it is unknown for others (Fischer
et al. 2010). In addition, it often remains uncléatand-use intensification affects
biodiversity directly or indirectly and which effeindividual elements have within
land-use practices. But undoubtedly it poses agenisk to biodiversity preservation

and ecosystem services.

As almost two thirds of all hitherto described spsa@re insects and about one sixth are
flowering plants, terrestrial ecosystems are doieihdy the interactions of these two
groups (Waser and Ollerton 2006). With regard sgstem services they play a major
role in pest control, pollination and above all fwur food provision (Kremen and
Chaplin-Kramer 2007).

To achieve the projected global food demand by 2@a@ticularly grasslands, which
cover more than 36 per cent of the global landasef are predicted to undergo rapid
intensification (Asner et al. 2004, Tilman et a@12). However, replicated large-scale

investigations on the characteristics and fragildfy multi-species networks and
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ecosystem functioning in such real ecosystems daagricultural intensification are
basically lacking. Studies undertaken on the tgadar focus mostly on few species
and use coarse qualitative categorization of las&lHatensities (Fischer et al. 2010).
Theoretic modelling of biodiversity change, stdpiland resilience of ecosystems has
outcompeted experimental work, especially fieldeegsh, by far. However, only field
experiments combined with ecosystem monitoring nayually assess temporal

stability and response to as well as recovery fdsturbance (Hooper et al. 2005).

My dissertation focuses on the mutualistic intecaxst between flowering plants and
flower-visiting insects and their interactive regpe to human activity in relation to the

fundamental aspects of biodiversity that underpeéecosystem service of pollination.

1.2 Facts and considerations about mutualistict{flawer visitor

interactions

1.2.1 The beginnings of pollination biology

Nowadays it is a matter of common knowledge thawvélrs are frequently visited by
insects and that both, flowers and visitors, mayefie from this relationship. While —
concerning ideal mutualistic interactions — insedsst flowers to consume pollen or
nectar, flowers in turn profit by being pollinatethseph Gottlieb Kolreuter (1761) was
the first to fully recognize that pollination in maflower species does not result only
from wind as hitherto believed, but from floweritilsg insects. His successor,
Christian Konrad Sprengel (1793), convinced of ititentional design of flowers for
pollination either by insects or wind, describee features of flowers in painstaking
detail. His observations of plant-insect interacsi@nd his hypotheses on the function
of flower structures and colors as signals esthbtisthe basis for pollination research
(Waser 2006). However, it was not until Darwin (2B8&at the study of pollination was
put into its modern evolutionary context. As theemests of plants and pollinators
naturally differ (improvement of reproductive figge vs. maximum efficiency in
nutrient acquisition), Darwin argued that the coexpinorphology of some flowers as

well as dichogamy and obligate out-crossing by éhsgollination resulted from
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adaptation by natural selection and co-evolutionamycesses in plants and flower-
visitors. Since then, scientists all over the wdrbkile tried to shed light on different

aspects of the complex relationships between pmislower-visitors.

1.2.2 The value and endangerment of pollinatioarascosystem service

As noted above plant-flower visitor relationshipsalve pollination and thus one of the
most important ecosystem services. This serviagoisonly crucial for the ecological
process of seed set and plant reproduction in iltk laut also for crop production and
thus for human welfare. About 87.5 per cent of asgerms depend on animal
pollination and roughly 75 per cent of our maindawops show increased fruit or seed
set when animal pollinated (Ollerton et al. 201A)ike other ecosystem services
pollination is not compensable by technology to eoysiderable degree. Consequently,
pollination worries rise as honey bees and othdmptors decline. In the USA alone
the annual economic value of pollination servicesviged by wild and managed
pollinators was estimated to US $ 1.6-5.7 billionfioney bees and US$ 4.1-6.7 billion
for other pollinators (Southwick and Southwick 1R9impler calculations which did
not take into account that wild pollinators may lege honey bees in providing
pollination service to several crop species, evstimated the value of honey bee
pollination to $ 8.3 billion (Robinson et al. 198M)d $ 14.6 billion respectively (Morse
and Calderone 2000).

The global decline in honey bee colonies implieat tild pollinators will play an
increasingly important role in crop pollination gad out formally by honey bees.
However, the pollination service provided to cudted crops by wild and managed
pollinators requires suitable foraging and nestimgpbitats adjacent to croplands
(Kremen et al. 2002, Klein et al. 2007, JaukerleR@09). For example, solitary bees
including oligolectic species only undertake shibstance flights of no more than 150-
600 m around their nesting sites for pollen coitec{Gathmann and Tscharntke 2002).
Moreover, numerous pollinators, i.e. butterfliesd asligolectic bees are known to be
strongly dependent on certain plant species antingesaterials for oviposition and
larval development (Johst et al. 2006, Praz eR@08). Thus, not surprisingly, the
response of wild bees to habitat loss strongly dép®n their diet breadth and dispersal
ability (Bommarco et al. 2010). On the other hamk has to take into account that, as
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many wild pollinators are endangered, with thesslanore specialized plant species
may be threatened as well. The goal of yield mazatmon pursued by modern
agriculture has led to a fundamental increasend-lase intensity followed by a radical
decline in agro-biodiversity. An ample availabiliby pollinators at the right place and
time, can no longer be taken for granted (NabhahBarchmann 1997).

It has been documented that habitat degradationfragthentation (Jennerston 1988,
Rathcke and Jules 1993, Aizen and Feinsinger 2R8)ss et al. 2010), the use of
agrochemicals (Johansen 1977, Desneux et al. B#ithaz et al. 2010, Barmaz et al.
2012), introduced pests and competitors (RoubikB1@&bulson 2003), as well as land
use and climate change may lead to diversity losdyuced pollinator visitation or
disruption of plant-pollinator interactions resaodiin reduced fruit or seed set in plant
populations (Cunningham 2000, Klein et al. 2003uikeg et al. 2006, Schweiger et al.
2008, Schweiger et al. 2010).

There is an urgent need to understand how plafiiptidr communities respond to land
use and changes in management in order to be @lelatorate adequate implications
for management and protection. Otherwise, the gomadly and economically valuable
complex interactions between plants and their palbrs, some of which may have
taken ages to evolve, might be lost irretrievably.

1.2.3 Specialization and generalization in plaawir visitor interactions

Plant-flower visitor interactions are regarded aws @f the driving forces having
fostered the adaptive radiation of angiospermshéo dresent level of plant diversity
(Muchhala et al. 2010). They represent one of tlestnpopular examples of how
enduring reciprocal selective pressure can leadot@volutionary races and rapid
evolutionary change (Fenster et al. 2004, Lunau4R0OBowever, in most cases the
underlying co-evolutionary system is diffuse andadaptation cannot be attributed to
specific coevolving species (Lunau 2004). Hencentpflower visitor relationships
range from highly specialized interactions betwpains of closely coevolved species to
broadly generalized, loose and randomly appeassga@ations.

Before analyzing the effect of land-use intensitydoversity and species composition of
plant — flower-visitor interactions, it is thereéonecessary to check how much the

different species rely on each other. Dependingam high the degree of specialization
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is, mutualistic networks are supposed to vary @irtbusceptibility to disturbance and to
secondary extinctions of species. Thus, the cheniaation of specialization and
generalization is important for the general underding of ecosystems and their

endangerment.

1.2.3.1 Niche theory

Characterization of generalization and specialiratnay be conducted based on the
niche concept. A fundamental niche as defined bytcioson (1957) is an n-
dimensional hypervolume, where the dimensions spord to the range of physical
and biological environmental conditions and theuveses that define the requirements
of a species. Typically, a species' realized nidhe, the range of environmental
conditions and resources it actually uses, is mardhan the fundamental niche due to
inter-specific interactions like predation and ceatijion (Begon et al. 1990). As long as
a habitat offers conditions and resources matchirgpecies' niche, this species may
persist there, if not forced out by competitiveenaictions. On the other hand, if
ecosystem change results in conditions and reseumaemeeting a species’ niche, the
species either needs to adapt to its new envirohorenill face extinction (Holt 2009,
Colwell et al. 2012).

Specialists, i.e. species inhabiting narrow fundataleniches regarding one or more
dimensions, are usually considered to be more vaihhe to disturbance than
generalists. It is broadly believed that the narmess of their fundamental niche limits
their ability to cope with sudden or quickly proggeng ecosystem changes (e.g.
McKinney 1997, Owens and Bennett 2000). Coherershgcies confined to limited
resource diversity, i.e. inhabiting narrow nichesneerning resource use, were
hypothesized to be particularly vulnerable to disamce, too. However, this assumption
requires that species are affected indirectly ¥iairt resources and not directly via
increasing mortality (Vdzquez and Simberloff 2002).

Considering flower visitors, flowering plants repeat important food sources, and
under certain conditions, shelter. Thus, flowersar important component of a flower
visitor's niche. Conversely, pollinators represant important resource for plants in
terms of reproductive fithess and thus a compooéttieir niche (Vazquez and Aizen
2006).
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As in the context of studying real ecosystems tegessment of specialization and
generalization in most cases will be based onzedlniches rather than fundamental
ones, predictions on species vulnerability havebéohandled cautiously. While, for

example some highly pollinator-specialized plargcsgs fail to reproduce if introduced

to alien habitats, others may be pollinated effetyi by a variety of non-native species
(Armbruster and Baldwin 1998, Richardson et al.®0Olevertheless, resource-based
mechanisms may play an important role for ecosysthility, particularly in highly

specialized interactions (Bluthgen et al. 2007).

1.2.3.2 Specialization metrics

Network analyses provide a valuable tool for chimdming patterns of mutualism,

specialization and generalization in a communityntert (Montoya et al. 2006,

Bluthgen 2010). Theoretically, they may be employ@gredict community responses
to disturbance and possible consequences of sdesmsNetwork metrics enable us to
estimate how dependent co-occurring species ameranother (Blithgen et al. 2007).
However, for multiple reasons shortly outlined belothe deduction of unbiased
specialization values from species interaction wedhgses to be ordinary. Depending
on the method it is even highly problematic.

Traditionally, one of the most common methods t@leate specialization was to
simply count of the number of links, i.e. inter-sifie interactions a species has, also
called “species degree” (Jordano 1987, Vazquez 2@3e crux of this method is that
it does not allow distinction between species @igiplg the same number of links, but
differences in quantitative link importance i.e. iimeraction strength. The same is
generally true for all other unweighted network meost (connectance, nestedness,
degree distribution). If one species interacts \litee species in equal frequency but
another species interacts with three interactianpes strictly preferring one of them,
this undoubtedly makes a difference in the ecollgimpact the species may have on
one another (Blithgen 2010) and should not be @&phoihus, purely qualitative
network metrics provide only rough information oiche breadth and interdependence
of interacting species.
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Another crucial point is that most network indiads not account for differences in
sampling effort (Bluthgen et al. 2008, Dormannle2809, Bluthgen 2010). If a species
has been observed frequently and another one jest Emes, it is not surprising if the
frequently observed one may display more linkghls case it is logically impossible to
distinguish if differences in species degree defigen sampling limitation or from real
specialization, especially if a species was obskfjust once (Bluthgen et al. 2008,
Bluthgen 2010). In fact, many ecological networkspthy a strong correlation between
observation frequency and number of links (Vazqaed Aizen 2003). Thus, the
number of links and metrics based upon it shoulkdbeoapplied without correction for
total observation frequency if trying to analyzgpeedence and niche breadth in species
networks.

To largely circumvent the problems outlined abdhe, specialization measures d’ and
H, can be used (Bluthgen et al. 2006);’ Hharacterizes the network level of
specialization based on the complementarity antusixeness of observed interactions
in comparison to a neutral quantitative network iae probability distribution of
interactions based on observed interaction tot@lsnversely, K depicts niche
partitioning across species. d’ characterizes nireadth based on a species’ deviation
e.g. in flower visitation from the neutral distrimn of all flower visitors (Blithgen et
al. 2006).

Both metrics range from 0 to 1, with high valueditating complementary
specialization. Highest specialization is assigteethe most unexpected scenario, e.g.
each pollinator species visiting a plant speciesuigited by anyone else. Due to the
null-model based correction, the indices are vilyuainaffected by variation in
sampling effort and total interaction frequencyltben et al. 2007, Blithgen 2010).
However, as they consider interaction probabilitiese metrics cannot detect
asymmetric specialization, e.g. a rarely observellinator specialized on the most
commonly visited plant species, as this correspaadbe expected neutral distribution
(Blithgen 2010).

26



1.2.3.3 Reasons for and consequences of spedatizatplant-flower-visitor networks

Most flower visits from insects do not occur hapraty, but intended (Cane and Sipes
2006). Indeed, plant-pollinator networks are evenyvspecialized in comparison to
other plant-animal interactions (Blithgen et al02)) although the vast majority of
pollinators visits multiple plant species and mpisints are visited by multiple flower-
visitors (Waser et al. 1996, Fenster et al. 2004).

From the plants’ point of view, specialization iasg to understand. Plants need to
maximize their reproductive output at minimal ovesaurce cost, so at minimal loss of
pollen and nectar. The evolution of complex flowgrsllination syndromes and highly
specialized pollination mechanisms can be explaimgdhe fact that flower visitors
vary in their beneficial effects on plants. Thigigton in effect constitutes one of the
primary conditions required for the specializatioinplants on pollinators (Schemske
and Horvitz 1984). While uncompromising speciai@aton specific pollinator species
is rare, evolutionary selection and diffuse coetiotuare supposed however, to favor
morphological or chemical floral traits — also meéel to as floral filters — that minimize
reproductive costs by inviting advantageous anduelktg undesirable flower-visitors
(Junker and Bluthgen 2010). Extraction of pollerthaut pollination as well as nectar
robbing, illustrate antagonistic interactions whitkve to be suppressed. Specialization
thus increases the probability of pollen being d¢farred among conspecific flowers,
simultaneously reducing the risk of pollen beingsted on alien flowers or alien pollen
blocking conspecific stigmas (Fenster et al. 20@dchhala et al. 2010). Yet, in plant
species whose visitation rates are very low, gdizateon is favored as it reduces the
amount of undispersed pollen in the anthers (Mulehéal. 2010).

Flower visitors need to maximize their nutrientake at minimal energy loss. Thus,
from the flower visitor's point of view specializah is somewhat more difficult to

understand as it may hamper an animal’s abilitgdeer its nutritional requirements.
While generalized flower visitors spread their rifkextinction on several resources, in
specialists it is concentrated on one or few (DererB1968). Specialization in

pollinators thus was associated with potentiallghhicosts. Conversely, several
hypotheses have been stated which claim that aalyasitfrom specialization may

outweigh its costs. These comprise higher foragffgciency from morphological,
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physiological or behavioral adaptation, avoidanteampetition by specialization on
toxic resources and specialization on very nutrieah resources (Strickler 1979,
Dobson and Peng 1997, Budde et al. 2004, MillerBartsac 2004).

On the basis of a comparison of recent and histbiata from England and the
Netherlands Biesmeijer and colleagues (2006) shagueadllel declines in pollinators
and insect-pollinated plants. The obvious quest&gnwhether a causal relationship
exists. A decrease in floral resources could |leath¢ disappearance of flower visitors

and vice versa. However, this assumption requitasdpecies are interdependent.

For butterflies it is well documented that the lodsspecies-specific larval host plants
entails co-extinctions (Thomas et al. 2001, Leomt€xoet al. 2003, Koh et al. 20044, b,
Krauss et al. 2004) and that agricultural land esg, mowing, causes losses in species
diversity via life-cycle disruption (Johst et al0db). Likewise, an unconditional
dependence on host plants was shown for some etigolbee species that fail to
develop on non-host pollen (Praz et al. 2008). &hesults underpin the theory that
species inhabiting narrow resource niches are ptorgisturbance and that resource
specialization and resource availability play a anajole for the diversity and
persistence of plant-flower visitor communitiesaiigiven ecosystem. Moreover, it may
be expected that species are affected by landelated changes in their resources

dependent on their degree of resource specializétioh et al. 2004b).

If, due to mutual specialization, flower-visitorseafound to be highly dependent on
flower diversity, this would mean that a decreaseeisources could lead to a parallel
decline in the biodiversity of consumers (Colwdlladé 2012). Moreover, changes in
resource composition could entail shifts in spec@snposition of consumers,
eventually resulting in the loss of specialists antlinctional homogenization at the
community level (Clavel et al. 2010, Filippi-Codawa et al. 2010).

Doubtless, the species within a flower-visitor plagion differ concerning their flower
preferences and diet breadth (e.g. Goulson andilD&@04, Tudor et al. 2004).
Imagine a continuum of resource — consumer intena€t ranging from broadly
generalized to highly specialized ones. On the em consumers do not display any
morphological, physiological or behavioral congsitai regarding their resources.
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Theoretically, such consumers adapt easily to ressurces and may even profit from
using multiple resources. Moreover, they do notesdfom resource-mediated declines
in diversity or abundance as long as the overabuece supply serves their nutritional
requirements.

On the other end of the continuum consumers aialgtconfined to specific resources
either by morphological, physiological or behavlotanstraints, and cannot adapt to
changing environmental conditions as easily as mgdists. If a certain pollinator
species is restricted to one floral resource aml rissource declines in abundance or
disappears from the ecosystem due to changes iiroemental conditions the
pollinator will decline or disappear from the ecstgyn accordingly if it is unable to
switch to other resources.

Vice versa, a given plant species, albeit visitgdseveral flower visitors, may suffer
from pollinator loss or pollen limitation if residuflower visitors do not pollinate, e.g.
due to morphological constrains.

In my thesis we employed plant-pollinator interanthetworks to explore the diversity
and specialization of flowers and flower visitingsects along a gradient of increasing
land-use intensity in grasslands. We aimed to emarthe relationship between niche
properties and species sensitivity to disturbanee, land use and which land-use
components exert the most profound impacts on itrersity of plants and pollinators.

Additionally, we focused on reasons for resourcsgization of bees.
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1.3 The Biodiversity Exploratories

The idea behind the Biodiversity Exploratories pobjwas to install a large-scale and

long-term platform for investigation of biodivergsiand ecosystem functioning. More

specifically, the Biodiversity Exploratories weretsup to observe human-induced

changes in biodiversity and to evaluate the impaftthose changes for ecosystem
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Figure 2: Geographic location of the three
Biodiversity Exploratories in Germany

A

processes. The Biodiversity Exploratories
are located in three different geographical
regions: Schorfheide-Chorin (Brandenburg,
NE Germany), Hainich-Din (Thuringia,
Central Germany) and Schwabische Alb
(Baden SW Germany)
(Figure 2, Fischer et al. 2010). Each

Exploratory covers an area of 422 km up to

Wirttemberg,

approx. 1300 km2z and comprises 50
grassland plots (50 x 50 m) which are
randomly distributed neighboring arable
fields, forests and settlement areas. The
represented land-use types range from near-
natural, protected sites to intensively
fertilized, mown or grazed meadows and
pastures (sheep, horses, cattle). In addition
differences in

to these agricultural

management, differences in climate, soil

types, formation history and topography promote iaegjly different diverse

vegetation. In the Schorfheide region precipitai®wery low (500-600 mm) and soil

types include albeluvisols, cambisols, gleysolstdsols and luvisols, whereas in the

Hainich precipitation is intermediate (600-800 mamd soil types are dominated by

cambisols, stagnosols and vertisols. In the Allzipration is high (700-1000 mm) and

soil types include leptosols and cambisols. Thhs, three Exploratories enable the

investigation of land-use impacts on plant-pollorainteractions under very different

abiotic and biotic conditions.
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1.4 Thesis outline

The major aim of my thesis was to explore the dingrand specialization of flowers
and flower-visiting insects along a gradient of reasing land-use intensity in
grasslands. Moreover, we aimed to explore howahd-lse response of a species may
influence its interaction partners. We focused a@w hniche- and resource-based
mechanisms determine the composition and spedializaof plant-pollinator

communities and resource preferences of flowetersi

In my thesis | addressed the following subjects:

1. Effects of mowing and fertilization on diversity, @mposition and specialization
of plant-flower visitor interactions on meadows
To explore how increasing land-use intensity affegiversity and composition of
plant-flower visitor interactions on meadows, wanpared meadows managed at
low and high intensities. We employed a network rapph to test whether

specialization and complementarity of flower vis#taliffered between management

types.

2. Effects of quantitative land-use intensity and spealization on mutualistic
interactions
To study if land-use related parallel declines iangs and pollinators may result
from mutual specialization, we analyzed 162 plaoithpator networks from 119
grassland sites managed at different intensitieg. &imed to explore natural
community responses to land-use, i.e. how the le®lresponse of one species
influences its interaction partners, and to pregiossible consequences from

specialization.

3. Response of plant-pollinator networks in relation ® management practice
To investigate how plant-pollinator networks respaa differences in management
technigues and intensification within different ragement types, we conducted
isolated analysis of mowing, grazing and fertiliaaton plant-pollinator networks.
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4. Resource choice of flower visiting insects in relain to pollen quality
As | hypothesized that pollinator specializationymiacrease with the nutritional
quality of pollen offered by a flower, | analyzedl2l plant species for their
qualitative and quantitative amino acid compositemd tested whether pollen
protein content and composition plays a role in tiest plant selection of

oligolectic bees.
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2. Effects of meadow management on diversity, comgibion
and specialization of plant-flower visitor interactions

This chapter has been published as:

Weiner, C.N., Werner, M., Linsenmair, K.-E., BlighgN. (2010): Land-use intensity in
grasslands: changes in biodiversity, species coitipnsand specialization in flower-
visitor networks. Basic and Applied Ecology 12 92-299.

Summary

The relationship between resource availability biodliversity of consumers has gained
particular attention with the increasing loss obdiversity. We evaluated resource
availability on meadows of low intensity (low/untfézed, mown once or twice per
year) and meadows of high intensity land use (lfegtilization, mown twice or trice)
before and after the first mowing in relation tdwerk specialization, species richness
and composition of flower visitors.

We studied 40 meadows, simultaneously samplingmeadow of low intensity and
one meadow of high intensity land use. Each suwnielded a separate interaction
network, comprising all flower-visitors found dugi6 h in an area of 1000°m

In total we recorded 105 plant species and 586 dtewisitor species. Species
composition of plants and flower visitors differamnsiderably between the two
management regimes, with species overlaps of 431 %lants and 42 % in flower
visitors. Complementary specialization of flowersitors differed between taxa:
dipterans were significantly less specialized tbaptles and butterflies, and bees had
the highest degree of specialization. Earlier i gbason (before mowing), meadows of
low intensity land use were significantly richerplant, bee and butterfly species. They
also showed more plant-flower visitor interactiogegater flowering areas and higher
individual numbers of butterflies than meadows mjhhintensity land use. However,
later in the season (after mowing) management tyjksred only in plant species
richness, being higher on meadows of low interiaiyl use.

We conclude that variations in plant species cortipasresulting from differences in
grassland management may alter plant-flower visitteractions. Moreover, an

impoverishment of flower diversity has strongereefs on the diversity and species
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composition of specialized flower visitor groupsrhon little or unspecialized flower

visitors.

2.1 Introduction

The determinants of biodiversity are a key questionecology which deserves
particular attention in the face of the rising lagsspecies in recent decades (Ehrlich
and Wilson 1991, Allen-Wardell et al. 1998). Spsaiehness, but especially functional
diversity, may enhance ecosystem stability andieese (Naeem and Li 1997) and also
determine the performance of ecosystem processéeaff et al. 1997). Thus, the
maintenance of ecosystem services such as potimatill require a better
understanding of each species’ role and how spéusses may affect them (McCann
2000, Loreau et al. 2001, Memmott et al. 2004, &ometet al. 2006).

Despite of the declines in honey bees and wild begsrted from the US and Europe a
general “pollination crisis” is still being contressially discussed (Ghazoul 2005,
Steffan-Dewenter et al. 2005, Biesmeijer et al.&08izen and Harder 2009). Several
studies have shown that pollinator visitation aneiity may be negatively influenced
by habitat degradation and fragmentation (Ratheice Jules 1993, Cunningham 2000)
as well as by agrochemicals (Johansen 1977, CradeWalker 1983, Kevan and
Phillips 2001). Mowing may affect pollinators vihanges in resource supply, and its
timing and frequency markedly alter species contmosi(Fenner and Palmer 1998).
Moreover, mowing causes temporary declines in thersity and abundance of many
insect species and may limit their reproductiorhbyming the larvae (Johst et al. 2006).
Losses in pollinator diversity or abundance mayléa a reduced seed set in plants
(Jennerston 1988, Klein et al. 2003). Parallel g declines in insect-pollinated
plants and in pollinators were reported from Britand the Netherlands (Biesmeijer et
al. 2006). Still it is unclear, if one decline cassthe other or if both groups are
adversely affected by a third factor. Ebeling et(aD08) showed that reduced flower
diversity causes reduced pollinator abundance aredgity in small scale experimental
plots. Thus, it is conceivable that declines impldiversity, as e.g. caused by land-use
intensification may cause declines of flower visitdiversity due to mutual

specialization and vice versa. High soil nitrogevels due to fertilization are known to
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affect floral abundance and composition reducingnpldiversity and favoring the
biomass of grasses (Suding et al. 2005, Burklelamict 2009). On the contrary, low
nitrogen levels favor forbs and thus flower prodwctand pollinator visitation (Burkle
and Irwin 2010).

We focus on specialization, diversity and compositdf plant-pollinator networks on
two meadow types that differ in management intgngs plant-pollinator networks
show a high seasonality (Olesen et al. 2008) this averride effects of land-use
intensity on a flower-visitor community. We theredoused a standardized pair-wise
sampling design which allowed comparing simultarsfpvecorded meadows differing
in land-use intensity, but not in season or weatmgrditions. However, meadows of
high land-use intensity are often mown earlier tlwares of low land-use intensity,
which may affect the state of regrowth. We thuseex@d clearer management effects
before than after mowing.

We hypothesized that (1) flower diversity and alamu decrease with increasing land-
use intensity, and that (2) this trend is assodiatéth a decline in diversity and
abundance of flower visitors. A decline in consusnenay be a response to
impoverished resource availability. In particulgd) stronger effects of flower diversity
on visitor diversity are expected when the lattee anore specialized. Hence,
specialization and complementarity of flower visitateractions were examined using a

network approach and quantitative metrics.

2.2 Methods

2.2.1 Data collection

Between May and August 2007, we investigated d tdtd0 grassland plots (20 plots
of high and 20 of low intensity management) in S&hische Alb, south-western
Germany. Plots were selected from a pre-selectidr®@0 plots for which information
on land-use type was available as part of the Berdity Exploratories Project
(www.biodiversity-exploratories.de). Flower visisowere recorded simultaneously on
meadows of low land-use intensity (hereafter cal®a-IM) and meadows of high

land-use intensity (hereafter called high-IM), tlnasnprising a pair-wise design. Low-
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IM were unfertilized or in two cases low fertiliz€80/60 kg N/ha), while in high-IM
the fertilization level varied from 80 — 450 kgrmogen/ha with a median level of 80 kg
N/ha. For the low-IM that were mown only once, thewing date was in mid-July,
whereas two low-IM were mown in Mid-June and latggAst. In high-IM, which were
mown 2-3 times a year, the date of the first mowaas in mid-June to mid-July, the
second mowing followed in mid or late August, andome a third mowing occurred in
late September or October. In our late season sagnfhfter mowing”) all types of
meadows were surveyed after their first mowingrd?ai meadows were chosen to have
soil conditions and plot surroundings as similarpassible. Species composition of
plants and flower visitors was not influenced by thpatial distance between the
meadows (Mantel test, plants: r = 0.08, p = 0.0iSects: r = 0.004, p = 0.468; based
on Bray-Curtis distance and ’l@ermutations). Each meadow was surveyed for six
hours between morning and afternoon and each seomprised a meandering transect
walk of 333 m length and 3 m transect width covgr@m area of approx. 1000 mper
plot. Ten pairs of meadows were sampled before thhet mowing (May to mid-July)
and ten pairs approximately 3-8 weeks after thiest imowing (late July to late August).
We counted the flowering units per plot for allvilering plant species (excl. grasses),
or, in highly abundant species, estimated it byragdlation from a small area. A
‘flowering unit’ was defined as a unit of one (e@eraniaceae) or more flowers (e.g.
Asteraceae, Apiaceae) demanding insects to flyg&ting from one unit to another
(Dicks et al. 2002).

Diversity of flowers was calculated after multiplgi the number of flowering units of a
species by its average flowering area in cm? toaccfor differences in flowering area.
This was done because the size of the flower dispdtates to pollinator attraction
(Vaughton and Ramsey 1998). Additionally, we foungositive relationship between
flowering area and pollen volume per flower (Peargo= 0.00002,r = 0.62, N = 40;
unpublished data). In actinomorphic flowers flomgriarea was calculated as a circle
based on the flower diameter, whereas the floweaireg of zygomorphic flowers was
calculated as a rectangle based on flower lengthwadth. As in umbels the parts of a
flowering unit are standing together rather loosmpared with actinomorphic flowers,
their diameter was divided by two before calculatineir flowering area.
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All insects that visited flowers were registeredvesl as the plant species on which
they were observed, disregarding only those insetish were sitting on the outer
petals and obviously not feeding on pollen or rmecBpecimens that could not be
identified in the field were collected using a swewt. They were kept in alcohol vials,
sorted and identified to species level where ptssithysanoptera were not captured as
they are easily overlooked and thus may createaa fur some plants if collected

erratically. For each of the surveyed plots we waked a separate interaction network.

2.2.2 Statistical analysis

Statistics were conducted in R 2.8 (R Developmenedeam 2008). Contrasting most
previous studies each of our recorded plant-flowisitor networks was analyzed
separately. By using only short-term interactiotweks we avoid seasonal variation
and non-overlapping phenologies.

Complementary specialization of flower visitors wadculated using the indicegs and
H,' (Bluthgen et al. 2006). Unlike previous approashie results are not biased by
variation in total interaction frequency and samgleffort (Blithgen 2010). The index
d’ describes the species’ deviation in flower visga from the distribution of all
visitors. H,' characterizes the degree of complementary speaian in the entire
network (compare Bluthgen and Klein 2011). For batkasures high values indicate
strong niche partitioning and specialization.

For each of the most abundant flower visitor grousnely bees, beetles, butterflies,
hoverflies, and other dipterans we calculated ayined meaml’ per plot. The measure
d’ was weighted by the species total interactions, dxcluding species observed only
once. Repeated measures ANOVA (type lll, with lars® as repeated measure to
account for the pair wise sampling design) followsd a Tukey post-hoc test was
conducted to examine differences in specializatadnflower visitor groups. As
homogeneity of variance among the different flowesitor groups could not be
achieved for the full data set, we excluded theugsowith the highest variances,
Lepidoptera and Coleoptera, and conducted a se&bi@VA on the reduced data set
where variance homogeneity was achieved. Differetmdween the pollinator groups
stayed highly significantp(< 0.0001), confirming the results for the full aaset

presented below.
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Plant and flower visitor diversity and evenness evealculated based on Simpson’s
diversity
D-1

D=1/ p? and E=NT1
wherep; is the proportional abundance of each flower ersifrom the total abundance
of N flower visitors. Additionally we compared plantcafiower visitor species richness
that was rarefied to the lowest common denominaitatl plots (i.e. to 382 flower units
and to 160 individual visitors per plot) using theoSim package and 1000 iterations
(Gotelli and Entsminger 2009).
We tested the relationship between floral avaiigbénd responses of visitors, first
correlating flowering area and total number of fwisitors per plot. To determine the
relationship between flowering area and interacfrequency at the species level, we
calculated linear correlations between log(numbenteractions per plant species) and
log(flowering area) across all plant species petwagk and then quantified the
combined mean effect size from all 40 networks by@ standard meta-analysis tools
(MetaWin 2.0; Fisher’s z-transformation, sampleesas richness of plant species, fixed
effect; 95% confidence intervals were based ondimgping with 999 iterations, bias-
corrected).
Insect diversity calculations comprised all indivads identified to species level plus all
individuals belonging to groups which generally Icobe identified only to a cruder
taxonomic level: 512 (3.6 %) visitors, determined family (283 individuals, 25
families) or genus level (238 individuals, 40 geneiThese groups did not contain any
of the identified species, so they added to oveliakrsity. Removing these cases from
the analysis did not affect the overall resultswideer, for analyses of specialization
(H2', d’), these cases were excluded.
Two-tailed pairedt-tests were conducted to examine whether managetypes
differed in diversity, abundance and rarefied specichness of plants and pollinators,
or network specialization. Where necessary, we uegdrithmic transformation to
approach a normal distribution.
To analyze differences in species composition betwemanagement types,

permutational multivariate analyses of variancengisdistance matrices (“Adonis”
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command, R-package vegan 1.17-1 (Oksanen et alB)2@@sed on Bray-Curtis
distances and PQpermutations were conducted. This is a robustnigele (Oksanen
2010) that allows partitioning of distance matriemsong sources of variation and uses
F-tests based on sequential sums of squares framufegions of the raw data to assess
statistical significance.

We tested species composition of plants, bees, riiege butterflies, beetles and
dipterans as well as all flower-visitors combindtdhese calculations were based on
relative abundances to eliminate confounding effexft variation in total abundance.
However, calculations based on total abundancesJandard’s distances vyielded the

same overall results.

2.3 Results

In total we recorded 105 plant species and at [886tflower-visitor species. Ninety-
four plant species were found on meadows of lowlHase intensity (low-IM) and only
56 species on meadows of high land-use intensigh{iM). Plant species overlap
between land-use types was 45 species (43 %). Uiinder of flower visitor species
amounted to 402 species on low-IM and 433 spearesigh-IM, with 249 species
occurring in both management types (42 %). Specogsposition was significantly
different between low-IM and high-IM for plant arftte species, and marginally
significant for butterflies and total flower visi® (Table 1) although land-use type
explained only 3-11 percent of the total variatid®yrphids, other dipterans and
coleopterans did not show significant compositiatiferences related to management
types. Species composition of all taxa was higlellated to season (before vs. after

mowing, Table 1).
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Table 1: Comparison of relative species composition on meadof low and high land-use intensity,
based on Bray-Curtis dissimilarity matrices andhpgational multivariate analysis of variance (“Ad&in
procedure in the vegan package, df =1, 9999 peatious) across all plots. Clustering was partly
significant although season (before vs. after mgyvand land-use type explained just 3-19 percefjt (R
of total variation.

Factor R? F p
M 0.12 5.54 0.0001
Plants
LU 0.11 5.17 0.0001
All flower M 0.14 6.14 0.0001
visitors LU 0.03 1.44 0.0589
_ M 0.10 4.14 0.0005
Apidae
LU 0.04 1.69 0.0471
M 0.19 9.33 0.0001
Coleoptera
LU 0.03 1.46 0.1804
_ M 0.07 2.94 0.0007
Lepidoptera
LU 0.04 1.58 0.0834
' M 0.13 5.97 0.0001
Syrphidae
LU 0.03 1.32 0.2118
_ M 0.12 4.97 0.0001
Diptera
LU 0.03 1.32 0.1273

Low-IM were richer in flowering plant species boliefore (paired t-testt=4.13,

p =0.003, n =10 plot pairs) and after mowing €.65,p = 0.027, n = 10) than high-
IM (Figure 3). Tests using rarefied species ricengglded the same trends (before
mowing: t=2.71, p=0.024; after:t=2.21, p=0.054). Simpson’s diversity and
evenness based on flowering area did not diffevéet the management types before
or after mowing (alt 1.77p 0.11, Figure 3). Neither did number of floweringjts
(@lt 1.42p 0.19). However, flowering area was higher on IdWw-tompared to
high-IM before mowing t(= 2.32,p = 0.043) but not afterwards £ 1.45,p = 0.18).
Across all plots, flowering area and visitor nunsbetid not correlatet & -0.19,

p = 0.85,n = 40), but visitation and flowering area of eadanp species within each
network correlated positively (meta-analysis: mean0.65, 95% CI 0.61 - 0.69,
n = 40).
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Figure 3: Comparison of flowering area, the number of inténacindividuals and Simpson’s reciprocal
diversity index (1/ p;?) for plants and flower visitors in at low and agthintensity used meadows. Box
whisker plots show median, quartiles and range.

Fifty-two butterfly species, 47 beetle speciess@iphid species, and 237 other dipteran
species were recorded. Bees comprised 54 speawobsiing only five pollen specialists
(oligolectic bees). Species richness of butterfli@s= 3.45, p<0.01, N=10
simultaneously sampled plot pairs) and bdes4.83,p < 0.1) was higher on low-IM
before mowing. Butterflies also showed a signifibarhigher diversity on low-IM
before mowing, whereas diversity of other flowestars was not consistently affected

by land-use intensity (Figure 3).

We recorded more flower visits per plot on low-Idah on high-IM ones before
mowing (Figure 3). This was also true for buttedlialone. On the other hand, dipterans
were significantly more common in high-IM where tpheoportion of butterflies was

significantly lower (Figure 3, Table 2).
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Table 2: Comparison of the proportions of several imporfwer visitor groups between meadows of
low (low-IM) and high (high-IM) land-use intensi{paired t-test)

Low-IM High-IM t-test

Mean proportion (%) + SD t p
Apidae 24.0+17.7 15.0 £ 10.9 1.3 0.226
Coleoptera 16.8 + 19.6 124+ 11.2 0.5 0.599
Lepidoptera 7.9+9.9 19+£19 2.8 0.012
Syrphidae 159+ 11.0 25.4 +20.2 -3.4 0.003
Diptera 30.7+24.4 40.5+21.7 -2.2 0.040
Others 49140 49+28 0.6 0.582

The level of network specializatioH,’ was relatively similar for all flower-visitor

networks recorded. Its mean value of 0.57 (SD =1#)0was typical for many other
flower-visitor networks (Bluthgen et al. 2007). Bumost networks were highly
structured, deviating significantly from random @sations. The level of species
specializationd;’” was highest for bees, followed by beetles andebilies, and lowest

for syrphids and other dipterans (weighted meanssacspecies in each network).
Differences were significant between flower visitgroups but not between
management types (Figure 4, Table 3).

Apidae p-mmmmeee- 0 1 A

Coleoptera pommmmmmme /\m """"""""""""" 1 AB
Lepidoptera I ~====""""""""" ({{‘yy """""""" i B

-
Syrphidae b1 @ -------- ¥ c
Diptera f--mmmme ﬁ ___________ ! ¢
0.0 0.2 0.4 0.6 08

Figure 4: Comparison of individual specializatiod') between different flower visitor groups. Diffeten
letters indicate significant differences accordin@ ukey’s post-hoc test. For main effect in ANOVgge
Table 3.
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Table 3: Results from repeated measures ANOVA comparingiddal specialization (weighted means
per flower visitor group and plot) between land-tigges (Land use, as repeated measure), flowdowisi
groups (Taxa), and time before or after mowing §8aa

SS df F p
Land use 004 1 165 0.20
Taxa 1.90 4 18.95<0.0001
Season 0.00 1 0.03 0.86
Land use x Season 000 1 0.03 0.86
Taxa x Season 016 4 1.60 0.18
Land use x Taxa 012 4 132 0.27
Land use x Taxa x Season0.04 4 0.41 0.80
Error 2.08 83

2.4 Discussion

Floral and faunal diversity as well as species aositpn of grasslands partly mirror
their management regime (Fenner and Palmer 1998)r&3ults show that even only
gradual differences in management intensity, paldity fertilization of otherwise
comparable meadows, strongly affect species cormposand diversity of plants and
flower visitors. This confirms former studies shagia decreased flower diversity with
increased fertilizer application (Mountford et 5993).

Increases in resource heterogeneity have often Igpothesized to account for
increased pollinator richness (Ghazoul 2006). Eaflgdee species richness has been
shown to increase with plant species richness fg@tddewenter and Tscharntke 2001).
In our study, bees and butterflies showed highecigg richness in meadows of low
land-use intensity, where flower diversity was laghThese differences may also, at
least partly, be explained by a higher flower aafaility (flowering area) found in those
meadows before mowing. The number of visitor indlidls per meadow varied
independently of its total flowering area. Yet, hit a meadow, plant species with a
larger total flowering area received significanthore visits — indicating that flower
abundance plays a role for the distribution ofteis within a site. However, while the
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trend in plant species diversity was reversed lat¢ne year, there was no concomitant
reversal in species richness and abundance ofdmekbutterflies in low intensity used
meadows. Hence, negative land-use effects on thgasition, diversity and abundance
of flower visitors are not just triggered by flowabundance but by diversity and
species-specific effects like pollinator preference

In intensively used meadows we observed more flamteractions than in meadows
of low land-use intensity. This may reflect diffeces in plant species composition:
intensively used meadows offered a higher abundafceasily exploitable flowers
(Apiaceae, Asteraceae) readily visited by manysibecies, particularly later in the
season. Flowers with exposed nectar are usuallipigegh by a wide range of short- and
long-tongued insects, resulting in generalizedipalion systems (Johnson and Steiner
2000).

Mowing causes temporary declines in diversity dmghalance of certain insect taxa and
the timing and frequency of mowing markedly altesdact species composition (Bulan
and Barrett 1971, Morris 1981, Johst et al. 20@)ect effects of mowing thus may
add to indirect effects by changes in resource Iguespite this, we observed more
flower visitors in late summer (after mowing), esiply on meadows of high intensity
land use. Here the number of interactions neaipjes compared with the status before
mowing (Table 3). Since meadows of high land-ugenisity may recover faster after
mowing, this effect could mask differences betweanagement types when sampling
high-IM and low-IM at the same date. Thereby itrseg¢hat management types are not
fully comparable after mowing.

Specialized species are often assumed to be mos#ige to disturbance while some
generalists may benefit from it (McKinney 1997).ig was largely confirmed in our
comparison of visitor taxa: dipteran flower visgowvere least specialized and showed
no consistent changes in species composition celatéand-use intensity, while bees
and butterflies showed a significantly higher spkration and compositional
differences between management types. Species aitiopoof plants and insects is
strongly seasonal, which may explain why land-yge tonly accounts for a small part
of the variation in species composition.

The average specialization of beetles was high,shotved strong variation. Some

beetle families involve flower specialists, and these— depending on their size and

44



morphology — greatly differ in their ability to azss certain flower types (Gullan and
Cranston 2005). However, our results within thisugr are strongly dominated by
polyphagous pollen beetledMélighetescf. aeneus Nitidulidae) which were highly
abundant in the samples (72 % of all beetle indiaig) and show a variable degree of
specialization (mean + SO}’ = 0.5+ 0.3). Tudor et al. (2004) showed thatesal/
butterflies have pronounced flower preferencestenoforresponding to species that are
currently endangered. Kleijn & Raemakers (2008) aiestrated a relationship between
specialization and population declines in bumblsbesing pollen loads from museum
specimen collected before 1950: formerly specidligeecies are currently more likely
to be endangered. Furthermore, plant taxa prefdsyedeclining bumble bee species
experienced a stronger decline during thd" 2@ntury agricultural intensification
(Kleijn and Raemakers 2008). Thus, differenceslamfpspecies composition together
with high specialization may explain the considé&raldifferences in species
composition between management types. Furthernagiversity declines in bees and
butterflies suggest that they rely more heavilytlogir preferred plant species and that
these plants are more strongly influenced by manage regime than flowers visited
by dipterans.

Species diversity and composition of syrphids ati@iodipterans was not consistently
affected by land use in our study, correspondingthteir low degree of flower
specialization. Our results thus parallel the fingdi of Biesmeijer et al.(2006), showing
that local bee diversity declined much strongenthaverfly diversity(pre- versus post-
1980)attributable to land-use intensification.

We conclude that diversity and abundance of redatimore specialized flower visitors
(bees and butterflies) decrease with increasind-lese intensity and that this diversity
decline is likely to represent an indirect effedt a lower diversity and altered
composition of flowers. Preferred flowers differtlween visitor species, resulting in a
high complementary specialization in the interatdic- a potential reason for the
parallel biodiversity decline of consumers and weses. In turn, high complementarity
of plant species in regard to their effective paltors may cause a negative response of

plant diversity to pollinator diversity declines.

45



46



3. Mutualistic networks and their response to disttbance in
relation to diversity and specialization

This chapter has been published as:

Weiner, C.N., Werner, M., Linsenmair, K.-E., BlighgN.: Land-use impacts on plant—
pollinator networks: interaction strength and sps@ation predict pollinator declines.
Ecology 95:466-474.

Summary

Land use is known to reduce the diversity of spea®md complexity of biotic
interactions. In theory, interaction networks can used to predict the sensitivity of
species against co-extinction, but this has ravelgn applied to real ecosystems facing
variable land-use impacts. We investigated plartiqador networks on 119 grasslands
that varied quantitatively in management regimegldyjng 25401 visits by 741
pollinator species on 166 plant species.

Species-specific plant and pollinator responsdarid use were significantly predicted
by the weighted average land-use response of gaaties' partners. Moreover, more
specialized pollinators were more vulnerable thamegalists. Both predictions are
based on the relative interaction strengths pralklaethe observed interaction network.
Losses in flower and pollinator diversity were itk and mutual dependence between
plants and pollinators accelerates the observeallpbdeclines in response to land-use
intensification. Our findings confirm that ecologicnetworks help to predict natural
community responses to disturbance and possibtadacy extinctions.

3.1 Introduction

The ongoing large- and small-scale changes in aptigenic land use are known to
deplete biodiversity (Duraiappah and Naeem 2005)m#&jor goal of biodiversity

research is to understand how complex networksun€tional interactions between
species respond to disturbance and how a gradssmbldbiodiversity may affect overall
ecosystem function (Loreau et al. 2001, Koh e2@04a, Tylianakis et al. 2007).

These questions are of particular concern for tiénation of flowering plants since

about 87.5 % of the angiosperms, among them mangu#tgral crops, depend on
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animal pollination (Ollerton et al. 2011). Sevestldies indicate that agricultural
intensification triggers losses in the diversityptdnt and pollinator communities due to
habitat conversion and fragmentation, fertilizatéord pesticide use (Cunningham 2000,
Burkle and Irwin 2010, Brittain and Potts 2011). fdaver, a high functional diversity
of pollinators may sustain a high plant diversihddead to higher pollination success
and seed set of individual plants (Klein et al. 2080ehn et al. 2008). Among-plant
competition for limited pollinators may lead to uetion in per capita services to plants
in relatively dense or diverse populations (Vamessial. 2006). On the other hand,
visitors to dense populations are expected to beerflower constant, increasing the
chance of pollen transfer between conspecifics (KW997), and pollination may be
more reliable in dense plant populations (Bernhattal. 2008). Outcrossing by
pollinators is important in the long-term whereneéding negatively affects population
viability and increases local extinction risks (By&995). In turn, high plant diversity is
assumed to promote pollinator richness and funatidiversity (Kwaiser and Hendrix
2007). Consequently, experiments with manipulatedtpspecies diversity (Ebeling et
al. 2008) and comparisons across different meadbwisd et al. 2010) demonstrated
positive relationships between plant diversity gradlinator diversity and abundance.
Additionally, analyses of historic data from Britaand the Netherlands revealed
parallel diversity declines in bees and insectipaled plants (Biesmeijer et al. 2006).

These results lead to the hypothesis that lossqdamt and flower-visitor diversity
might be causally linked, e.g. a consequence oliatiudependence. Such dependency
on certain partners implies that interaction pagrere specialized to a considerable
degree. To understand land-use effects on inteapecies, it is thus crucial to
investigate their degree of specialization andidleatity of each species’ partners. This
may allow predictions of how land-use induced clegnigp species composition would
affect natural communities and their functions. ik analysis provides a useful
framework for characterizing specialization anddeng vulnerability of resource-

consumer relationships or mutualisms to species(l®ntoya et al. 2006).

Some studies suggested that specialist speciesprmee to disturbance, while
generalists benefit from it (McKinney 1997, Aizeha. 2012, but see Vazquez and
Simberloff 2002, Winfree et al. 2007). While somgp@aches have predicted the

vulnerability of complex communities based on siatedtl extinctions or dynamic
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population modeling (Memmott et al. 2007, Pocockaket2012), such changes have
been rarely tested in real world systems. Methogkdun modeling approaches are
controversial (Benadi et al. 2012, James et al2R0nd conflicting conclusions based
on empirical data may be partly explained by tha fhat specialization metrics differ

in their sensitivity to sampling effects (Blithg@®10). Since the number of links
(observed interaction partners) increases withrimmber of observations, rarity and
specialization are confounded unless corrected ppgrogriate network metrics

(Bluthgen et al. 2007).

In the present study, we focus on specializatiod ahanges in plant-pollinator
interactions in grasslands along a gradient of easing land-use intensity. We
hypothesized that (i) land-use intensification dags a decline in plant diversity and
consequently, a plant-mediated decline in the ditserof floral resource consumers.
Moreover, we expected (ii) stronger effects of lusé intensification on specialized
plant and pollinator species, which are more dependn their specific partners than
generalists are. However, we assumed that (iii)inaabr-mediated declines in plant
species are less pronounced than resource-mediabtiides of pollinators, since many
plant species are not obligatory insect-pollinaiad are capable of vegetative
reproduction.

3.2 Methods

3.2.1 Study area and land-use intensity

The large-scale Biodiversity Exploratories représtimee bioregions in Germany
located in the Schorfheide-Chorin (Sch), HainicmaD{Hai), and Schwéabische Alb
(Alb) (Fischer et al. 2010). Each of the three Bxalories covers a connected area of
422 to ~1300 km2 of land and each comprises 50signad plots. These plots are
situated within a matrix of agricultural land ineuand measure 50 m x 50 m each. The
minimum distance between the outer edges of twtspg200 m and each grassland
plot is at least 30 m away from the nearest foeesfe. A detailed description of all
selection criteria for experimental plots is givleyn Fischer et al. (2010). The plots

represent a broad gradient of land-use intensatyging from near-natural, protected
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sites to intensively fertilized, mown or grazed o®&s and pastures (sheep, horses,
cattle).

Qualitative categorization of land use such as roeguhsture or fertilized/unfertilized
obscures the variation of intensities within a gaty, e.g. differences in grazing
intensity or fertilizer application. We thereforsedl a continuous land-use intensity
index for grasslands that incorporates the thresahias fertilization, mowing and
grazing intensity (Bluthgen et al. 2012). For e@bbt k, the land-use intensitly is
defined as the square root of the sum of thesee thiegiables, each of which was
standardized by its regional mean (i.e. the meaaoh Exploratory):

Gk F« Mk
Lk = + +
G F M

mean mean mean

Fi is the fertilization level (kg nitrogen Hayear'), M, the frequency of mowing per
year andGy the livestock density (livestock units ddysa’ year') on the siteDue to

the standardization by ratiokg is dimensionless. We used the mearof the three
years 2006 — 2008 for all correlations; althoughchanged only to a small degree
between years, this mean value best captures pieaiod ongoing management which
may both effect plants and pollinatots. has been shown to predict responses in the
vegetation, namely the plants’ nitrogen indicat@ues, nitrogen and phosphorous
contents in plant and soil as well as plant divgr@lithgen et al. 2012).

3.2.2 Data collection

Between May and August 2008, we investigated plamter visitor networks on 119
different experimental grassland plots (Alb: 39;i:H29; Sch: 41). 29 plots were
investigated repeatedly up to four times (Alb: 16t surveyed repeatedly; nine plots
two times, three plots three times and three pfots times; Hainich; eight plots
surveyed repeatedly; four plots two times, foutplkiree times; Schorfheide: six plots
surveyed repeatedly, five plots two times, one filate times), resulting in 162 surveys
done in total (Alb: 63; Hai: 51; Sch: 48). Eachvay covered a time span of six hours
between morning and afternoon and an area of 2801« (length x width) along the
edge of the square experimental grassland plottH®transect, which we walked three

times during one survey (three rounds, two houctgave documented all plant-flower
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visitor interactions. We recorded each insect thsited a flower as well as the flower
species on which it was observed, but disregardesktinsects that were sitting on the
outer petals obviously not feeding on pollen ortaecSpecimens that we could not
identify in the field were collected and later itiéad to species level with the help of
experts (see Acknowledgements).

To gain independent data on flower abundance, wst @iounted the number of
flowering units per plant species and transect iar, highly abundant species,
extrapolated it from a smaller area. One ‘floweringt’ was defined as a unit of one
(e.g. Ranunculaceae) or more flowers (e.g. Astagjcdemanding an insect to fly in
order to switch to another unit (Dicks et al. 2002p incorporate differences in
flowering area, we assessed flower diversity bytiplying the number of flowering
units of a species by its average flowering areacnm?. In zygomorphic flowers,
flowering area was calculated as a rectangle basdtbwer length and width, while in
actinomorphic flowers flowering area was calculagsda circle based on the flower
diameter. In umbels we divided the diameter of @awvélring unit by two before
calculating the flowering area as flowering units enuch less compact here than other
flowers. This is reasonable, since flower displeae ss related to pollinator attraction
(Grindeland et al. 2005) and also predicted théepotolume per flower for a subset of
the investigated plants for which we have sampledlep (Pearson, r = 0.62,
p = 0.00002, N = 40 plant spp., unpublished daig. obtained data on plant species
breeding systems i.e. whether a plant speciestenpally self-compatible (autogamous
species and species with mixed mating) or not (ganmus species) from the BiolFlor
database (Klotz et al. 2002). Forty-seven plantisgeare self-incompatible, 12 species
show mixed mating, five are autogamous and twoispdtave an apomictic breeding
system.

From each survey a single interaction network waspled and analyzed separately.
Use of short-term interaction networks allowed wsecord a uniquely high number of
network replicates as well as to avoid confoundsfigcts by seasonal variation and
non-overlapping phenology. We analyzed all flowesits from insect flower visitors
belonging to the orders of Diptera, Hymenopteraidleptera and Coleoptera. All these
visitor taxa are generally known to pollinate an@ #hus termed “pollinators” in

accordance with previous studies, although they nodyollinate each flower on which
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they forage. We excluded generally non-pollinattaga (grasshoppers, spiders), but
also Nitidulidae from analysis, as they occurredoanticularly high numbers and are
easily overlooked and under-sampled in structur@iyplex flowers, which would bias
the analysis.

While in the Hainich and Schorfheide Exploratones left a minimum interval of 30
days before repeatedly surveying a plot, in the Btploratory regarding 13 repeatedly
sampled plots, we had conducted a total of 27 ysrwathin 30 days (twelve plots were
sampled two times, one plot three times within 2¥s). To avoid phenologically
similar replicates per plot, we calculated mearueslfrom these surveys per plot for
each of the variables below before correlating themand use. This reduced the
number of independent replicates on the Alb toeiad of 63. The dissimilarity of
plant and pollinator assemblages across the rentanepeated surveys from the same
plots was high. Repeated surveys from the samesptoved the same or an even higher
level of species turnover than surveys from diffiéqgots (Appendix Table S1). Mantel
tests (Spearman) based on Bray-Curtis distancel@hgermutations showed a strong
correlation between plant/insect species compas(tiased on relative abundances) and
sampling date (plants: all rM 0.15, all p 0.0003, n = 49 Alb, 51 Hai and 48 Sch;
insects: all rM  0.23, all p 0.0001, n = 49 Alb, 51 Hai and 48 Sch). In cornfrdse
spatial arrangement of the plots did not affect data (plants: all rM 0.04, all

p 0.15, pollinators: all rM 0.03, p 0.32). Moreover, land-use intensity neither
correlated with sampling date nor spatial distancany exploratory (all rM 0.03, all

p 0.25). Therefore, despite pronounced temporahtian, we consider our analyses
of land-use effects unbiased by spatial and tenhjediects.

3.2.3 Statistical analysis

Hitherto most studies have investigated speciatimatand predicted possible
consequences for co-extinctions based on quaktatigtrics, i.e. the number of links of
each species (“species degree”). Moreover, pocdta over longer temporal or spatial
scales were used (e.g. Memmott et al. 2007). Suetias are prone to variation in
sampling effort (Vazquez et al. 2009) and disregdifterences in the proportional
distribution of species. Species with few obsepradiinevitably have few links, hence

specialization of many rare species is severelyestenated due to several undetected
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links. This bias has been demonstrated for pobirsatvhen other sources of information
of flower use were employed (Dorado et al. 2009plidg data over large areas or over
long time periods also produces many zeros duefdoitiden links” produced by
spatial or temporal non-overlap, which hampers ititerpretation of specialization.
Therefore, it is important to carefully define sjadization based on quantitative metrics
independent of sampling effort and species aburegafi@dormann et al. 2009) in order
to compare the species’ responses to disturbaneethws calculated complementary
specialization of plants and pollinators employihg information-theoretical indices
H, andd (Bluthgen et al. 2006) for each of our short teratworks.H,' specifies the
degree of complementary specialization in the emtetwork, whiled;’ characterizes the
specialization of each speciesas its quantitative non-conformity, e.g. its deeia in
flower visitation from the distribution of all potlators. Both indices vary between 0 and 1,
with high values corresponding to more pronounceddencomplementarity. Whilel,’ and

d’ are mathematically independent of the total olegon frequency per species and per
network, due to the standardization based on nmalrtptals, other network metrics such as
species degree, dependence, connectance and meestadirectly reflect variation in
species’ total frequencies as well as samplingrte{fBlithgen 2010). This bias is also
evident in our dataset, where species degree araaligy strongly increased with number
of observations, whereals was unaffected (Appendix Figure SH, was tested against
Patefield's null model, running 10000 randomizati®iiithgen et al. 2006).

We used the weighted medhof each speciesacross all networks (weighted by the total
interaction records afper plotk) as well as a weighted medhfor taxonomic groups of
flower visitors, namely bees, other hymenopterbestles, butterflies, syrphids, and other
dipterans. To provide a weighted mean for suchoagin each plok, each speciegswas
weighted by its total number of individuals recatde k. We segregated bees from other
hymenopterans and syrphids from other dipteranisptisare commonly used bioindicator
taxa (Biesmeijer et al. 2006).

Our goal was to distinguish effects of niche propsr e.g. specialization and specific
partner identity, on species' responses to landrasethe effects of species abundances.
We thus also tested species abundances (i.entotaber of individuals observed during
flower visits, or total flower area for plants) fand-use effects defined below.
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For each pollinator speciesve identified their general response to land-usensity (r).
To quantify the sign and magnitude @f we used a Spearman correlation coefficient
(labeled asgin the results) between the relative abundanceedies per plotk (per cent
of total individuals) and land-use intensity across all plots, including cases wheweas
absent. The same method was applied to quantifyefigonse of each plant speges
(replacea byj above, see Figure 5 and Appendix Figure S2).
In addition to the degree of specialization of acéps, the identity of its partners may be
important. The land-use response of an animal reajetermined by the land-use response
of its associated plant species, weighted by that’sl relative importance for its partner
(interaction frequency) provided in the networkclE@lant specigsof J total plant species
can be described by its land-use respopskhe average land-use response of all the food
plants frequented by pollinator specieds), weighted by the number of interactioss
between andj, is then
E = J (rj "aij)/ J 2"

=1 =1 .
Inversely, the average land-use responses of alptfiinator species visiting a plant
specieg is
E; = _l (ri "au)/_I g;

i=1 i=1 .
If the partner identities and interaction strengihgiteractions in a network determine the
average land-use response of species in a commuwetyexpect a positive correlation
between actual species responses and the aveggmses of their specific partners.
Hence, there should be a positive relatipn- E across alll flower visitors if plants
determine the responses of visitors, gne E; across all plants, if pollinators determine
the responses of plants. We tested the determimdrttsose responseas andr; using
ANCOVA (type Il SS) including the three predictésd,’ (both continuous) and pollinator
group (categorical) for pollinators arff], d’ (both continuous) and breeding system
(categorical) for plants. Alternatively to datarfraour flower surveys, we used binominal
vegetation survey data collected on 4 x 4 m quagrat plot (Bluthgen et al. 2012) to
calculate logistic regressions (see Appendix Figbi®) and used the odds instead of
Spearman to calculatpandE;. The alternative approach yielded the same ovegsillits
(Figure S2). All statistics were conducted in R52L1(R Development Core Team 2012).
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3.3 Results

Our networks document 25401 interactions betweénpl@&nt species and 741 pollinator
species. We identified 115 bee species, includihgdlen specialists (oligolectic bees), 48
other hymenopterans, 50 butterflies, 104 beetl68, syrphids and 321 other dipteran
species. A full list of species is provided in fygpendix (Table S2 and S3).

Plant responsesplant species richness (Spearman ragk; 40.22 p =0.007, N =148
networks) and Shannon diversityg £—0.21 p = 0.01) declined with increasing land-us
intensity. The average land-use response of a gipeties (f was predicted by the
weighted response of its pollinator speckg} out differed neither with plant specialization
nor between self-compatible and self-incompatiblangs (Table 4a). Yet, average
specialization in plants was very high (mela: SD: 0.55 + 0.22).

Moreover, plant responses to land-use intensitewelated to their relative abundance:
rare plants (in terms of their proportional coveray floral area) showed a stronger

decline with increasing land use than more abundaes (r = 0.22, p = 0.005).

0 o
[e]
© - e -
= 3
2 s °
3 r=-0.39 8 =-0.13
2 212 land use response 2 o r=-u
< X o© 4 £ land use response
N 2 S
8 0 3
¢ < 3
2 o ©
S g Q |
| o Q
5 g °
™ -4 00 ° -~
8 o
o b= o
c o 8 o
=] 0 0 8 S
S oad o ° g ©
g o ° E °
o
Q ° 0 o 3
5 = o ° © 89 o
¢ ° 0o o o : ° ° 0 °
o 0 0 E= o
°9) % 69 g &S © & °
0 00 8 ) o
o o 2 °
p=d Ssino avdiwodfo camBBo Wovowo @ oo r 8- 0D CUEIHOOAN0 GHINM (XD @D 0 © WO @ O O
f T T T T 1 S T T T T |
0.5 1.0 1.5 2.0 25 3.0 0.5 10 15 2.0 25 3.0
LUI LUI

Figure 5: Land-use responses)iof (a) Lotus corniculatusn terms of relative flower cover and (b) one of
its visitors Thymelicus sylvestrigy terms of relative abundance. In theory, thedlase response of a
pollinator may be predicted by the land-use resparfsits food plants, if land-use affects pollinato
mainly indirectly via changes in food resources.
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Table 4: (a) Statistical model to predict species-speciknpresponses to land usga(f) based on the
weighted average pollinator responggvieighted gqinatord, SPecializationd;’) and breeding system of
each plant species. (b) Model to predict pollinagmponses (inaord Dased on weighted average plant
responses Eweighted f.ng, specializationd;’) and pollinator group identity. Complete modetamnain

factors in univariate models are shown (ANCOVA; &ypSS).

(@) Complete model Univariate model
Effect df F p df F p

= 1 19.24 0.00002 1 19.75 0.000016
dy 1 0.49 0.4857 1 049 0.48
breeding system 1 0.26 0.6140 1 0.23 0.69
E x d 1 156 0.2141 - - -

E; x breeding system 1 0.42 0.5178 - - -
di'x breeding system 1 0.02 0.8817 - - -

(b) Complete model Univariate model
Effect df F p df F p

Ei 1 228.28 <0.00001 1 265.43 <0.000001
d’ 1 0.00 0.9547 1 13.51 0.000255

pollinator group
E x di’
Ei x pollinator group

d’ x pollinator group

5 4.08 0.0012
1 6.79 0.0093
5 3.89 0.0018

5 1.21  0.3030

5 990 <0.000001

Pollinator responses Neither total pollinator species richness £10.08, p = 0.32,
N = 148) nor abundance s -0.001, p=0.99) or Shannon diversity %£r0.14,

p=0.07) was correlated to land-use intensity. lifabr species composition

corresponded to flower composition (Mantel testsedaon Bray-Curtis distance, all
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rm 0.22, p 0.0001). Moreover, responses to land-use intengéne independent of
pollinator abundance (r = 0.035, p = 0.34, N = péllinator species; Appendix Figure
S1d).

Responses of pollinators to land usg étrongly depend on their association with
specific flowers, i.e. the weighted mean resporsetheir plant species visitedE]
(Table 4b). Pollinator specializatiod;’§ was a significant predictor af if treated as
the sole variable, but not in the mixed model, whiérsignificantly interacted witlk;
(Table 4b). Moreover, pollinator group identity hagignificant influence on pollinator
responser() to land use (Table 4). Regarding the interactemm betweerd;’ and E;,
land-use responses of highlyd’( 0.6, n=38) and intermediately specialized
pollinators (0.2 d’ < 0.6, n = 261) were more strongly driven by teeponses of their
preferred plants than in more generalized pollireafd’ < 0.2, n =442, Figure 6).
However, plant species that support unspecialized mtermediately specialized
pollinators were more vulnerable to land use théantpspecies supporting highly
specialized pollinators: there was a negative imahip between pollinator
specialization and the land-use response of tkswurces §= -0.26, p < 0.0001, n =
741). For highly specialized pollinators the trdratl an opposite direction (Appendix
Figure S4).

Regarding the interaction term between pollinatoug identity ands;, bees and other
hymenopterans, butterflies, beetles and flies esygiphids strongly reflected the land-
use response of the plant species they visitechéir own relative abundances. In
contrast, syrphids seemed to respond to land-usegels independently from the
responses displayed by the plants they visitedl€éTébAppendix Figure S5).

With increasing land-use intensity the proportidrsyrphid species increased, whereas
the proportion of butterfly and hymenopteran specexcl. bees decreased. The
proportion of bee, beetle and dipteran species. sycphids did not show significant
trends across the Exploratories (Table 5), althobghs significantly declined and
dipterans significantly increased with land-useemsity in the Alb (&=-0.38,

p = 0.007 andg= 0.47, p < 0.001, respectively).
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Table 5: Land-use responses (changes in species richndsguaieasing land-use intensity, Spearman'’s
rs) and flower specializatiord() of six pollinator groups.

Pollinator group & p meard’  SD

bees -0.04 0.64 039 +0.22

other hymenopterans-0.21  0.01 0.28 +0.23

butterflies -0.28 <0.0005 0.33 +0.24
beetles -0.10 0.24 0.27 +0.21
syrphids 0.21 0.01 0.24 +0.16
other dipterans 0.09 0.26 0.25 +0.19

Plant-pollinator networks deviated significantlyorin random associations and were
highly structured (mean network specializatibn = 0.63, SD =+ 0.17, N = 148). Most
networks were significantly different from Patefisl null model of random interactions
(p < 0.001 for 130 networks and p < 0.05 for addil 9 networks). Network
specialization was not consistently related to lasd intensity @=0.11, p = 0.22).
Species specializationd?’ differed between pollinator groups (Kruskal-Walli
c2=55.50, p<0.0001). It was strongest for berd hutterflies, intermediate for

beetles and hymenopterans and lowest for syrpmidotner dipterans (Table 5).
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is specialized. Regression lines are shown forinaitrs with low ¢’ < 0.2), intermediate (0.2 d <
0.6) and highd” 0.6) degree of specialization.

3.4 Discussion

Our results demonstrate four important land-usecg$fon plant-pollinator interactions:
(1) Land-use intensification primarily triggers $e8s in flower diversity, which could
lead to non-random and resource-mediated declinesertain pollinators. Overall
pollinator diversity is not significantly affectdny land use, but pollinator composition
is. (2) Although responses of the pollinators nigjta plant species may also influence
plant abundance, this effect is weaker. (3) Larsl-ustensification has a
disproportionate impact on the abundance of moeeiafized pollinators, (4) but not on

the abundance of specialized plant species.
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The linkage between a pollinator’'s response andréisponse of the plant species it
visits potentiates for specialized pollinators, specialists on plants that profit from
land use are increasing, while those on negatiadlgcted plant species decrease
accordingly. A strong dependence of pollinatorseonarrow set of plant species is
associated with higher co-extinction risk, sinceesth plant species cannot be
functionally replaced by others (Praz et al. 200B)oreover, in communities
characterized by low response diversity and lowctiomal redundancy, resilience after
disturbance and the ability to buffer environmeiwtadnges are reduced (Elmqvist et al.
2003, Laliberte et al. 2013). Negative impacts pkcalization may be partly
compensated by a higher efficiency of specialsitg, specialist bees are very effective
in finding flowers, pollen collection and digestig8trickler 1979, Dobson and Peng
1997), but the general extent of such compensaianknown.

Our findings are consistent with the hypothesis$ godlinator declines are driven by the
disappearance of their important host plants, wiiéereciprocal effects of pollinators
on plants are weaker. In this type of mutualisne, tbmposition of plant communities
may be relatively robust against losses of pauwicpbllinators, at least in the short term
covered by our study (Kalisz et al. 2004). Mostsgtand plants involved in our study
are self-compatible and/or have vegetative reproolugnodes (Klotz et al. 2002) and
thus our surveys may not be suitable to detectisffef reduced genetic diversity in
plant populations that may occur with pollinatosdes. While plant reproductive fitness
and outcrossing may be at risk over longer timenspthe immediate effects on the
fitness and/or local distribution of pollinator cormanities may be more severe when
their important floral resources become unavailgBiesmeijer et al. 2006, Goulson et
al. 2008). The asymmetry in local extinction rigkay be increased by the fact that
pollinators typically provide several times moressies per network than plants and
thus a larger buffer (Bluthgen et al. 2007), alsaared in our data (flowering plants:
8.4 + 4.4 species, visiting pollinators: 31.9 +215pecies, n = 148 networks). The
mutual specialization and thus dependence betwedimgior and plant species may
lead to parallel regional declines in historicaingarisons (Biesmeijer et al. 2006,
Frind et al. 2010). Correspondingly, the more gaimad syrphids suffered less from
regional extinctions (and often even gained a higlersity in some regions) in recent

decades than the more specialized bee speciesr(@jes et al. 2006, Jauker et al.
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2009). These trends are also reflected in theparses to land use in our study. Land-
use intensification not only causes a loss in plliwersity, but also translates into
pronounced changes in pollinator communities. THanges in pollinator composition —
the dominance of flies and declines in many otleat— correspond to a biotic
homogenization (Filippi-Codaccioni et al. 2010) loigh intensity grasslands. Species
richness and abundance of syrphids was also pelsitinfluenced by land-use
intensification in other studies (Biesmeijer et2006, Ebeling et al. 2008, Jauker et al.
2009), whereas bee diversity and abundance dec{Biedmeijer et al. 2006, Le Féon
et al. 2010). This process is easily overlookedmioeusing on total biodiversity only.
Land-use intensification reduces taxonomic breaaitd functional diversity, which
could conversely affect plant reproductive succeggcies richness and functional
diversity (Klein et al. 2003, Hoehn et al. 2008).d South African ecosystem, Pauw
(2007) showed that among seven species of orctlidse that were more specialized
suffered severely from the loss of the single palior species.

Dipteran pollinators showed the lowest specialoratior plant species, whereas bees,
other hymenopterans, butterflies and beetles wene ispecialized (see also Weiner et
al. 2011), confirming that specialization represeatrisk that renders species more
vulnerable to co-extinction (McKinney 1997, Vazqwer Simberloff 2002, Winfree et
al. 2007, Aizen et al. 2012, Pocock et al. 2012rr€spondingly, investigations on
butterflies (Tudor et al. 2004), beetles (Kotze @itlara 2003) and bumblebees (Kleijn
and Raemakers 2008) demonstrated that many spedadpecies are of conservation
concern and have undergone a considerable denlihe last decades.

In addition to indirect effects via flower compasit and availability, land use may
affect pollinators directly e.g. via disruption lde cycles (Johst et al. 2006) or supply
of appropriate nesting resources (Potts et al. PO03arval habitats. Many bees and
beetles show preferences for certain environmeataditions, larval or nesting sites,
and their abundance depends on certain habitatdaaddcape structures (Gathmann
and Tscharntke 2002). On the other hand, genedaliawer visitors like most syrphids
and other dipterans are not restricted to certmddcape structures and may profit from
diverse larval habitats (Jauker et al. 2009). Qweger time spans, such direct land-use
effects on pollinators may transform into pollinatoediated effects on plant
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communities. However, in the short term coveredoby study land-use effects on
plants and plant-mediated effects on pollinatoay@dl a greater role than vice versa.
Our findings emphasize how systems based on mstoalnay undergo severe
transformation due to land-use intensification. idgitural management is a major
factor driving the change of floral and faunal nels in anthropogenic landscapes.
Network analyses, particularly the degree of commgletary specialization and the
guantitative interaction strength, may provide imgot tools to predict how different

species respond to disturbance and biodiversitggdsin real communities.
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Appendix: Specialization metrics, land-use responseand species lists
Alternative specialization metrics

In the main text, we focused on the informationstie¢ic specialization metridd,’ and

d’ developed earlier (Blithgen et al. 2006). Thesatrits control for the effects of
variable number of observations per species anagt@rork by a standardization based
on fixed marginal totals. The standardization caiss the observed entropy, and
Kullback-Leibler distanced; into a continuous index between 0 and 1, rangmogf
completely random associations (maximum posdibleminimumd;) to the maximum
possible specialization (minimurkl,, maximum d). Whereasd;, characterizes the
specialization for each specid4;’ reflects the overall degree of specialization floe
entire network and is related to the weighted nokaatross all species (Blithgen et al.
2007). Becausal’ of a speciesi depends on the distribution of all other species
(marginal totals), it increases with the excluse®&n of the interaction partners with
whichi interacts, henced’ andH;' describe the degree obmplementargpecialization
(Bluthgen 2010). A straightforward alternative toagtify specialization would have
been to use a rarefied diversity index used in nthwgrsity studies or in a recent plant-
pollinator network (Chacoff et al. 2012), but wel diot follow this approach due to the
low number of observations for a large proportidnspecies. Many rare pollinator
species were observed just once (28% singletonsgiyr few times (52% had fewer
than 5 individuals in total). For a number of rgtant species, only one or few visits
were recorded (14% with only one visit, 27% with wSits). Hence, rarefaction to a
meaningful threshold would dramatically reduce dagaset in our study and in many
other studies, leading to an undesirable underseptation of rare species and
overrepresentation of common species in the amalyse

Other commonly used specialization metrics arenglyo confounded by the total
number of observations per species, i.e. speci@iz@ecreases with frequency and is
highest for species with a single observation (Bjénh 2010). This bias is evident for
the commonly used metrics "species degree" andetgéty”. Species degree describes
the number of links of a speciedi.e. therichnessof its interaction partners), and
generality of species is the frequency-weightediversity of its interaction partners.
(Usually, generality is defined as the average sl species rather than for single

species, e.g. Tylianakis et al. 2007). We calcdldwweighted generality" for each
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species as the exponential transformation of trenBn diversity indexe”. We pooled

all our single-day networks from different regiomgo a single network to obtain
species degree aml. As expected, both indices increase strongly withnumber of
observations per species (Figure Sla, b). Onlgtéwedardized is largely independent
of the number of observations (Figure Sic); spewid#h few observations show a
stronger variation but no trend in the mean (see Bluthgen et al. 2006). Hence, we
can test specialization based dpi separately from abundance unlike the other
specialization metrics (see main text). The eftégbollinator abundance on their land-
use response is shown in Figure S1d. The relatiprmtween pollinator specialization
d’ and response to land use was not confirmed wheruhcorrected species degree or
e were usedf( 0.24). Surprisingly, the level of generalizatiorpeessed by species
degree o€ was even positively related to the corrected melti(species degree &’
ande” ~ d’: Spearmarrs = 0.36,p < 0.001). For plants, total number of visits also
strongly predicted each species' degrée=(0.96) ance” (r* = 0.81), whereas; was
again largely independent of the total visitatioh £ 0.05). Unliked;, species degree
significantly predicted the plant's responses twllase ( = 0.19, p = 0.01), and"
showed a similar trend & 0.14, p = 0.08), but their effect is not indepemt of the
stronger abundance effect shown in the main textsidering the correlation with total
number of visits. Species degree aidwere again slightly positively related &
(species degreed’: Spearmarrs = 0.22,p = 0.004;e™ ~d": rs=0.17,p = 0.03).

Species turnover within and across plots

Due to a pronounced seasonality of flowers andsonal visits of mobile pollinators,
repeated surveys from the same plots after at 88adays often yielded highly different
communities, which we consequently used as indeggendetworks in our analyses.
The average dissimilarity between repeated surwe@gsas high or even higher than the
dissimilarity between plots. Table S1 summarizes Bray-Curtis distances of the
pollinator and plant communities (based on propa#l abundance data) across surveys

within the same plot versus across plots.
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Table S1:Mean (£SD) Bray-Curtis distances of plant andipatbr communities between repeated
surveys of the same plot and between differenspfothe three Exploratories. Seasonal variatidhiwi
plots was similar or even higher than variatioroasrplots.

Alb Hainich Schorfheide
Flower communities
Within plots 0.83 (x0.12) 0.95 (x0.08) 0.86 (x0.19)
Across plots 0.83 (x0.16) 0.89 (x0.14) 0.86 (x0.21)
Pollinator communities
Within plots 0.87 (x0.09) 0.91 (x0.07) 0.93 (x0.05)
Across plots 0.83 (x0.12) 0.90 (x£0.11) 0.91 (x£0.09)

Land-use responses

Land-use responses of plants and pollinators wefmaetl as the changes in species’
abundances across the land-use gradient. For egartig flower cover ofotus
corniculatus(Fabaceae) declined strongly with increasing lase-intensity (Figure 5
and S2a). This was also evident from vegetativeesis; where the presence/absence of
plant species was recorded in 4 x 4 m quadratesi(&iS2b).

Across all 741 pollinator species, we showed innttagn document (Figure 6) that their
response to land use was strongly determined byeSponses of their preferred plants,
based on the momentary flower cover. Corresponginnge same effect was obtained
when plant responses were evaluated based on tiegetarveys, with r =0.49, p <
0.0001 (Figure S3). Therefore, the coupling of ipalior and plant responses was not
simply due to the momentary availability of flowdosthe visitors, but also supported
by an independent evaluation of the plants’ respsns

While we found an overall negative relationshipwesn pollinator specialization and
the land-use response of their resources, a meaédeattlook revealed that plants visited
by highly specialized pollinators seem to be leaterable to land use than plant
species that support unspecialized and intermégiagecialized pollinators (Figure
S4).

In contrast to all other pollinator-groups, landusesponses of syrphids were not
related to the land-use response of the plant epdtiey visited (Figure S5). The
species names, land-use responses and other dafhgdollinator and plant species are

provided in Table S1 and S2, respectively.
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Table S2: Abundance, number of flower species visited, sgeeition @) and land-use responses

(meanrg) of 741 pollinator species.
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Table S3: Abundance, number of flower visitor species, splexation €I;") and land-use responses (mean
rg) of 166 flowering plant species.
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4. Differences in land-use effects on plant-pollirtar
interaction across three different German bioregios

This chapter is in preparation as:

Weiner, C.N., Werner, M., Linsenmair, K.-E., BlighgN.:Land-use intensification
triggers diversity loss in pollination networks: g®nal distinctions between three
different German bioregions

Summary

Agricultural intensification may pose a seriouskri® biodiversity preservation and

ecosystem services such as pollination. On 119skgmad sites in three German
bioregions differing in climate and geology we do@anted plant-pollinator interactions
along a gradient of increasing land-use intendye analyzed abundance, diversity,
composition and specialization focusing on theatau effects of fertilization, mowing

and grazing intensity.

We found strong regional differences in plant adl @& in pollinator response to land-
use intensity and its isolated compounds. Yet,uhout the regions, pollinator fate
was determined by the average land-use responte qgflant species they visited and
vice versa. Moreover, in pollinators — but not itams — land-use intensification

disproportionately affected specialized species.

These results show how closely plants and pollnsately on each other and that a
decline in plant species might have rigorous comseges for their visitors. We

demonstrate that it is not advisable to transfesulte and management

recommendations readily from one region to anotRegional conditions have to be
carefully analyzed before reasoning on how a systgélinreact to land-use changes.
Neither plants nor pollinators react the same waynanagement conditions under a

different regional context.

4.1 Introduction

Understanding the relationship between ecosystenctitning and human-induced
changes in biodiversity via land-use has become agomchallenge for scientists
worldwide. Despite the explosion of research thed taken place on the topic, many
uncertainties remain (Hooper et al. 2005). Thusthér inside to the relationship
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between land-use and taxonomic as well as fundtiaingersity is essential for
understanding the mechanisms by which biodiveraitg gradual losses thereof may
affect ecosystem functions and services (Loreal. 2001, Dunne et al. 2002, Kaiser-
Bunbury et al. 2010).

Pollination is an important ecosystem service dnd considered at risk (Daily 1997,
Klein et al. 2007, Aizen and Harder 2009). Agriaudtl intensification triggers losses in
the diversity of plant and pollinator communitieig Wabitat conversion (Keitt 2009),
fragmentation (Rathcke and Jules 1993), fertil@a{iBurkle and Irwin 2010), mowing
and grazing (Gibson et al. 1992, Kruess and Tstker2002, Socher et al. 2013) as
well as pesticide use (Desneux et al. 2007). Whldine with the intermediate
disturbance hypothesis light grazing or mowing megg can also augment species
richness and enhance diversity of grasslands (@okit al. 1998), heavy grazing or
mowing considerably alters species composition @tlices plant diversity (Kruess
and Tscharntke 2002, Zechmeister et al. 2003, M2§@4). Also seed set is reduced in
heavily grazed grasslands due to diversity redostiom pollinators (Mayer 2004).
Concerning pollinators, land-use intensificatiorg. encreased mowing frequency, may
have direct effects on pollinator diversity and adb@ance via disruption of life cycles
(Johst et al. 2006) and indirect effects via reseuavailability. However, different
insect species show differences in their respomsgticultural management (Sjodin et
al. 2008). There is evidence that pollinator specesponse to land-use may be also
determined by pollinator specialization and intéac strength (Weiner et al. 2014).
Especially in specialized species their land-usgporse and the mean land-use
response of flowers visited are expected to betigeli correlated, if plants determine
the response of visitors and vice versa.

Regarding the preservation of ecosystem functioilss&rvices, management decisions
have to be made which agricultural practices ap@piate to sustain the ecosystem
service of pollination and which management regireasourage the species most
important to this service. In such cases specamess or diversity may not always be
the best measures to describe ongoing changespt®easource of biodiversity loss —
biological homogenization — may easily be overlabieélippi-Codaccioni et al. 2010).

In the present study, we compare abundance, diyecsimposition and specialization

of quantitative pollination networks across thrééedent German bioregions and along

88



a continuous gradient of increasing land-use intgnd/e examine which components
of land-use (mowing, grazing, fertilization) moghtlamentally influence herbal species
richness and abundance as well as species richaksadance and composition of
pollinators. Moreover, we take a closer look atcsezation of plant-pollinator

interactions and its possible influence in relatioispecies loss.

We expect that (i) individual land-use componendasenh marked effects on species
richness, abundance and composition of plant-matinassociations and that (ii) the
direction in which different land-use practicesluehce diversity and abundance vary
between pollinator groups. Yet, (iii) across regiome expect that responses of plants
and pollinators to land-use are also determinegd@gies specialization and the average

land-use response of their interaction partners.

4.2 Methods

4.2.1 Study area and land-use gradient

We studied a variety of differently used grasslamdshree major German research
areas, the so-called Biodiversity Exploratories¢Rer et al. 2010). These Exploratories
are located in the Schorfheide-Chorin (NE Germahiginich-Din (Central Germany)
and Schwabische Alb (SW Germany) region. Each Eafbdoy covers an area of 422 -
1300 km? of land and comprises 50 experimentalstgad plots measuring 50 x 50 m
each. The plots are situated within a matrix ofadural land in use and are managed
accordingly by their owners. Fischer et al. (204®e a detailed description of all plot
selection criteria. Represented land-use typeserénogn near-natural, protected sites to
intensively fertilized, mown or grazed meadows pastures (sheep, horses, cattle).

As purely qualitative categorization of land-uspey disregards quantitative variations
in intensity within a category, we used a quantitatand-use index (L) on a continuous
scale, which incorporates fertilization (kg N x“ha yeaf'), mowing (mowing
frequency x yeal) and grazing intensity (livestock units x daysa¥ i year').

For each plok the land-use intensityylis defined as the square root of the sum of the
contributing land-use variables, divided by thepextive mean of the variable over all

150 sites (“global” standardization):

Lkz\/Gk+Fk+Mk

G F M

mean mean mean
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Due to the standardization by ratids, is dimensionless. To examine how land-use
intensity influences plant-pollinator communitiesdato determine the isolated effects
of fertilization, mowing and grazing, we used lineaodels and the mean bof the
years (2006 - 2008) or the raw values for ferttlama, mowing and grazing intensity. A
former version of land-use index used here has bkeewn to predict responses in plant
and pollinator diversity in former studies (Blutimget al. 2012, Weiner et al. 2014). All
119 sites investigated were in use by land ownestwden 2006 and 2008.
Nevertheless, 69 of these plots had not beenitexdil 46 had not been mown and 28
had not been grazed during this three-year-penddile fertilization and mowing
intensities were correlated positively across alestigated plots, grazing and
fertilization as well as grazing and mowing intéies were negatively correlated
(Figure 7). The absence of grazing thus often spoerds to frequent mowing and

heavy fertilization while grazed sites are usualby fertilized and not or rarely mown.

Figure 7. Relationship between the land-use componentdifation, mowing and grazing intensity.
Spearman rank correlations for (a¥r0.68, (b) §=-0.22, (c) §=-0.64, all p > 0.01. The number of lines
around the point indicates overlapping data (stespl

4.2.2 Data collection

During peak flowering 2008 (May to August) we coothd 162 surveys (Alb: 63;
Hainich: 51; Schorfheide: 48) and studied plantipator interactions on 119
experimental grassland plots, sampling 29 ploteaegly up to four times. 31 of the
150 experimental plots could not be sampled becthese were no flowering plants at

the time of visit, mainly due to grazing or mowil@gch survey covered a transect area
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measuring 200 x 3 m (length x width) and six hafrsampling between morning and
afternoon with the 200 m intercept being samplegehtimes and yielded a single
interaction network, which we analyzed separatély. avoid pseudo-replication we
calculated the mean value per plot and variablesiomveys on plots which were
sampled repeatedly two to three times within 30sdd¥is pertained to 27 surveys on
13 plots in the Alb and resulted in n = 49 survieythe Alb. We consider our analyses
of land-use effects as unbiased by spatial and deshpffects, as Mantel tests based on
Bray-Curtis distance and i(permutations showed no correlations between $patia
arrangement of the plots and species compositiah land-use intensity was not
correlated with sampling date or spatial distanteany Exploratory (see Chapter 3;
Weiner et al. 2014).

We exclusively recorded visitors that touched tgroductive parts of a flower — thus
likely to be pollinators - , as well as the plapesies they visited. Specimens that could
not be identified in the field were collected aradel identified to species level by
experts (see acknowledgements). We analyzed flowisits from insect visitors
belonging to the orders of hymenoptera, lepidoptéiatera and coleoptera. However,
Nitidulidae (sap beetles) were excluded from owalysis as they are easily overlooked
or under-sampled in structurally complex flowerdjicth may create a bias for some
plants if collected erratically.

To account for flower abundance per plant speaesteansect we counted the number
of flowering units (a unit refers to one or morewkers demanding an insect to fly in
order to reach the next unit) or, in highly aburtdgrecies, extrapolated it from a small
area. Flower diversity was assessed by multiplyiregnumber of flowering units per
species by its average flowering area in cm?, twaet for differences in flowering
area, which are related to pollinator attractiorrii@eland et al. 2005). A detailed
description of measurement of flowering area i®giin Weiner et al. (2011).

4.2.3 Response variables

To test effects land-use intensity and its indigildcomponents have on plant-pollinator
associations, we choose three types of responsables: diversity, abundance and
compositional variables. These variables are assumebe suitable to test land-use

effects because we expect direct or indirect respono more intensive land-use. For
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example plant diversity is known to respond neg@d§ivto intensive mowing
(Zechmeister et al. 2003), while pollinator diveysand abundance is reduced on
overgrazed pastures (Mayer 2004) and shifts incinspecies composition have been
observed in relation to fertilization and subsedquanges in plant species composition
(Haddad et al. 2000).

For each independent survey response variables eedcalated separately for plants
and pollinators as well as for six pollinator greupamely bees, other hymenopterans,
syrphids, other flies, butterfies and beetles. Begere segregated from other
hymenopterans and syrphids from other flies as usscdoth are commonly used
bioindicator taxa (Jauker et al. 2009).

We used species richness and alternatively thenexial of the Shannon index jeto
estimate diversity. Results on the latter are giventhe appendix (Table Al).
Abundance was defined as total flower area periplptants, while in pollinators it was
defined as total number of pollinator individuals mumber of individuals from a
pollinator group per plot, respectively. Pollinatmmposition was calculated as relative
abundance per pollinator group and experimental plo

To gain information on the German Red List statliallopollinator species identified,
we surveyed literature (Binot et al. 1998, BinotHkéaet al. 2011) and assigned a red
list status to each pollinator subsequently, orspecies not listed, the status “data
deficient”. For later analysis, all species assibres vulnerable extremely rare
endangered, critically endangered near extinctiorwere categorized dkreatenedall
species known to be not endangerechasthreatenedand all other species akwta
deficient
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4.2.4 Statistical analysis
To assess the relationship between the responsablesr and the LUI index or its
individual components (fertilization, mowing, grag) respectively, we used linear
regressions:

, Wherea is the slope anH the intercept
These were calculated for each response variabkadh of the three Exploratories
separately.
We computed the mean square error (RMSE) for eastiemand Exploratory and
assessed model significance with an F-test. Moreoas a rough goodness-of-fit
measure, we computed squared Pearson correlatefficeents between observed and
fitted values (R-values).
Network and species specialization of plants anddk visitors were calculated using
the information-theoretical specialization metits andd’ derived from the Kullback—
Leibler distance (Bluthgen et al. 2006H, discloses the degree of niche
complementarity within a network, wheredisn our case describes a species’ deviation
in flower visitation from the distribution of alldwer visitors. Both metrics range from
zero to one with high values indicating more prammd specialization. Due to a null-
model-based correction, the indices are unaffebtedariation in sampling effort or
total interaction frequency (Bluthgen et al. 2007).
To identify the general land-use response of aiepefor each specieswe calculated
Spearman correlation coefficients) (of relative species abundance (per cent of total
individuals) per plot and land-use intensity inte&xploratory. Actual species response
to land-use may relate to both, species specializaind the average land-use responses
of the specific partners a species depends o, the identity and interaction strength
of links within a network gives a hint on how specrespond to diversity changes. We
calculated the weighted mean’ ¢weighted by a species total interactions per
Exploratory and plotk) of each species to test for a relationship betwsgecies
specialization and land-use response. Furthermiorepollinators we determined the
weighted mean land-use response of all specifimpaplants frequented by pollinator
species (Ej), weighted by the number of interactionsb&tween a pollinator species
and its specific partner plantsFor plants we determined the weighted mean laed-us

response of all specific flower visitors of a plargE;), also weighted by the number of
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interactions @ between a plant specigsand its specific pollinators. We used
ANCOVA (type Il SS) to test the determinants of gedes” land-use response) (r
including E and ¢ in the model as predictors for pollinator respprsid Fand ¢ as
predictors for plant response. All calculationsdaled the methods described at full
length in Chapter 3 (see Weiner et al. 2014).

We conducted all statistical analyses in R 3.1.3D@elopment Core Team 2015).
Calculations oH,” and d’ were made with the function dfun in the packalartite’
(Dormann et al. 2009).

4.3 Results

4.3.1 Land-use effects on plant communities

Overall, we recorded 249 plant species from 32 liag)i with the highest species
richness occurring in the Schwébische Alb (163 igsg¢cfollowed by the Hainich (143)
and the Schorfheide Exploratory (106). Also the meaersity per plot was highest in
the Alb (5.63 £ 2.89), followed by the Hainich (8.8 2.56) and the Schorfheide
Exploratory (2.97 + 1.75). While overall floweringrea per site did not respond
significantly to land-use intensity in either oetExploratories (Table 7, Figure 8), plant
species richness declined with increasing landhueasity in the Alb and Hainich, but
not in the Schorfheide Exploratory (Table 7, Fig@e In the Alb and Hainich
Exploratories plant species richness decreased withieasing fertilizer input.
Moreover, an increase in mowing frequency went @laith a negative trend in plant
species richness, but significant effects occumetthe Alb Exploratory only (Table 7).
Grazing had a positive effect on species richnesthé Alb Exploratory (Table 7,
Figure 8).

94



Figure 8: Relationship between flowering area (left) respety plant species richness (right) and land-
use intensity (LUI, left panels) and its individwalmponents (right panels).

4.3.2 Land-use effects on red list species andnaddr communities

We identified a total of 741 pollinator speciesthwi63 species found in the Alb, 403 in
the Hainich and 332 in the Schorfheide Explorat®e recorded 115 bee species, 48
other hymenopterans, 50 butterflies, 104 beetl68, syrphids and 321 other dipteran
species. 94 species were classifiedttagatened(see methods), 355 species raxt
threatenedand 292 species amta deficient Species richness of threatened pollinator
species responded negatively in the Alb (FiguréH@ye an increase in fertilization was
associated with decreasing species richness ddtdmed pollinator species (Table 6).
Absolute abundance dhreatenedpollinators was correlated positively to land-use
intensity in the Schorfheide Exploratory (Figure. Yone of the individual LUI
components had significant effects on the absadbtendance of threatened pollinator

individuals in any Exploratory (Table 6).
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Table 6: Univariate relationships between land-use intgn&itJl), as well as its individual components
and response variables.

% % 5 LUl index Fertilization intensity Mowing intensity Grazing intensity
N R2 RMSE p R2 RMSE p R2 RMSE p R2 RMSE p
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%
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Model fit is expressed as Pearson correlation moefit (R?) and root mean square error (RMSE),dditéon to significance level
(p). Significant fit @ < 0.05) was marked boldface. Additionally, pogtiorrelations are highlighted in light grey, négabnes in
dark grey. Number of sites (N) is shown for eadpomse.

Figure 9: Relationship between the abundance of threat@uodichator species (left) as well as their
species richness (right) and land-use intensityl(Left panels) and its individual components (tigh
panels).

More detailed analysis of pollinator responses aae opposing trends for different
pollinator groups and different trends between Eploratories (Table 7, Figure
10 - 16), which impedes the deduction of genergllirations for pollinator protection.

Below results are ordered by Exploratory.
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Schwabische Alb: Overall pollinator abundance apdcis richness increased with
increasing land-use intensity. An increase mowirggdency was accompanied by
rising pollinator abundance, while species richnesesponded positive to both,

fertilization and mowing (Table 7, Figure 10). Hoxee, we observed declines in
species richness, absolute and relative abundanbatterflies in relation to land-use

intensification as well as a strong negative tremdthe species richness of bees.
Simultaneously, species richness and absolute abeedof syrphids and in case of
other flies additionally relative abundance incezh¢Table 7, Figure 11, 13, 15, 16).
Thus we found compositional changes in the polinatommunity towards more

dipteran and less lepidopteran species with inargdand-use intensity.

Figure 10: Relationship between pollinator abundance (leé§pectively pollinator species richness
(right) and land-use intensity (LUI, left panelsidats individual components (right panels).

Disentangling the land-use responses, we obsehaddwiith increases in fertilization
and mowing the richness and abundance of butterflecreased. The relationship was
more distinct for fertilization than for mowing. kontrast, fertilization was positively
related to richness of syrphids as well as to maisnand abundances of other dipterans.

Mowing intensity was positively correlated with hiitess and absolute abundance of
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syrphids as well as with richness and abundancestladr flies. In this case, we
observed stronger positive effects from mowing tlfram fertilization. None of the
pollinator groups showed a significant responsgrézing intensity (Table 7).

Hainich: Neither overall pollinator abundance nmhness responded significantly to
the LUl or one of its components (Table 7, Figuf®. ISpecies richness of beetles,
hymenopterans (excl. bees) and butterflies dectleagh increasing land-use intensity.
Hymenopterans and butterflies also decreased imdaimece (absolute and relative).
None of the pollinator groups responded posititelyand-use intensification (Table 7,
Figure 11 - 16). The LUI was a better predictor gotlinator response to land-use than
the individual LUl components. Nevertheless, inse=sain fertilization were related to
decreases in species richness of beetles as welldecreases in the relative abundance
of butterflies and a strong negative trend in thésolute abundance (Figure 13 and 14).
Moreover, the intensification of mowing also werorey with decreasing relative
abundance of hymenopterans (excl. bees) and |lquesies nhumbers of beetles, though
the effect was less distinct than in fertilizatidncreases in grazing were related
positively to species richness of beetles (Tableigure 12 and 14).

Schorfheide: Neither overall pollinator abundance mchness responded significantly
to changes in land-use intensity (Table 7, Figie Rartially opposing the trends in the
other Exploratories we found a positive responskand-use intensification in relative
abundance of bees and butterflies and a strongiy@msiend in the species richness of
bees, whereas the relative abundance of flies deede with increasing land-use
intensity (Table 7, Figure 11, 12, 16). Scrutingzithe responses of the individual LUI
components we found that in syrphids higher fediiion went along with increasing
relative abundance, but higher mowing frequency hadeven more pronounced
positive effect. An increase in mowing frequencynivalong with an increase of species
richness, absolute and relative abundance of syspfirable 7, Figure 15), while
species richness, and abundances of hymenopterspsnded negatively (Figure 12).
Increases in grazing intensity were associated initreases in the relative abundance
of bees and butterflies. In trend the relative alaunte of flies decreased (Figure 11, 13,
16).
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Table 7: Univariate relationships between response varsahled land-use intensity (LUI) or its individual
components
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Number of sites (N) is shown for each response.

100



Figure 11: Relationship between bee response and land-lesgsityt (left panels) as well as its individual campnts (right panels).
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Figure 12: Relationship between response of hymenopterard. (eges) and land-use intensity (left panels) a#l as its individual componenigight panels).
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Figure 13: Relationship between butterfly response and lseitensity (left panels) as well as its individcamponentgright panels).
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Figure 14: Relationship between beetle response and lanhesssity (left panels) as well as its individuahegponentgright panels).
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Figure 15: Relationship between syrphid response and landrtesesity (left panels) as well as its individeaimponentgright panels).
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Figure 16: Relationship between dipteran response (exclhsysp and land-use intensity (left panels) as waslits individual componen({sight panels).
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4.3.3 Land-use effects on plant-pollinator inteatd and specialization

From a total of 25401 documented interactions 1M@& recorded in the Alb, 9649 in
the Hainich and 4724 in the Schorfheide. We obsepadlinator visitation in 114 out of
163 plant species in the Alb, 85/143 species inHhmich and only 64/106 species in
the Schorfheide. Moreover, plant-pollinator netwsonkere highly structured (mean
network complementary specialization = sd: Alby #10.61 + 0.14, N =49, Hai:
H,’=0.62 £ 0.13, N = 51, Sch:;H= 0.65 £+ 0.23, N = 48).

Within each Exploratory plant response to land-ustensification (fand was
independent of plant species specializatiofi),(d.e. plants considered as highly
specialized concerning their pollinator interactiatid not respond more negatively to
land-use intensification than more opportunistianplspecies (Table 3, see Chapter 3
for results across all Exploratories). We also oorgd that the response of plant
species to land-use intensification correlateshtodverage responses of their specific
partners (B not only across all Exploratories (Chapter 3) alsb within each single
Exploratory (Table 8).

Moreover, in all Exploratories pollinator fatgdknatory Was determined by the average
land-use response JEof the plant species they visited (Figure 17, |&aB).
Additionally, in the Alb and Hainich Exploratorigmllinator group identity was found
to be a significant predictor for the land-use o#&® (folinator9 Of pollinators (Table 8).
Moreover, in the Hainich Exploratory land-use irgiéication disproportionately
affected specialized pollinators (Table 8). If pwor specialization (§ was treated as
a sole variable, it was a significant predictor poilinator fate in the Alb Exploratory,
too (Table 8). Species specializatidhdiffered between pollinator groups in these two
Exploratories, but not in the Schorfheide (KrusWéllis-Test, Alb p < 0.0001, Hainich
p = 0.0002, Schorfheide p =0.081; Figure Al). He Alb and Hainich Exploratories
species’ specialization was highest for bees artteiflies, medium for beetles and
hymenopterans (excl. bees) and lowest for syrpduadisother dipterans (Figure Al, Tab
A2).
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Table 8: (a) Statistical model to predict species-spegifant responses to land usg.fr) based on the
weighted average partner respons@neighted foinaor9 @Nnd specialization (d). (b) Model to predict
pollinator responses,ffinaord based on weighted average plant responsgseighted fand and
pollinator specialization (d’) and pollinator graupomplete model and main factors in univariate el®d
are shown (ANCOVA; Type Il SS).

(a)

Complete model Univariate model

Exploratory Effect df F p df F p
Ej 1 39.12 <0.00001 1 41.30 <0.00001
Alb dj' 1 0.89 0.3483 1 2.04 0.156
Ejx dj’ 1 0.24 0.6248 - - -
Ej 1 987 0.00237 1 9.23  0.00318
Hainich dj' 1 0.51 0.4772 1 0.14 0.705
Ejx dj’ 1 0.00 0.9846 - - -
E 1 20.99 0.00002 1 21.43 0.00002
Schorfheide dj' 1 0.19 0.6686 1 0.11 0.739
Ejx dj’ 1 0.50 0.4844 - - -

(b)

Complete model Univariate model

Exploratory Effect df F p df F p
Ei 1 272.84 <0.00001 1 369.61 <0.000001
d' 1 0.43 0.5108 1 28.16 <0.000001
Alb pollinator group 5 3.88 0.0019 5 14.93 <0.000001
E xd' 1 5.52 0.0192 - - -
E; x pollinator group 5 3.02 0.0108 - - -
d' x pollinator group 5 1.94 0.0866 - - -
E 1 50.93 <0.00001 1 59.37 <0.000001
d' 1 6.55 0.0109 1 10.88 0.00106
Hainich pollinator group 5 3.60 0.0034 5 5.02 0.00018
Eixd 1 0.00 0.9727 - - -
E; x pollinator group 5 2.12 0.0630 - - -
d' % pollinator group 5 0.71 0.6131 - - -
Ei 1 12450 <0.00001 1 133.97 <0.000001
d' 1 0.27 06051 1 0.24 0.6258
. . pollinator group 5 1.06 0.3808 5 1.80 0.1115
Schorfheide ", 'y 1 009 07591 - : .

E x pollinator group 5 1.25 0.2835 - - -
d' x pollinator group 5 1.17 0.3260 - - -
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Figure 17: Interaction strength and partner identity in gitative networks predict indirect effects of lanseuntensification: Throughout all Exploratoriedlipator

abundance decreases in response to declines ofribsi frequently visited plant species.
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4.4 Discussion

In grasslands, land-use management mainly conefsthree different components,
namely grazing, mowing and fertilization. For plapiecies richness it has been shown
earlier that its correlations to the intensificatiof those components may differ in
strength and even direction (Socher et al. 2012)order to better understand the
mechanisms which may entail the loss of biodivgrsitmanaged grasslands we tried to
disentangle the effects of single land-use compisnemn species composition,
abundance and diversity in plant-pollinator netvgorkhis is a first step towards the
conservation of the ecosystem service pollinatoavige. Once the requirements for
maintenance of high pollinator diversity and itgnsficance for plant reproduction are

understood plans for their management can be deeélo

4.4.1 Land-use effects on plant communities

For plant communities it is known that increasedilieer application and augmented
mowing frequency reduce flower diversity and matederate community productivity,
stability and resilience (Mountford et al. 1993Infan and Downing 1994, Hector et al.
1999, Cardinale et al. 2007, Hector and Bagchi 20Bértilization in our study was
negatively correlated to species richness of flawgeplants in the Alb and Hainich
Exploratories while fertilizer input had no sige#int effect on species richness in the
Schorfheide. This is in line with Socher et al. X2Ppwho analyzed direct and indirect
effects of fertilization, mowing and grazing intégson plant species richness in the
same regional context. The difference in effectsvben Exploratories may be related
to differences in soil types, as the grasslandfiénAlb and Hainich Exploratories are
on mineral soils while those of the Schorfheide ntyaare on wet, eutrophic organic
soils (Fischer et al. 2010), e.g. conditions whitlake plants less dependent on
additional nutrient supply. High nitrogen levelsrotrogen addition favors the biomass
and seed production of grasses whereas low nitrogesls promote herb growth,
flower production and pollinator visitation (Burkdad Irwin 2010). Fertilization affects
plant species richness mainly through indirect a$fevia increases of productivity
(Crawley et al. 2005). In anthropogenic grasslands spetigmess declines at high
levels of productivity (Adler et al. 2011) due tewreased competition (Grime 1973) and
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reduced light for subdominant plants (Hautier eR809). These points may also explain
why we found considerable lower species numbefiewering plants both overall and per
site in the Schorfheide Exploratory in comparismSthwabische Alb and Hainich.
Consistent with other studies our analysis showetl an increase in mowing intensity
goes along with a decrease in plant species rish(itdansson and Fogelfors 2000,
Zechmeister et al. 2003, Knop et al. 2006). AltHoggaphically we observed this trend
in all Exploratories, the effect was pronouncedsigantly in the Alb only and missed
significance just by a narrow margin in the Hainigkgain our results are largely
consistent with Socher et al. (2012). Due to thengt ability of grasses to regrow after
disturbances such as mowing, an increase in thébauwf cuts goes along with an
increase in the abundance of grasses (Zechmeis&dr 2003). In contrast to grazing,
mowing removes biomass homogeneously and thus @gneelects for species with
re-growth ability, favoring shallow-rooted grassasd not deeper rooted herbs and
legumes. A reason for the strong effect of mowinglee species richness of flowering
plants in the Alb Exploratory may be that the dsigr of flowering plants per site is
comparatively high in this Exploratory so that &hifn plant species composition
towards grass species induced by mowing carry nverght.

In contrast to mowing grazing was positively caatetl to species richness in the Alb
Exploratory. Positive effects from grazing are dlguattributed to the higher sward
heterogeneity of grazed grassland plots throughpliag and selective grazing, which
increases germination and establishment of othersigodominant herbs (Proulx and
Mazumder 1998, Rook et al. 2004). The effect ok intensity on plant diversity
varies between different types of livestock, elieep, horses and cattle (Rook et al.
2004). Pastures grazed by sheep had the highest ob\herbs and a higher species
richness compared to grasslands grazed by cattlerses (Socher et al. 2012, Socher et
al. 2013).

As in the Alb Exploratory three quarters of the tpess and mown pastures we
surveyed were grazed by sheep, this may explaimyikeall positive effect of grazing
intensity. In the other two Exploratories pastuaesl mown pastures surveyed were
mainly grazed by cattle. However, differences iazgng effects can also be attributed
to differences in soil types that influence the réegto which grazing affects sward

heterogeneity and to strongly different initial sigs composition between the regions.
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Thus, also factors which we did not consider in statistical analysis may play a role
and our explanatory variables may be confoundet f@ittors like soil type or initial

species composition and vegetation structure.

4.4.2 Land-use effects on pollinator communities

Baseline information about plant-pollinator interans, species richness and abundance
of pollinators along gradients of land-use intgnsdn not only provide us with a better
understanding of pollination but also for maintes&f pollinator diversity and how
pollinators are affected by different land-use megs. Here it is essential to explore the
land-use responses of distinct pollinator groupsietail as taxonomic and functional
groups as well as rare and abundant species mpgneéglifferently to management
regimes (Biesmeijer et al. 2006, Jauker et al. 20B8r example, threatened pollinator
species in our study showed significant decreasspecies richness in relation to land-
use intensity (LUI) and fertilization in the Alb Rboratory while abundance of
threatened species was positively related to ls®dintensity in the SchorfheidAs
threatened species are usualy rare on the landscabe but may be very abundant
locally (Kotiaho et al. 2005), our results sugg#sit in the Alb suitable sites for
threatened species were found rather related toldod-use intensities while in the
Schorfheide threatened species reached high papuldensities on sites related to
higher land-use intensities. As discussed belowhe Schorfheide Exploratory most
sites are on organic soils which proved to be astat with lower species diversities
than sites on mineral soils where land-use intgnsibften higher in this Exploratory.
Additionally to differences in land-use responsésave versus abundant pollinators,
differences between specialist and generalist spemiay exist (Tudor et al. 2004,
Kleijn and Raemakers 2008) and it has to be kephimd that an absolute increase of
diversity or abundance can go along with biologlc@ihogenization, e.g. that some taxa
disappear while others strongly increase (Clavedle2010, Filippi-Codaccioni et al.
2010). Two pollinator assemblages with equal species nusnban be completely
different in terms of species composition and alamed structure. Thus, numerous
authors cautioned against the use of single inglicédxa for management and
conservation strategies. Our findings support taggument: The intensification of each

land-use component examined in our study showed#adanfluence on either species

112



richness or abundance or composition of pollinathksugh the direction in which
different land-use practices were related to spe@sponses varied between pollinator
groups and regions. For example, an increase ipoand land-use intensity (LUI) was
positively related to overall pollinator specieshniess and abundance in the Alb, but a
closer look revealed opposing land-use responsesliftdrent pollinators groups.
Increases in overall pollinator abundance and sgecichness going along with
increases in mowing frequency and fertilization evelriven by the enhancement of
abundances and richness of syrphids and otherraise\We observed simultaneous
declines in bee diversity as well as in absolutd exlative abundance and species
richness of butterflies (Table 7 and Al). In raatto intensification species richness of
butterflies as well as absolute and relative abnodalso decreased in the Hainich and
dipteran diversities increased in the Schorfhe®lech taxon-specific differences match
the finding of opposing responses to agriculturdénsification in bees and syrphids
from Jauker et al. (2009) and Biesmeijer et al.0§)0as well as the results from
Borschig et al. (2013) who observed decreasing @dmgce and species richness of
butterflies with increasing land-use intensity e tAlb and Hainich, but not in the
Schorfheide Exploratory. The latter assumed thdahénSchorfheide region the species
pool of butterflies was too small to detect chanigegiversity with increasing land-use
intensity. They further suggest that the regioneklof calcareous grasslands, which are
believed to be an important habitat of high bulyedind overall insect diversity (van
Swaay 2002), might account for the small butteghecies pool in the Schorfheide
study sites. As we detected only eleven butterfigcges in the Schorfheide, but 27
species in the Hainich and even 41 species in thewhere calcareous grasslands were
most abundant, we subscribe to their explanat@atgstent. Moreover, butterflies in the
Schorfheide were the taxon less specialized comggrieeding niches in our study
(Table A2) and therefore may be less dependenteotain food resources. Though
diversity trends were inconsistent between regi&igschig et al. (2013) showed that
with increasing land-use intensity species traitthe butterfly community change from
specialist to generalist characteristics in alioeg. Equal results were found by Simons
et al. (2015) in a multi-taxa approach that reve@@ensistent shifts in arthropod species
traits towards more mobile and less specializedcispewith increasing land-use

intensity.
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Generally flower-visitors in intensively managedagglands have to be able to cope
with frequent habitat disturbance as well as uabdé and low diverse food resources.
In terms of their traits generalist species, egncerning feeding niches or larval
habitats are believed to be less prone to distadbéman specialist species (McKinney
1997). The consistently low species specializatiosyrphids and other dipteran species
(Table A2) indicates that they do not depend awilyean preferred plant species as
bees and butterflies do and is in line with formsierdies that observed low mean species
specialization in dipterans as well as an incredgagant-fly interactions with increasing
land-use intensity (Weiner et al. 2011).

Concerning individual land-use components fertilma intensity may influence
pollinators rather indirectly via changes in plaintersity and composition. In the Alb
Exploratory we observed parallel declines plantsserichness and species richness of
butterflies as well as a decline in bee diverdityr bees and butterflies it is known that
their species richness is positively correlate@lémt diversity, although it is not sure if
there is a causal link or if plants and their st respond similarly to other
environmental factors (Steffan-Dewenter and Tsdkarr2001, Hawkins and Porter
2003). However, pollinator species responses td-lese proved to be highly correlated
to the weighted mean species responses of theirpghamsts and this effect was even
stronger for specialized species (Weiner et al420Thus, probably resource-mediated
effects are responsible for the declines of speg@®ess in flower visiting beetles
observed in the Hainich Exploratory as well. Beefdeoved to be highly specialized in
flower visitation there.

As in real world landscapes high fertilization imséy is correlated to high mowing
frequency, which also proved to be true for oudgtsites, pure effects of fertilization
may not always be easily disentangled from mowifigces. Thus, a mélange of true
fertilization effects and effects from mowing (seelow) may be responsible for the
effects of fertilization intensity on some pollinatgroups. For example in syrphids and
other dipterans correlations to mowing intensityevenuch stronger pronounced than
correlations to fertilization. Nonetheless, fertdiion intensity may have positive effects
on species richness and abundance of dipteranespasiit enhances productivity and
thus plant biomass and vegetation height. Vegetdteight had a positive effect on

richness and abundance of syrphids in other sti8jéslin et al. 2008).
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In relation to mowing temporal declines in diveyssind abundance of pollinators were
observed and the timing and frequency of mowingadked effects on insect species
composition in grasslands (Bulan and Barrett 19Wlgrris 1981, Kruess and
Tscharntke 2002, Knop et al. 2006). Mowing may ctffgollinators either directly by
disruption of life cycles (Johst et al. 2006) odinectly by a frequent unselective
removal of food resources and by favoring plantcgsewith a high re-growth ability
after disturbance thus changing plant species ceitipo (Fenner and Palmer 1998,
Knop et al. 2006). Additionally, mowing as well laigh grazing intensity may destroy
larval habitats and are detrimental to immobiledar Yet, contrarily to grazing which
creates a spatially heterogeneous sward structumifterent livestock activities like
trampling and dung deposition, high mowing intensiteates a rather homogeneous
sward structure dominated by few species and a pigiportion of grasses. The
observed negative effects of high mowing intensity butterflies, beetles, bees and
other hymenopterans may be subscribed to suchettdeffects via declines in the
number of flowering plant species and compositiatanges in plant composition as
well as to direct effects concerning life-cyclerdigtion. The identified positive relation
between mowing intensity and syrphids as well &erotipterans on the other hand
may be attributed to the observation that intergivessed meadows offer a higher
abundance of easily exploitable flowers from thewge Asteraceae and Apidaceae
which are readily visited by dipterans (Weiner et2811). Adult syrphids are mainly
pollen eaters and feed preferably on shallow flensfering a lot of pollen (Kevan and
Baker 1983). As such flowers usually possess expaometar sources they can be
exploited by a wide range of rather short-tongdekotlipterans as well.

Similarly to mowing high grazing intensity leads temporally removal of flowers
which may go along with intermittent declines inlpator diversity. However, grazing
may also have positive effects on pollinator diitgras it promotes and sustains high
sward heterogeneity, produces nesting sites of saitefor ground-nesting wild bees
and other insects with endogeic larvae, fosterontapt pollen and nectar resources for
a high variety of pollinators and prevents the sgson of mono-dominant grass
species (Beil and Kratochwil 2004). Additionallyagtures feature a high vegetation
complexity and sward heterogeneity offering a ugired microclimates (Morris 2000).

These characteristics may account for the positelation of grazing intensity we
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observed in bees and beetles. Additionally to tigl kliversity of flowering plants in

pastures, increases of bee diversity and relatimendance may be explained by
breeding strategy. Bees, collect pollen and ndotaheir offspring and repeatedly need
to return to the brood cells after foraging (Klegmd van Langevelde 2006). Bee
diversity and abundance, especially in small arsd lmobile species (Gathmann and
Tscharntke 2002), may be higher in grasslands inffenesting sites. However, also
general landscape context and other factors whigleauld not consider as explanatory
variables in our models may play a role for speaemposition, abundance and

diversity of pollinators in relation to land-usdensification.

4.4.3 Land-use effects on plant-pollinator inte@att and specialization

Across all Exploratories our plant-pollinator irdetion networks proved to be highly
structured. The mean network specialization lev#l')(found in each Exploratory
corresponds very well to other plant-pollinator watks examined (Blithgen et al.
2007, Frind et al. 2010, Weiner et al. 2011). Gmoading to results from earlier
studies (Weiner et al. 2011) in the Alb and HainiERploratory mean species
specialization per pollinator groupijdwas highest for bees. Moreover, in the Alb
species specialization of butterflies and beetleas wsignificantly higher than
specialization of other hymenopterans and diptemeties which was echoed in trend
in the Hainich, too. Contrarily, in the Schorfheidellinator groups did not differ in
mean species specialization per group. This resalf explain why pollinator group
identity as well as species specialization playedla for pollinator response to land-
use intensification in the Alb and Hainich, but motthe Schorfheide Exploratory (see
below).

Although land-use responses of plants and pollisastrongly varied between regions
as well as between taxonomic pollinator groupsfaumd that within each Exploratory
responses of plants and pollinators were determinyedpecies specialization and the
average land-use response of their interactiomeest The response of plant species to
land-use intensification corresponded to the aweragsponses of their specific
pollinators. In return, pollinators responded nagdy to land use if the plant species
they frequently visit declined in response to mamagnt intensification, so that a

linkage between a pollinator’'s response to landamkthe response of the plant species
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it visits can be assumedhis results confirm the findings across Explor@®rfrom
Weiner et al. (2014). Also Schaffers et al. (2008inonstrated that local plant species
composition was the most effective predictor ohempod assemblage composition.
Yet, while in the plants we investigated the larsé-vesponse of a plant species was not
affected by its specialization, specialized poliana were disproportionally affected by
land-use intensification in the Hainich and in tAld Exploratory where pollinator
groups differed in mean species specializationefehet al. (2014) as well as Kleijn
and Raemakers (2008) identified the decline ofgrretl host plant species as a main
factor associated with the decline of wild bee sgme@and bumblebees and therefore
stressed the importance of maintaining the predetrest plant species in order to
conserve bee diversity. Accordingly, our resultggast that pollinator species are
especially at risk if specialized on few resoure@sr findings further indicate that some
plant species may only prosper under specific mamagt regimes and that pollinators
associated with this plant species are therefa®icted to the same habitat, especially
if specialized on certain resources. In turn, aatigg direct response of effective
pollinators to land use, e.g. via disruption otleycles may cause declines in the plant

species they effectively pollinate in the long term

We conclude that while species that in their irdBoms are highly redundant to other
species may not affect the community diversitybiitst and resilience such species in
contrast may be unable to compensate the loss eftiesp that show high
complementarity in resource use i.e. functionaheispecialization. Thus, stability and
resilience within pollination networks charactedzgy high complementarity (Blithgen
et al. 2007) may be at risk. Moreover, compositioohanges in the pollinator
community from taxa and species rather specialid@dmany bees and butterflies to
taxa and species more generalized, e.g. syrphids mge considerable economic
influences in landscapes with high land-use intgndtor crops like oilseed rape
pollination efficiency of wild bees is be five-foldgher than for syrphids (Jauker et al.
2012). However, management recommendations aimmg¢he conservation of plant
and pollinator species cannot easily be adopteadsst regions as the regional context
has strong impact on the strength and directidmoaf plants and pollinators respond to

single land-use components.
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Appendix

Table Al: Response of plant and pollinator diversities taltaise intensity (LUI) and its individual compon&nt

% %5 )74 ! - $ 5 9-5
%= %$4 %= %$4 %= %$4 %= %$4
. "1 /12 I( IO / TR / TR 10 1 10
: 6 oo b 1o 1 12 It 20 (TR
4 2 /"0 /"1 [ /"0 /0000 /N /"0 /1"1 /10 ("
. "Ll 12 112 (M AR I
, 6 Y 1/ /1 1 /02 1 1 /12 11 1 /21
4 2 /0 | - 11 o /n"1 1 /11" 2 -
. "1 /" |- 111 - / /" |- noo
6 S VA AL 1t 10 [ 2 e i2(1
4 2o (- /1 1O /%101 [Nl 12 120( e -
. . LIl 12 TR o 2 TR
6 o b 10 1 10 I R0 e
4 2 [ 11 "2 M1 (02 /1 12 [ (1 1 10 1 1i(
. "1 /0 /2 |- 10 12 |- R e -
6 I 10 1IN 1110 112 1o 120( 110 11
4 2/ 10 [ 2 1 1@ 120 /1 1@ I"0 112 1 1111
. "L/l 100 /'O /1 100 /00/ /I 1O( /"0 /1 100 /("1
6 C A RV RN R L
4 2 /102 [ /101 /@O( /N 101 /(110 /4 101 /(2
. "2 - e 2 121t Ira e
4 6 4 (11020 /1 10 22 ¢ 111 1 1 2
4 2 0 1 2 1 e e 1 1 1 11000/
. "1/t 21 - 10 11 (2 / 12( - 111 1122
& 6 Il 110 1O 11112 (2 [ 112 1220 /1 110 /("2
4 2 /] I - 2 /Q - [ 10 [220( /1" 10 /(21

Model fit is expressed as Pearson correlation miefit (R2) and root mean square error (RMSE),ddition to significance levelpj. Significant fit ¢ < 0.05) was marked boldface. Additionally, postiv
correlations are highlighted in light grey, negatones in dark grey. Number of sites (N) is showvrefich response.
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Figure Al: Comparison of weighted mean pollinator specialiraid’) between different pollinator
groups per Exploratory. Different letters indicaignificant differences according to Nemenyi Damico
Wolfe Dunn post-hoc test.

119



Table A2: Mean specialization and land-use response pénatr group and Exploratory
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5. Pollen amino acids and flower specialization igolitary bees

This chapter has been published as:
Weiner, C.N., Hilpert, A., Werner, M., Linsenm&ir;E., Blithgen, N. (2010Pollen
amino acids and flower specialization in solitargés.Apidologie.

Summary

Pollen nutrient composition could be important imstplant selection of oligolectic
bees. In this study, pollen samples from 142 pépeicies were analysed separately for
water soluble and protein-bound amino acids. Thapasition of amino acids varied
strongly between plant species, but taxonomicatlated species had a similar
composition. All plant species contained the enset of essential amino acids,
although some in small quantities. Total concemnadf free and protein-bound amino
acids was significantly lower in pollen sourcesdibg oligoleges than in other pollen
sources. Pollen sources of oligoleges furthermtv@ved a lower concentration of
essential amino acids, and deviated more strongiyn fthe ideal composition of
essential amino acids as determined for honey tegsplants not hosting oligoleges.
However, this trend was not confirmed on a crudeylggenetic plant family level,

where pollen chosen by oligolectic bees was sinidather pollen.

5.1 Introduction

Most bees feed exclusively on plant pollen andarecepresenting their primary source
of protein and other nutrients especially during ldrval stage (Westrich 1990). While
oligolectic bees depend on pollen from a singlenplapecies, genus or family,
polylectic bees use a broad spectrum of floweritgngs (Cane and Sipes 2006).
Traditionally, it has been assumed that polylectgswhe ancestral state in bees
(Michener 1954). Indeed this proved to be truetlfi@Hemihalictusseries in the genus
Lasioglossun{Danforth et al. 2003), but recently growing evidersuggest that in the
majority of bee lineages generalist species hawdved from oligolectic ancestors
(Larkin et al. 2008, Michez et al. 2008).

The advantages of oligolecty remain largely unknothough several hypotheses have
been discussed, above all a higher proficiencypetilised bees when visiting their
specific host flowers through evolutionary adajprat{Strickler 1979, Muller 2006). On

the other hand, host-plant specialisation among lmeelld have been favoured if it
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reduced interspecific competition (Thorp 1969). A# plant species visited by
oligoleges are visited by polyleges as well, asieacomplete escape from competition
seems to be unlikely (Minckley and Roulston 20G&)wever, some quantitative extent
of competition-avoidance could be achieved by siistng on pollen containing toxic
compounds or being less nutritious and therefoseted less frequently or by fewer
species. On the other hand, it has been suggedsatdligolectic bees specialise on
plant pollen with higher nitrogen content but this/pothesis is lacking in
phylogenetically sound evidence so far (Budde .€2@D4). Pollen nutritional value has
been mostly judged by its crude protein contenty(Bal. 1990), estimated based on
pollen nitrogen concentration multiplied by 6.25.g(e Rabie et al. 1983). This
conversion factor may not be appropriate for pol{@oulston and Cane 2000).
Moreover, protein content may not adequately refiee availability and composition
of amino acids. Two diets containing the same jpmatentent may differ in nutritional
value due to a lack or imbalance of essential aracids (Standifer 1967).

Insects and other animal taxa have relatively simidasic nutritional requirements,
including the spectrum of essential amino acids @®ot 1952). It has been
demonstrated that dietary protein content is ctufwa reproduction, growth and
longevity of bees and other insects (Gilbert 1R@,lston and Cane 2002). Preferences
for diets with higher amino acid content have bdecumented in studies on butterflies
(Erhardt and Rusterholz 1998), ants (Blithgen aiwdll&r 2004), parasitoid wasps
(Wackers 1999) and honey bees (Alm et al. 1990 ifleal composition of essential
pollen amino acids (arginine 11%, histidine 5%, lascine 14%, leucine 16 %,
lysine 11%, methionine 5%, phenylalanine 9%, thie®i1%, tryptophan 4%, valine
14%) determined for the honey be¥pis mellifera by De Groot (1953) were very
similar to those of other animals (Nation 2002)u3hit can be assumed that bees do
not vary significantly in their nutritional requireents concerning relative amino acid
composition.

We focussed on qualitative as well as quantitapioken amino acid composition and
balance of amino acids. Our goal was to find ouétiver the pollen of plants selected
by oligolectic bee species differs in its chemicamposition compared to the pollen of
plants not hosting oligoleges. We tested wheth#depsources of oligoleges contained

either a significantly higher or lower (1) total s acid content or (2) balanced
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composition of essential amino acids, (3) and dmwnafrom an ideal composition of

essential amino acids proposed by De Groot (19%8) plants not hosting oligoleges.

5.2 Methods

5.2.1 Pollen collection and analysis

Pollen from 142 plant species was sampled and s@alfor its amino acid compaosition
(Table 9). The nomenclature followed Wisskirched &taeupler (1998). Among these
plants only five species may not be regularly esiby bees (namel@altha palustris

L., Circaea lutetianalL., Erophila vernaL., Sambucus nigra.., Silene latifoliaPoir.).
However, excluding the plants from the analysis dat affect the overall results.
Ninety-one of the sampled species have been eitbafirmed to be visited by
oligoleges through pollen analysis from bee po#ieopa and/or observations (Westrich
1990, Mdller et al. 1997, Muller 2006) or belong ptant genera known to host
oligolectic bees. We included all species belonginga plant genus visited by
oligoleges into this group, as most oligolegesaa®imed to be specialised on the genus
or family level (Minckley and Roulston 2006), anfiservations may not cover all
potential pollen host species. This yielded a tofed1 plant species hosting oligoleges
and 51 plant species not hosting oligoleges. Twairtg plant species hosting
oligoleges belonged to the family of Asteraceaesgdcies to the family of Lamiaceae.
Such families with high replication may be assurttede overrepresented in the results
on the species level. We therefore present aniaddittest where amino acid values
have been pooled for each of the 41 plant famitesheck whether patterns were
consistent on this crude phylogenetic levedighkcic = 22 and Neneralise= 26 families,
Table 9). In families containing plants visited goidnts not visited by oligoleges, we
pooled plants for each category separately, whasulted in seven plant families
occurring twice.

So far, most studies analysed bee-collected rakttzr hand-collected pollen and were
based on a few plant taxa only (references in: ®oanland Cane, 2000, but see Wille et
al. 1985). The analysis of bee-collected pollepnsblematic as bees add substantial
amounts of nectar to pollen loads (Miller et al0&0Leonhardt et al. 2007). This
creates an unknown bias caused by nectar derivgatsaccounting for up to 40 % of

the pollen pellet’'s dry weight (Roulston and Caf@®@. Any analysis of pollen pellets
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that disregards the added weight of nectar sugatket pellets greatly underestimates
the concentration of proteins in the pollen itsdlhis bias can not be removed by a
standardized multiplier (Roulston and Buchmann 2000

We therefore attempted to discover differencefiendollen nutritive value using hand-
collected pollen samples only. For each sampleenigipg on pollen amount per plant
species, pollen from 2-400 flower heads was podtegield sufficient amounts for
analysis (0.08 - 9.6 mg). Large samples were supleairfor multiple determinations.
As manual grinding of pollen using a mortar andestig prior to extraction did not
change results in terms of total amino acid conféhlcoxon; Z=1.54, p =0.12, N =8
plant species) samples were not ground. The ovieealtl even showed higher contents
in untreated pollen (on average 6.1f/mg). Each sample was checked for
contaminations under a stereo microscope and thereri at -20 °C until it was
prepared for analysis by drying over night at 30 E©Gnger drying did not further
decrease pollen dry weight.

Free and protein-bound amino acids were measungaragely with an ion exchange
chromatograph (Biotronik, amino acid analyser LO@O For analysis of water soluble
amino acids, usually 3-5 mg (dry weight) pollen veegracted with 100 pl water for
30 min in an ultrasonic bath (EMAG, Emmi 20HC) aafterwards for 60 min in the
refrigerator. After centrifugation (15 000 g) ancemmbrane filtration for 10 min, the
sediment was saved for later analysis of the amrids of the protein fraction. The
supernatant was poured into a new microcentrifuge,tboiled for 2 min at 100 °C, and
cooled in ice to room temperature before a secemtritugation for 5 min. Afterwards
50 pl of the supernatant was extracted with 104b6% 5-Sulfosalicylic acid in the
refrigerator for 30 min for precipitation of pratsi Ten minutes of centrifugation
followed and 50 ul of the supernatant plus 50 whring buffer were poured into a
fresh tube, mixed, and pipetted in a membranerfifidecta Spin) before a last
centrifugation for 5 min and adjacent measuremetité amino acid analyser.

For analysis of the amino acids of the proteintfoac200 pl 6 N HG were added to
the sediment, the sample was mixed, boiled for foaurs at 100 °C, and cooled to
room temperature. 10 min of centrifugation followé&the supernatant was poured into
a new tube and evaporated at 100 °C. Afterwardsdheple was re-dissolved in 200 ul

of water, immediately cooled to room temperatuned aentrifuged again (10 min).
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Subsequently 100 ul of the supernatant were mixigd 20 pl 12.5% sulphosalicylic
acid and extracted 30 minutes in the refrigeragdot® short mixing and centrifugation
for another 10 minutes followed. 100 ul of the supeéant and 100 pl sample
rarefaction buffer was transferred into a new nuerdrifuge tube. Then all was
pipetted through a membrane filter, centrifugedSeninutes and transferred into a new
microcentrifuge tube for further rarefaction withngple rarefaction buffer (1:5) before
measurement.

The experimental variability of our technique yield median coefficient of variation
(CV = standard deviation / mean) of 0.383, with adman standard deviation (SD) of
8.52ngy/mg pollen (n = 91 repeatedly measured pollen &shpt is much smaller than
the variability between samples of the same specaying in date or place of
collection (median CV = 1.084, median SD = 12rfiimg; n = 31 pollen samples of
the same species). If pollen from a plant species analysed in more than one sample,
for consistency we included only the sample witha thighest pollen dry weight into
statistical analyses. However, there was no treodatds higher amino acid
concentration in samples higher in weight (paireest, t =0.66, p=0.707, n=91
pairs). We compared total amino acid content yebldgth our method to protein
content of the same samples analysed in Bradfosdyas Our results are linear
correlated (y =0.76x + 44.61, R2=0.91) and sligthigher for each of the plant

species analysed. Besides, our results are comedcathose of Standifer (1967).

5.2.2 Statistical analysis

The composition of pollen amino acids was examinading non-metric
multidimensional scaling (NMDS), employing a Braw@s similarity matrix, two
dimensions, and 1000 runs. Statistics were conduatR 2.6 (R Development Core
Team 2006) using the “metaMDS” command and 100titns (R-package vegan
1.8.2). Amino acid composition data were enterednatar proportions (amino agid
[uMol g™] / total amino acid concentration [uMof'f) based on dry weight. To analyse
differences among plant families and between thmugg of plants hosting vs. not
hosting oligoleges analyses of variance using nicgtanatrices (“adonis” command, R-
package vegan) were conducted. The balance of dpgogtions of amino acids was

measured as standardized evenness derived frons&@iwsgiversity index:
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wherep; is the molar proportion of each amino acidf the total concentration df

amino acidsEp approaches 0 for the most imbalanced compositidnlafor a perfectly

homogenous composition with each amino acid oaogiiim the same proportion. The
deviation of essential pollen amino acid compositiopom the ideal composition

determined for the honey bee by De Groot (1953)ewmeasured as Bray-Curtis
distances. Mann-Whitney U-tests (two-tailed) wemnducted to examine whether
plants hosting oligolectic bees differed in anygmaeter from plants not known to host
oligoleges. All analyses were performed for totaira acids (free plus protein-bound)
and separately for the free amino acids alone. M@e separate analyses were
performed for the whole spectrum of amino acids (Begure 18) and only for the

essential ten, namely arginine, histidine, isoleegileucine, lysine, methionine,

phenylalanine, threonine, tryptophan and valine @eot 1952).

5.3 Results

Plants differed strongly in their composition ofllpa amino acids especially in the
proportions of free and protein-bound amino aciEigyre 18). Closely related plant
species plotted together on the ordination diagrsimewing similar pollen chemistry
(Figure 19). Differences across families were digant (ADONIS; R2?=0.677,

p < 0.01). However, plant species supporting oégtit bees did not differ significantly
from other plants in overall amino acid compositadrpollen (R2 = 0.002, p = 0.58) and

are scattered among them (Figure 19).
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Figure 18: Amino acid profile of two exemplary plant speci€ampanula tracheliunvs. Agrimonia
eupatoria C. tracheliumis known to host oligolectic bees unlike eupatoria All measured amino acids
and their derivates are displayed, separated iatodnd protein-bound amino acids. Note that tlaive
proportion of protein-bound amino acids differs vioetn these speciegarg = arginine, His = histidine,

lle = isoleucine, Leu =leucine, Lys=Ilysine, Memmethionine, Phe = phenylalanine, Thr = threonin&p = tryptophan,
Val = valine, -AAA = -aminoadipic acid, -ABA = -aminobutyric acid, Ala = alanine, Asn = asparagihgp = aspartic acid,
-AIBA = -aminoisobutyric acid , -Ala = -Alanine, Car = carnosine, Citr = citrulline, Cygysteine, Cyst = cystathionine;
ABA = -aminobutyric acid, GIn = glutamine, Glu = glutaméxid, Gly = Glycin, 1-Meth = 1-methylhistidine,-Neth = 3-
methylhistidine, OH-Pro = hydroxyproline, Orn = ithine, P-Eta = phosphoethanolamine, Pro = proli&er = phosphoserine,
Ser = serine, Tau = taurine, Tyr = tyrosine)
Average amino acid concentrations differed sigaifity between pollen from plant
species supporting oligolectic bees and pollenect#ld from plants not hosting
oligoleges (Figure 20). Plants hosting oligolegbeveged a significantly lower pollen
quality, both in terms of total amino acid concation and the fraction of all essential
amino acids. This differentiation was found in go®led total, but not in the fraction of
free amino acids (Figure 20). However, some plantifies, namely Asteraceae and
Lamiaceae are overrepresented in the genus-lenglleaand thus shape the results on

this specific level.
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Figure 19: Taxonomic signals in pollen amino acids: closellatexl species often have a similar

chemistry.Each symbol denotes one plant species, plantsigasiigolectic bees are displayed with “+” and pitavisited solely
by generalised flower-visitors with “0”. Speciesttplot together are similar in their relative podjons of amino acids (free and
protein-bound pooled). Four examples of plant fawilare highlighted to indicate their similar polleomposition. (NMDS,
stress = 9.53, Bray-Curtis Similarity).

p = 0.007 total AA
|" ==t | (""" ‘| total essential AA p = 0.008
free AA p=0.484
|_ 1 fe---_ _| [ Plants not hosting
oligoleges
"[[I"l [ Plants hosting
’_[I} free essential AA p = 0.357 oligolectic bees
I T T T 1
(o] 500 1000 1500 2000

Amino acid concentration (mMole/g DW)

Figure 20: Amino acids (AA) compared between plants hostingadéctic bees vs. plants not known to

host oligolegesBox whisker plots showing median, quartiles andyearPlants hosting oligoleges showed a signifigdntier
pollen quality in terms of total amino acid coneatibn (Mann-Whitney U-test; Z =-2.69, p = 0.007&)d the fraction of all
essential amino acids (Z = -2.64, p = 0.0082), eherthe fractions of free and free essential améids did not show significant

differences (all Z 0.92, allp 0.36) (Njgolectic = 91, Nyeneralisee= 51).
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When data are pooled on the family level, no déferes between plant families visited
and families not visited by oligoleges remained f&Vhitney U tests for groups of
compounds as in Figure 3, all 20.35, p 0.64, Nyigolectic = 22, Nyeneralised™ 26).

The balance of amino acids (evenness) did not signjficantly between plants hosting
oligolectic bees and plants not hosting oligolegdss was true also for each of the
fractions described above (all 20.86, all p  0.25, Nigolectic = 91, Nyeneralisee= 51 plant
species). However, plant genera hosting oligolejad a significantly less ideal
composition of essential pollen amino acids onbihgs determined by De Groot (1953)
for honey bees than the other plants (Z = 2.660088). The mean (£ SD) Bray-Curtis
Distance between pollen and the ideal compositaynpblien collected by oligolectic
bees was 0.179 (+ 0.03) and 0.161 (+ 0.02) forepoiiot known to be collected by
oligolectic bees. In particular, plants hostinggoleges contain a significantly smaller
proportion of valin (Z=2.58, p=0.0099), isoleuc(Z=3.17, p=0.002), leucin
(Z=2.08, p=0.037) and arginin (Z=1.98, p 648) but a higher proportion of
histidin (Z = 2.65, p = 0.008). However, after pbygnetic correction only the result for
isoleucin remains significant (Z = 2.07, p = 0.039)

Most sampled species contained the full spectrurasséntial amino acids. However,
tryptophan had particularly low levels (< 1.0 puMplin more than one-third of the
plant species analysed, and methionine was presgytn traces inPastinaca sativa
and Erigeron annuusThe total concentration ranged from 0.04 uMolfg deight in

Silene dioicao 15.8 pMol/g inCorydalis cava
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Table 9: List giving all analysed plant taxa, their assigminto one of the two tested groups (O = pollerishok
oligolectic bees, N = not hosting oligolectic beasyl the total concentration of free and proteinAgbamino
acids as well as percentage of essential aming &8l = amino acids).

Plant name

Acer platanoides
Allium cepa

Allium ursinum
Leucojum vernum
Daucus carota
Pastinaca sativa
Hedera helix
Achillea millefolium
Antennaria dioica
Arctium minus
Arctium tomentosum
Bellis perennis
Carduus acanthoides
Centaurea cyanus
Centaurea jacea
Cichorium intybus
Cirsium arvense
Cirsium oleraceum
Cirsium vulgare
Crepis biennis

Plant family
Aceraceae
Alliaceae
Alliaceae
Amaryllidaceae
Apiaceae
Apiaceae
Araliaceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae

Echinops sphaerocephaluasteraceae

Erigeron annuus
Helianthus annuus
Hypochaeris radicata
Leucanthemum
ircutianum
Leucanthemum vulgare
Matricaria recutita
Rudbeckia fulgida
Senecio erucifolius
Senecio fuchsii
Senecio jacobaea
Tanacetum vulgare
Taraxacum officinale
section Ruderalia
Tragopogon pratensis
orientalis

Tragopogon pratensis
pratensis

Tussilago farfara
Impatiens glandulifera
Impatiens parviflora
Betula pendula
Borago officinalis
Echium vulgare
Symphytum officinale
Alliaria petiolata
Berteroa incana
Brassica napus

Asteraceae
Asteraceae
Asteraceae

Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae

Asteraceae
Asteraceae

Asteraceae
Asteraceae
Balsamicaceae
Balsamicaceae
Betulaceae
Boraginaceae
Boraginaceae
Boraginaceae
Brassicaceae
Brassicaceae
Brassicaceae

Water-
soluble

AA

Oligolecty (ug/mg)

N

@)
O

N
O
o
@]
0]
o
o
o
O

OOOOOOOO

@]

000

c0Q00Zz=z-00 o 5 oOoooooO

59.99
55.32
25.19

142.92

86.29
72.48
54.49
24.21
36.80
40.33
42.35
22.53
57.51
47.36
39.37
34.05
51.28
60.94
43.75
43.92
47.21

7.44
21.84
50.42

39.82

23.39
32.66
17.37
28.27
33.68
28.67
30.34

24.44

46.45

37.21

46.03
31.07
11.11
11.87
52.60
25.11
49.85
30.11
18.52
24.68

Essential Protein-

water- bound

soluble AA AA

(%)
34.60 102.98
1550 117.26
17.60 179.88
49.10 155.47
9.80 80.14
13.40 88.33
8.80 143.65
26.60 56.45
24.90 79.64
6.70 89.51
16.10 58.46
44.90 71.52
14.70 69.47
30.90 91.06
23.30 85.85
24.10 87.83
16.10 81.67
12.00 83.51
10.80 102.44
26.40 80.26
10.40 91.93
28.20 44.09
52.20 92.04
21.50 96.67
19.80 62.24
2.90 69.16
23.50 55.55
51.10 66.62
30.80 67.84
24.40 75.06
31.00 79.63
17.10 64.16
28.10 72.98
22.80 71.62
12.20 94.11
18.80 65.47
53.10 105.07
43.10 85.74
15.40 57.48
3.90 167.19
23.90 141.28
18.40 194.74
17.10 112.17
19.70 120.22
21.50 142.94

Essential
protein-bound
(Hg/mg) AA geb (%)

38.10
36.30
37.40
40.20
33.10
35.60
35.60
33.40
35.90
34.50
36.30
35.80
35.10
37.10
37.00
34.70
36.40
37.80
35.10
34.50
34.20
29.90
35.60
35.90

37.30

36.80
35.50
38.60
36.60
35.30
37.20
35.00

35.00
36.10

36.00

33.80
37.60
38.60
36.50
38.60
35.90
39.00
34.40
38.10
38.00
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Erophila verna
Campanula glomerata
Campanula patula

Brassicaceae
Campanulaceae
Campanulaceae

Campanula rapuncoloides Campanulaceae

Campanula trachelium
Sambucus nigra
Viburnum lantana
Cerastium arvense
Saponaria officinalis
Silene dioica

Silene latifolia
Hypericum perforatum
Colchicum autumnale
Calystegia sepium
Convolvulus arvensis
Bryonia dioica
Dipsacus fullonum
Knautia arvensis
Lathyrus pratense
Lotus corniculatus
Lupinus polyphyllus
Medicago fallcata
Medicago sativa
Onobrychis viciifolia
Ononis spinosa
Securigera varia
Trifolium medium
Trifolium pratense
Vicia sepium
Corydalis cava
Gentiana lutea
Geranium pratense
Geranium pyrenaicum
Geranium sylvaticum

Aesculus hippocastanum

Muscari comosa
Ajuga reptans

Ballota nigra
Galeobdolon luteum
Glechoma hederacea
Lamium album
Lamium maculatum
Lamium purpureum
Prunella vulgaris
Salvia pratensis
Stachys recta
Stachys sylvatica
Lythrum salicaria
Alcea rosea

Malva alcea

Malva moschata
Malva neglecta
Malva sylvestris
Circaea lutetiana
Epilobium angustifolium

Campanulaceae
Caprifoliaceae
Caprifoliaceae
Caryophyllaceae
Caryophyllaceae
Caryophyllaceae
Caryophyllaceae
Clusiaceae
Colchicaceae
Convolvulaceae
Convolvulaceae
Curcubitaceae
Dipsacaceae
Dipsacaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fumariaceae
Gentianaceae
Geraniaceae
Geraniaceae
Geraniaceae
Hippocastanaceae
Hyacinthaceae
Lamiaceae
Lamiaceae
Lamiaceae
Lamiaceae
Lamiaceae
Lamiaceae
Lamiaceae
Lamiaceae
Lamiaceae
Lamiaceae
Lamiaceae
Lythraceae
Malvaceae
Malvaceae
Malvaceae
Malvaceae
Malvaceae
Onagraceae
Onagraceae

OzooOOOOOOOOOOOoOOOOZZZZZZOOOZZOOOZOooOOOZZZZZZZZZOOOOO

17.07
34.77
21.97
127.84
118.99
9.89
20.79
24.70
32.92
14.61
14.72
18.01
22.44
15.08
9.63
27.44
46.16
27.25
30.72
45.42
71.06
28.99
23.55
51.95
50.63
43.44
57.56
50.54
40.49
94.73
12.94
46.53
56.11
48.47
55.75
24.84
30.30
17.38
28.50
40.49
21.23
16.63
6.68
35.85
31.86
17.40
19.15
19.80
0.68
5.26
7.34
11.62
9.75
17.34
53.19

22.40
18.60
20.00
41.80
43.80

8.30

4.70
14.00

7.80
12.00

9.00
26.20
16.60
44.20
37.50
16.40
10.50
11.90
15.70

7.80
22.40
27.40

6.10

9.30
23.00
15.20
16.40

7.00
13.00

5.10
60.10
14.00

6.20
27.00
17.70
11.30
18.80
18.40
34.40
32.10
20.10
23.80
16.60
37.50
34.90
16.80
13.20
11.20
57.20
29.70
54.30
35.80
39.60
36.60
33.80

93.04
156.25
157.59

95.37
130.42
161.22
131.00

75.33
155.97
142.36
156.14
135.14
162.83
124.51
114.50
157.36

95.66
123.56
145.20
174.65
205.16

83.46
141.54
132.41
145.15
178.58
166.78
113.65
159.12
124.99
117.56

35.44

54.32

40.25
201.77
167.93
186.32
145.31
159.68
105.96
188.70
211.07

55.47
121.85
105.80
207.43
216.86

89.98

40.08

56.26

29.41

72.39

55.77

58.19

55.32

33.40
38.90
39.70
37.20
39.30
33.30
30.80
36.90
37.90
36.70
37.70
38.60
37.90
36.50
37.50
37.80
35.70
35.60
37.20
36.80
38.90
37.20
36.30
37.70
38.40
36.20
38.90
38.90
36.40
33.90
39.00
33.30
36.00
34.50
39.30
37.80
39.20
36.80
38.50
37.60
37.90
36.60
35.10
38.20
40.20
39.60
40.00
37.00
37.50
38.80
35.90
39.20
38.10
37.60
35.60
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Epilobium hirsutum
Gaura lindheimeri
Oenothera biennis
Chelidonium majus
Papaver rhoeas
Plantago lanceolata
Plantago media
Lysimachia nummularia
Lysimachia punctata
Lysimachia vulgaris
Anemone ranunculoides
Aquilegia vulgaris
Caltha palustris
Clematis vitalba
Ranunculus acris
Ranunculus bulbosus
Ranunculus lanuginosus
Ranunculus repens
Reseda lutea
Agrimonia eupatoria
Amelanchier lamarckii
Filipendula ulmaria
Potentilla anserina
Potentilla reptans
Prunus spinosa
Rubus fruticosus
Waldsteinia geoides
Galium album

Salix cinerea

Salix dasyclades
Salix triandra

Salix viminales
Linaria vulgaris

Melampyrum pratense
Rhinanthus
alectorolophus

Onagraceae
Onagraceae
Onagraceae
Papaveraceae
Papaveraceae
Plantaginaceae
Plantaginaceae
Primulaceae
Primulaceae
Primulaceae
Ranunculaceae
Ranunculaceae
Ranunculaceae
Ranunculaceae
Ranunculaceae
Ranunculaceae
Ranunculaceae
Ranunculaceae
Resedaceae
Rosaceae
Rosaceae
Rosaceae
Rosaceae
Rosaceae
Rosaceae
Rosaceae
Rosaceae
Rubiaceae
Salicaceae
Salicaceae
Salicaceae
Salicaceae
Scrophulariaceae

Scrophulariaceae

Scrophulariaceae

Verbascum pulverulentuncrophulariaceae

Verbascum thapsus
Veronica chamaedrys
Solanum dulcamara
Tilia cordata

Valeriana officinalis agg.
Viola reichenbachiana

Scrophulariaceae
Scrophulariaceae

Solanaceae
Tiliaceae

Valerianaceae

Violaceae

2

2

20z

Z z

37.54
35.38
27.96
46.81
60.23
19.68
20.25
24.89
22.92
13.92
30.65
44.41
71.52

7.10
25.05
28.93
36.34
32.25
56.48
41.62
17.39
16.26
21.26
16.01
17.97

5.28
38.19
39.95
33.41
24.17
25.25
26.36
55.82
96.47

73.29

42.22
44.09
25.93
39.89
35.07
28.59
28.39

21.30
15.10
23.10
20.40
29.20
23.80
31.60
17.50

9.50

5.90

5.60
19.50
30.40
12.50
16.60
14.10
22.20
21.00
13.30

5.90

8.80
19.40
15.90
10.20
14.80
17.10

6.50
15.60
38.60
37.10
25.80
27.70
10.70

5.40

15.90

11.50
10.60
36.20
21.10
19.10
37.30

9.00

71.85
93.88
78.38
184.50
147.10
99.71
95.35
64.63
68.65
13541
103.79
168.78
87.97
138.19
151.95
85.32
86.39
57.51
143.96
131.36
108.29
98.89
108.60
142.53
179.70
217.14
158.31
145.67
122.32
154.88
182.59
161.21
185.12
156.42

182.90

211.54
148.33
59.03
248.86
91.80
52.10
142.43

37.60
36.00
37.50
39.40
39.80
38.50
36.30
32.40
33.10
36.00
34.40
36.50
35.20
36.90
37.20
37.40
38.40
37.20
36.40
37.40
35.20
39.80
33.50
34.10
37.10
36.50
36.40
39.10
38.00
40.20
38.00
40.20
37.10
36.30

37.90

40.60
38.70
38.70
39.00
34.80
36.60
34.00
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5.4 Discussion

Our comparison of pollen amino acid compositionvekd that closely related species
differ only slightly in their proportions of aminacids, suggesting that the profiles are a
highly conserved trait. Compositional differencesrgvmost obvious between families and
orders. Most plant species investigated contaihedull spectrum of essential amino acids,
albeit some in extremely small quantities. Earbtudies reported that tryptophan was
lacking in several pollen species (Auclair and &son 1948, Roulston and Cane 2000),
partly for plants where tryptophane was detectel¢ ontrace amounts in our analysis.
However, the strong quantitative limitation of ttgphane and occasionally methionine is
evident and this limitation may be crucial for tdevelopment of bees or other pollen
feeding insects.

Regarding pollen amino acid concentration on thenilfa level (to compensate
overrepresentation of closely related plants),results are consistent with earlier findings
of crude protein or nitrogen contents (Roulstomle000): pollen known to be collected
by oligoleges is neither more nor less nutritioiant other pollen. On the species level
oligolege pollen hosts contain significantly lowamounts of amino acids. These
conflicting findings on family and species level ynasult from the latter being strongly
dominated by common plant families, particularlytékaceae and Lamiacae. Indeed some
plants families are over-proportionally visited bligoleges, whereas others do not host
oligoleges at all. This suggests that evolutior@gstraints may have played a major role
in host-plant choice of oligoleges (Sedivy et 808).

Host plants of oligoleges showed a poorer matchth&ideal composition of essential
pollen amino acids determined by De Groot (1953ntlther plants. It may thus be
possible that oligolectic bees are better adapietd joorer nutritional quality of their host
plants, among many other adaptations to their 8pgmllen sources. Accordingly, it has
been hypothesised that specialist bee species maydoe efficient in resource use than
related generalists (Strickler 1979, Dobson andgPEI07). Higher efficiency in pollen
harvesting can be achieved through behaviouralmaaphological adaption (Mdller and
Bansac 2004). Examples are modification of mouttispiaa oligolecticLeioproctusor a
specialised hind leg brush in oligolectitegachile species (Houston 1989, Miller and
Bansac 2004). The evolution of such specialisetepakmoval structures evolved several
times independently in widely separated taxa, $uibi restricted to oligolectic bees (Thorp
2000).
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Nevertheless, Michez et al (2008) found some ewedethat host switches occur more
frequently to morphologically similar rather thaogsely-related plants.

Shorter handling time per flower and the abilityatfgoleges to remove more pollen per
flower than generalists was reported by Strickl&70) and Cane and Payne (1988). These
skills may lead to higher potential reproductiance more pollen is collected for the brood
cells per unit of handling time. However, bees db adjust pollen provision based on the
pollen’s protein content. Roulston and Cane (200a@hd the amount of pollen provision to
predict larval performance only if, additionally fiovision mass, protein content was
considered. Besides, some evidence suggests tigaieges are physiologically better
adapted to digestion of their host plant pollen aad absorb the nutrients present in the
pollen of their restricted food source more effesly than other bees (Dobson and Peng
1997, Praz et al. 2008). This might explain a ob@t pollen species with lower total or
essential amino acids. However, polylectic beesmonly collect monospecific pollen
loads for nest provision (Westrich 1990) and this® alepend on the suitability of their
particular provision. In brood cells containing lpal loads deficient in one or more
essential amino acids, larvae would not be ablgetelop. Thus, it may not be surprising
that polyleges select similar or even better potiealities. Adaptation to a certain pollen
source may be associated with a cost: a decreagabitity to digest other pollen types.
Such costs are known to occur in host-specific ikerbs (Strauss and Zangerl 2002) and
were recently hypothesised for bees as well (Seétvyl. 2008). While some studies
demonstrated oligoleges to grow well on some nast-pollen (Bohart and Youssef 1976,
Williams 2003), brood failure has been reportednfrother investigations (Guirguis and
Brindley 1974, Praz et al. 2008). In some cases tommpounds may be involved in
specialist bees being able to cope better with spatlen species than others (Praz et al.
2008). To our knowledge no comparative approachpalfen toxins exists so far. If
oligolectic bees specialised on pollen that isegitteficient in amino acids or contains toxic
compounds, this might have led to a competitiveaathge in terms of the available pollen
guantity and may explain why Asteraceae host lamgmbers of oligoleges but only few
polyleges (Muller and Kuhlmann 2008). However, efifee competitive avoidance has not
been demonstrated so far. Most plant species dibyeoligoleges are also regularly visited
by polylectic bees and other insects, but this admesexclude the possibility of quantitative
effects of competitive avoidance. Answering thisegfton would require quantitative
surveys of flower visitation and pollen removalest
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6. Diversity and resource choice of flower visitingnsects in
relation to pollen nutritional quality and land use — synopsis
and discussion

Biodiversity loss always is a matter of public cert Yet, losses in pollinating insects
are predestined to raise particular attention duiiaeir potential effects on reproduction
of wild flowers (Biesmeijer et al. 2006) and, abalk crop production and thus human
welfare (Klein et al. 2003, Klein et al. 2007). Bhalbeit controversially discussed, the
pollination crisis became a pervasive topic in eggl(Ghazoul 2005, Steffan-Dewenter
et al. 2005).

Diverse communities of wild pollinators are statied enhance stability, quality and
quantity of pollination services (Lonsdorf et a0®). However, to assure this essential
ecosystem service, wild pollinator assemblagesarlgppropriate foraging resources as
well as nesting sites within foraging distancelofdl patches.

The goal of my thesis was to examine how and vigchvipathways land use affects
plant-pollinator communities. We investigated thdiirersity in relation to different land-
use intensities and management strategies. Cdngasesults between different
pollinator groups demanded to illuminate the relahip between species niche
properties and vulnerability to disturbance. Welyzed species response in relation to
specialization and demonstrated that species-$pgudnt and pollinator responses to
land use may be predicted by the land-use respohs&ach species’ partners when
relative interaction strength is considered. Ondifngs confirm that ecological networks
suit to predict natural community responses toudistnce and possible secondary
extinctions. As specialization in pollinators pdielly is associated with high costs, we
explored if it on the other hand coincides withhegforaging efficiency and investigated
if resource choice in pollinators is influencedpgmllen nutritional quality.

6.1 Land-use effects on plant communities

Frequent mowing, grazing and fertilization are know have profound effects on plant
species richness and functional diversity (Proutd Mazumder 1998, Maskell et al.
2010). Thus, floral composition and species richnek grasslands partly mirror their
management regime (Fenner and Palmer 1998). Oupar@son between meadows used

at high or low land-use intensities revealed ciuddferences in plant species
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composition even between barely varying managerygas, with species overlaps of
less than 43 per cent (Chapter 2). Plant specadsess and diversity declined with
increasing land-use intensity (Chapter 2-3). Owsults showed that even gradual
differences in management intensity, particularigréases in mowing frequency and
fertilization, lead to changes in species compasitind losses in plant diversity (Chapter
2, 4). Thus, we confirmed former studies detectilegreases in flower diversity with
increasing fertilizer application and mowing freqag (Mountford et al. 1993, Socher et
al. 2012). Nonetheless, a more detailed look aigbkated effects of different land-use
components revealed differing trends between Egapboies, i.e. results cannot be
transferred without further ado between regionsaftér 4). Considering the importance
of regional contexts, similar findings were repdrfeom other studies conducted within
the framework of the Biodiversity Exploratories jeat (e.g. Blithgen et al. 2012,
Socher et al. 2012, Socher et al. 2013).

The average land-use response of a plant specepredicted by the weighted response
of its pollinators, and did not differ with planpecialization (Chapter 3, 4) or between
self-compatible and self-incompatible plants (Clkaf). This is consistent with a review
by Aizen et al. (2002) who reported that neitheedoling system nor specialization
determined plant susceptibility to disturbance.eMlaverage specialization in plants was
very high, responses of plants to pollinator faErevMess pronounced than responses of
pollinators to plant fate, i.e. resource loss (Gba, 4). This may be due to the fact that
many plant species are capable of vegetative reptimh or do not depend obligatorily
on out-crossing (Klotz et al. 2002). Neverthelelmd-use intensification reduced
taxonomic breadth of some pollinator groups suchees and butterflies (Chapter 2-4).
This most probably causes a reduction in the foneli diversity of pollinators, which
could conversely affect plant species richnessfandtional diversity (Klein et al. 2003,
Hoehn et al. 2008). While plant reproductive fithesay be at risk over longer time
spans, the immediate effects on the fitness anal ldistribution of pollinators may be
more severe when their foraging resources becoraeailable (Biesmeijer et al. 2006,
Goulson et al. 2008, Bommarco et al. 2010).

Nevertheless, plant responses to land-use intengiie related to relative species
abundance with rare plants showing a stronger mechkith increasing land use than
more abundant ones (Chapter 3). Additionally, coselg with other studies (Ebeling et
al. 2008), the total number of visits to a plané@ps was positively related to overall

138



floral abundance in terms of flowering area (Cha@e This implies that rare plants
may suffer disproportionately from a decrease ilir@gor diversity and abundance. A
clear plurality of studies showed that pollinatiand reproductive success decrease in
sparse and sometimes also in small populationsicplarly in self-incompatible plant
species (Silander 1978, Jennerston 1988, Kunin,18§2n 1996, Knight 2003, Aguilar
and Galetto 2004, Hirayama et al. 2007, Kolb 20@3)l, competition for a limited
number of pollinators may lead to reductions in papita pollinator visits and pollen
limitation in large or very dense populations (Cathland Husband 2007, Spigler and
Chang 2009). Reductions in reproductive outputemmt of seed set may result from
declines in either pollination quantity or qualdf visits. As large plant populations and
high flower densities tend to attract higher nursbef pollinators (Cheptou and
Avendano 2006, Bernhardt et al. 2008) pollen floihim the population is secured even
if per capita visitation might be lower than in ssramaller populations. Moreover,
visitors to dense populations are expected to be ftl@ver constant, thus increasing the
chance of intra-specific pollen transfer (Kunin TR9In contrast, in small populations
beneath negative effects from inter-specific polteansfer higher rates of inbreeding
may lead to difficulties due to genetic reasonsvéieed population viability) and
increase local extinction risk (Ellstrand and El4893, Byers 1995, Waites and Agren
2004). If plant reproductive success decreases adtiieasing population size, rareness
rather than specialization may determine plantifatelation to pollination and land-use

intensification.

6.2 Consequences from land use for mutualistictypaliinator interactions

Agricultural management is also a major factor eteing diversity and persistence of
faunal richness in anthropogenic landscapes. Intr&sinto plants, in pollinators,
responses to land-use intensity were independegmltiator abundance (Chapter 3) and
seem to depend on species-specific pollinator stréthapter 2-4). We found that
pollinator composition corresponded to floral comiion (Chapter 3) and that overall
species composition of pollinators differed consahly between meadows varying in
mowing frequency and fertilization intensity (Chapt2). However, neither total
pollinator species richness nor abundance or divenss correlated negatively to land-
use intensity (Chapter 2-4). When regarded in ismia composition of bees and

butterflies differed considerably between meadopesy whereas the other pollinator
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groups did not show significant differences relat@ananagement (Chapter 2). In spite
of this, with increasing land-use intensity the pgmdional abundance and species
richness of dipterans, especially syrphids, masityeased, whereas it mostly decreased
in bees and other hymenopterans as well as inrBigseand beetles (Chapter 2-4). These
results highlight that different pollinator-groupsspond differently to disturbance. They
are in line with earlier studies indicating oppasitnends in the responses of wild bees
and syrphids to agricultural change and landscapetare (Biesmeijer et al. 2006,
Jauker et al. 2009). Moreover, they point to thet fthat investigation of species
biodiversity alone may not detect biotic homogetara e.g. losses in functional
diversity (Filippi-Codaccioni et al. 2010).

The number of visitor individuals per meadow vaiiedependently of its total flowering
area. Thus, in our study, total flower density was the vital factor determining overall
pollinator abundance. Nevertheless, visitation Hodering area of each plant species
within each network correlated positively (Chapgr Within a grassland plot, a plant
species with a high density, e.g. a large floweangg, received more visits in total. This
indicates that flower density plays a role for thstribution of visitors within a site.
Furthermore, it implies that rare plant species megeive fewer visits than abundant
ones, at least on a per site basis, which bendftioutlined above may lead to poor
seed set, high selfing rates, and inbreeding dsjmreg¢Fischer and Matthies 1997, Spira
2001). Considering that rare plants in our studyglided disproportionately with
increasing land-use intensity, besides direct &féom land use, pollinator response to
flowering area may explain why these plants areepticnally prone to disturbance
(Chapter 3).

In addition to floral abundance, pollinator abuncincomposition and diversity may be
triggered by floral diversity and species-specjlant preferences (Tudor et al. 2004,
Ebeling et al. 2008, Kleijn and Raemakers 2008 né&reat al. 2010). This was also
reflected by our results: a decline in plant spe@iequently visited by a pollinator often
went along with a decline in this pollinator (Chapt3, 4). Furthermore, pollinator
species composition depended on plant species ugooand in some pollinator
guilds on land-use type (Chapter 2).

Although land-use type explained only a small petage of the total compositional
variation in pollinators (Chapter 2), land use naffect pollinators directly e.g. via

disruption of life cycles (Johst et al. 2006) opply of appropriate nesting resources
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(Potts et al. 2005). Such direct effects are kneaviadd on indirect effects via flower
composition and availability, landscape context awdilability of larval habitats. For
example, parasitic wasps depend on the local almeedaf hosts (Steffan-Dewenter
2003) and in many bees and beetles abundance deperertain habitats and landscape
structures as well as specific larval or nestigss{Gathmann and Tscharntke 2002). On
the other hand, generalized flower visitors likestngyrphids and other dipterans are not
restricted to certain landscape structures and prafit from diverse larval habitats
within their foraging range (Jauker et al. 2009).slyrphids females can spread into
landscapes progressively, alternating between sitipa and feeding. Contrarily, bees
collect pollen and nectar for their offspring arepeatedly need to return to the brood
cells after foraging, especially small and less iolspecies may be restricted to
grasslands offering nesting sites. Such sites rhag be characterized by higher bee
diversity and abundance. While high grazing intgnsimilar to mowing may destroy
larval habitats, in our study such negative aspsete outweighed by positive ones. The
positive effects of grazing intensity we partly eb&ed in bees, butterflies and beetles
(Chapter 4) may be related to the fact that gratéagls to high sward heterogeneity
offering a variety of microclimates, produces nagtsites of bare soil for ground-nesting
insects and fosters important pollen and nectaruress as well as larval food plants for
a high variety of pollinators (Beil and Kratoch\2i004).

Unlike grazing, mowing leads to a frequent unsetleatemoval of food resources and a
rather homogeneus sward structure. Moreover, its gaeng with changes in plant
composition, may destroy larval habitats and igitheintal to most immobile larvae.
Therefore negative correlations between mowing ngitg and responses in some
pollinator guilds may be stronger than responsefettilization intensity which in real
world landscapes is highly correlated to mowingqérency and seemed to influence
pollinators rather indirectly via changes in pldntersity and composition (Chapter 4).

In our studies plant-pollinator networks provedh® highly structured. The level of
network specializatiofl,” was relatively similar for all flower-visitor netorks recorded
and yielded values around,’ = 0.60, which are also typical of other plantip@tor
associations (Bluthgen et al. 2007). Thus, mosivoids were highly structured,
deviating significantly from random associationfié@ter 2-4).

The level of species specializatidih was highest for bees, intermediate for buttesflie

beetles and hymenopterans excluding bees, and tidaresyrphids and other dipterans.
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The overall ranking proved to be stable betweemsyaad showed mostly similar trends
between different regions (Chapter 2-4).

Specialized pollinators such as oligolectic beesaiten expected to be more prone to
disturbance and thus more vulnerable to ecosystemge (Colwell et al. 2012). This is
recognized as the cost of specialization and wiasoreed by our results (Chapter 3 and
4). Dipteran flower visitors were least specializzdl showed little changes in species
composition and an increase in abundance rather @ahdecrease related to land-use
intensity. More specialized pollinators e.g. buttes and bees showed compositional
differences between management types and mostheaesd with increasing land-use
intensity (Chapter 2-4). This corresponds to ingasbns on bumblebees, butterflies and
beetles which demonstrated that many specializediespare of conservation concern and
have undergone a considerable decline in the dasiogs (Kotze and O"Hara 2003, Tudor et
al. 2004, Kleijn and Raemakers 2008)

Beneath the response of the plant species assbeute a certain pollinator, pollinator
response to land use was significantly influenced piollinator specialization and
taxonomic identity (Chapter 2-4). In rather spazed species responses to land-use
intensity were more strongly driven by the respensktheir preferred plants than in
more generalized pollinators (Chapter 3, 4). Acowgly, on average specialized
pollinator taxa reflected the land-use responséhefplant species they visited in their
own relative abundance. In contrast, syrphids ahéradipterans seemed to respond to
land-use changes more independently from assocéeds (Chapter 3). Nevertheless,
the identified positive effects of mowing intensdg syrphids and other dipterans could
be attributed to the observation that intensivedgdimeadows offer a higher abundance
of easily exploitable flowers like Asteraceae amuldaceae which are readily visited by
dipterans (Chapter 2, 4) which feed preferably loailew flowers offering a lot of pollen
(Kevan and Baker 1983). Thus, our results are mty m line with the theory that
specialist species with narrow ecological nichesraore susceptible to rapidly changing
environmental conditions, but also confirm that cspkization represents a risk that
renders species more vulnerable to co-extinctiorcKiMney 1997, Véazquez and
Simberloff 2002, Winfree et al. 2007, Aizen et2012, Pocock et al. 2012).

Differences in plant species composition togetheh Wwigh specialization may explain
the considerable differences in pollinator composiand functional diversity between

differently managed grasslands. Furthermore, diyermdeclines in specialist species
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suggest that they rely more heavily on their preféplant species, while diversity and
composition of dipterans was not consistently affdcby land use in our study,

corresponding to their low degree of flower spezéion.

The results from my thesis suggest that land-usmaification primarily triggers losses
in flower diversity and changes in composition, eththen may lead to non-random and
resource-mediated declines in certain pollinatédshough land-use responses of the
pollinators visiting a plant species may also iafluae plant abundance, this effect is
weaker. While overall pollinator diversity is nagsificantly affected, pollinator species
composition changes considerably (Chapter 2-4).dusse intensification has a
disproportionate impact on the abundance of moeeiappzed pollinators, and on the
abundance of rare plant species (Chapter 3). Qvedcies responses in plants and
pollinators were most strongly pronounced in relatio the intensification of mowing
which thus seems to be a major factor influencimg ¢composition of plant-pollinator
networks (Chapter 4).

6.3 Pollen nutritional quality in relation to spa&@ation in pollinators

Pollen amino acid profiles suggest that plantsdifionsiderably in the concentration and
composition of pollen proteins and free amino a¢Cisapter 5). In butterflies and honey
bees a preference for pollen and nectar that amtagh concentrations of amino acids
was found (Alm et al. 1990, Erhardt and Baker 19989k et al. 2003). Furthermore, the
ingestion of pollen or nectar rich in amino acislkmown to promote reproductive fitness
in butterflies (Lanza et al. 1997, Mevi-Schutz dfithardt 2005) and body size in bees
(Roulston and Cane 2002, Tasei and Aupinel 200&z@ua-Euan et al. 2011). Thus,
visitation rate, visitor diversity and specializati of pollinators may increase with the
quality of pollen plants offer.

We aimed to find out whether amino acid compositdfects host plant selection of
oligolectic bees. Thus, we compared amino acid eotmation, homogeneity of
composition andleviation from the ideal composition of essentiair® acidsbetween
pollen known to be collected by oligoleges and grolbnly collected by polylectic bees.
The composition of amino acids varied strongly aghptant species, but cognate plant
species displayed similar composition (Chapter B)is confirmed earlier work by

Roulston et al. (2000) whepotein concentrations were found to be highly eownsd
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within plant genera and families. If amino acid won influences flower visitation,
flower visitors, above all pollen specialists, angothesized to select for plants rich in
amino acids (Roulston et al. 200@urprisingly, the concentration of free- and pnotei
bound amino acids — also of the essential onessigisficantly lower in pollen sources
used by oligolectic bees than in other pollen sesir(Chapter 5). Moreover, pollen
sources of oligoleges deviated more strongly fréwa ideal composition of essential
amino acids as determined for honey bees (De Gt668) than pollen sources not
hosting oligolectic bees.

This leads to the assumption tlcampetitive avoidance or in other words an advantag
in terms of the available pollen quantity might éalked to oligolectic bees being
specialized on pollen that is rather deficient mirgo acids (Chapter 5). Though it still
needs to be tested in detail, a recent study censgl Asteraceae and their flower
visitors revealed that plants hosting oligolegess laarely visited by generalists (Muller
and Kuhlmann 2008).

However, benefits of specialization may also reolin more efficient handling of host
flowers (Strickler 1979), more effective pollen legtion due to specific pollen-
harvesting structures (Miller and Bansac 2004),enpooficient digestion (Dobson and
Peng 1997) and specialized detoxification abili{M4lliams 2003).

6.4 Conclusions

Land-use intensification sets off losses in flovaeversity, which leads to resource-
mediated declines in pollinator species. While thean land-use response of the
pollinators visiting a plant species also influethdés abundance, this effect is weaker.
Network analyses provide a valuable tool for chem@@ing mutualism in a community

context and may be used to predict community resgono disturbance and possible
consequences of species loss. Our findings emghas systems based on mutualism
may undergo severe transformation due to landausesification. Mutual specialization

could offer an explanation for the acceleratingaflar declines observed in plants and
pollinators.

144



Literature

Adler, P. B., E. W. Seabloom, E. T. Borer, H. Hilland, Y. Hautier, A. Hector, and W. S.
Harpole. 2011. Productivity is a poor predictor pdént species richness. Science
3331750-1753.

Agren, J. 1996. Population size, pollinator limaat and seed set in the self-incompatible
herb Lythrum salicaria. Ecologir:1779-1790.

Aguilar, R., L. Ashworth, L. Galetto, and M. A. Agmn. 2006. Plant reproductive susceptibility
to habitat fragmentation: review and synthesis uglo a meta-analysis. Ecology
Letters9:968-980.

Aguilar, R. and L. Galetto. 2004. Effects of fordsagmentation on male and female
reproductive success @estrum parqu{Solanaceae). Oecolodi88513-520.

Aizen, M. A., L. Ashworth, and L. Galetto. 2002. jReductive success in fragmented
habitats: do compatibility systems and pollinatgpecialization matter? Journal of
Vegetation Sciencg3:885-892.

Aizen, M. A. and P. Feinsinger. 2003. Bees notd® Responses of insect pollinator faunas
and flower pollination to habitat fragmentationga 111-129n G. Bradshaw and P.
Marquet, editors. How Landscapes Change. SpringdimrBHeidelberg.

Aizen, M. A. and L. D. Harder. 2009. The globalcit@f domesticated honey bees is growing
slower than agricultural demand for pollination.r@at Biology19:1-4.

Aizen, M. A., M. Sabatiano, and J. M. Tylianaki€12. Specialization and rarity predict
nonrandom loss of interactions from mutualist neksoScienc&351486-1489.
Allen-Wardell, G., P. Bernhardt, R. Bitner, A. Bugg, S. Buchmann, J. Cane, P. A. Cox, V.

Dalton, P. Feinsinger, M. Ingram, D. Inouye, C.JBnes, K. Kennedy, P. Kevan, H.
Koopowitz, R. Medellin, S. Medellin-Morales, and B. Nabhan. 1998. The potential
consequences of pollinator declines on the conservaf biodiversity and stability of

food crop yields. Conservation Biology:8-17.

Alm, J., T. E. Ohnmeiss, J. Lanza, and L. Vrieserif#0. Preference of cabbage white
butterflies and honey bees for nectar that contamiso acids. Oecologi4:53-57.

Armbruster, W. S. and B. G. Baldwin. 1998. Switatoni specialized to generalized
pollination. Nature894.632.

Asner, G. P., A. J. Elmore, L. P. Olander, R. E.rima and A. T. Harris. 2004. Grazing
systems, ecosystem responses, and global changealMreview of Environment and
Resource29:261-299.

Auclair, J. L. and C. A. Jamieson. 1948. Quali@atianalysis of amino acids in pollen
collected by bees. Scient88357-358.

Barmaz, S., S. G. Potts, and M. Vighi. 2010. A naowethod for assessing risks to pollinators
from plant protection products using honeybees asodel species. Ecotoxicology
19:1347-1359.

Barmaz, S., C. Vaj, A. Ippolito, and M. Vighi. 2Q1Exposure of pollinators to plant
protection products. Ecotoxicolo@y:2177-2185.

Begon, M., J. L. Harper, and C. R. Townsend. 1®hlogy: individuals, populations and
communities. 2 edition. Blackwell Scientific Pulaltons, Boston.

Beil, M. and A. Kratochwil. 2004. Zur Ressourcerauwritg von Wildbienen (Hymenoptera,
Apoidea) in beweideten und unbeweideten Sand-Gkesys1. Beweidung und
Restitution als Chancen fur den Naturschutz:179-189

Bellard, C., C. Bertelsmeier, P. W. Leadley, W. illey and F. Courchamp. 2012. Impacts of
climate change on the future of biodiversity. E¢gyid.etters15:365-377.

145



Benadi, G., N. Blithgen, T. Hovestadt, and H. JetRke. 2012. Population dynamics of
interacting plant and pollinator communities: sliapi reconsidered. American
Naturalist179157-168.

Bernhardt, C. E., R. J. Mitchell, and H. J. Miclsae2008. Effects of population size and
density on pollinator visitation, pollinator behaxi and pollen tube abundance in
Lupinus perennisinternational Journal of plant scienb@3944-953.

Biesmeijer, J. C., S. P. M. Roberts, M. ReemeiQRemdller, M. Edwards, T. Peeters, A. P.
Schaffers, S. G. Potts, R. Kleukers, C. D. Thorda§ettele, and W. E. Kunin. 2006.
Parallel declines in pollinators and insect poligth plants in Britain and the
Netherlands. Scien@®@13351-354.

Binot-Hafke, M., S. Balzer, N. Becker, H. Gruttké, Haupt, N. Hofbauer, G. Ludwig, G.
Matzke-Hajek, and M. Strauch, editors. 2011. Rattel geféahrdeter Tiere, Pflanzen
und Pilze Deutschlands. Band 3: Wirbellose (Teil Byndesamt fur Naturschutz,
Bonn-Bad Godesberg.

Binot, M., R. Bless, P. Boye, H. Gruttke, and PetBcher, editors. 1998. Rote Liste
gefahrdeter Tiere Deutschlands. Bundesamt fir Nelwrtz, Bonn-Bad Godesberg.

Bluthgen, N. 2010. Why network analysis is oftescdnnected from community ecology: A
critigue and an ecologist’s guide. Basic and Appleology11:185-195.

Bluthgen, N., C. Dormann, F. Alt, S. Boch, V. Klaub. Kleinebecker, S. Gockel, J.
Nieschulze, S. Renner, U. Schumacher, K. BirkhdfeBuscot, M. Fischer, A. Hemp,
N. Holzel, E. K. V. Kalko, K. E. Linsenmair, Y. Qehnn, D. Prati, C. Rothenwdhrer,
C. Scherber, 1. Schoéning, E.-D. Schulze, T. TsdkatnC. N. Weiner, K. Wells, and
W. W. Weisser. 2012. A quantitative index of largkuintensity in grasslands:
Integrating mowing, grazing and fertilization. Baand Applied Ecolog$3:207-220.

Bluthgen, N. and K. Fiedler. 2004. Preferences dagars and amino acids and their
conditionality in a diverse nectar-feeding ant cammity. Journal of Animal Ecology
73:155-166.

Bluthgen, N., J. Frind, D. P. Vazquez, and F. Mer2@08. What do interaction network
metrics tell us about specilization and biologitalts? Ecology89:3387-3399.

Bluthgen, N. and A.-M. Klein. 2011. Functional cdempentarity and specialisation: The role
of biodiversity in plant—pollinator interactions.aBic and Applied Ecolog¢2:282-
291.

Bluthgen, N., F. Menzel, and N. Bluthgen. 2006. Meag specialization in species
interaction networks. BMC Ecolody9.

Bluthgen, N., F. Menzel, T. Hovestadt, B. Fialaddd. Bluthgen. 2007. Specialization,
constraints, and conflicting interests in mutuaisietworks. Current Biolog$7:341-
346.

Bohart, G. E. and N. N. Youssef. 1976. The biolegyl behavior oEvylaeus galpinsiae
Cockerell (Hymenoptera: Halictidae). Wasmann Jdurh8iology 34:185-234.

Bommarco, R., J. C. Biesmeijer, B. Meyer, S. Gitfa Poyry, S. P. M. Roberts, |. Steffan-
Dewenter, and E. Ockinger. 2010. Dispersal capaaitgt diet breath modify the
response of wild bees to habitat loss. Proceedniighe Royal Society Biological
Sciences Series B77:2075-2082.

Borschig, C., A.-M. Klein, H. von Wehrden, and Jraldss. 2013. Traits of butterfly
communities change from specialist to generalistatteristics with increasing land-
use intensity. Basic and Applied Ecoloty547-554.

Bradford, M. A., T. H. Jones, B. R. D:, H. |. J.aBk, B. Boag, M. Bonkowski, R. Cook, T.
Eggers, A. C. Gange, S. J. Grayston, E. KandeleE.McCaig, J. E. Newington, J. I.
Prosser, H. Setala, P. L. Staddon, G. M. Tordoff, TBcherko, and J. H. Lawton.
2002. Impacts of soil faunal community compositmnmodel grassland ecosystems.
Science298615-618.

146



Brittain, C. and S. G. Potts. 2011. The potentiapacts of insecticides on the life-history
traits of bees and the consequences for pollinat®asic and Applied Ecology
12:321-331.

Budde, J., A. Reckert, F. Sporer, M. Wink, T. Eland K. Lunau. 2004. Beitrdge zur
Evolution der Oligolektie bei solitaren Bienen d&attung Andrena. Entomologie
Heutel6:191-200.

Bulan, C. A. and G. W. Barrett. 1971. The effectdveo acute stresses on the arthropod
component of an experimental grassland ecosysteato@y52:597-605.

Burkle, L. and R. E. Irwin. 2009. The importance ioferannual variation and bottom-up
nitrogen enrichment for plant-pollinator network¥kos1181816-1829.

Burkle, L. A. and R. E. Irwin. 2010. Beyond biomasseasuring the effects of community
level nitrogen enrichment on floral traits, pollioavsitation and plant reproduction.
Journal of Ecolog®8:705-717.

Butchart, S. H. M., M. Walpole, B. Collen, A. vatri&n, J. Scharlemann, R. E. A. Almond,
J. E. M. Balllie, B. Bomhard, C. Brown, J. Bruno, E. Carpenter, G. M. Carr, J.
Chanson, A. M. Chenery, J. Csirke, N. C. Davidsarentener, M. Foster, A. Galli,
J. N. Galloway, P. Genovesi, R. D. Gregory, M. Hogk, V. Kapos, J.-F. Lamarque,
F. Leverington, J. Loh, M. A. McGeoch, L. McRae, Winasyan, M. Hernandez
Morcillo, T. E. E. Oldfield, D. Pauly, S. Quader, Revenga, J. R. Sauer, B. Skolnik,
D. Spear, D. Stanwell-Smith, S. N. Stuart, A. SynMsTierney, T. D. Tyrrell, J.-C.
Vié, and R. Watson. 2010. Global biodiversity: bators of recent declines. Science
3281164-1168.

Byers, D. L. 1995. Pollen quantity and quality aplanations for low seed set in small
populations exemplified byeupatorium (Asteraceae). American Journal of Botany
82:1000-1006.

Cambell, L. G. and B. C. Husband. 2007. Small pafahs are mate-poor but pollinator-rich
in a rare, self-incompatible plantHymenoxys herbacea¢Asteraceae). New
Phytologist174915-925.

Cane, J. H. and J. A. Payne. 1988. Foraging ecotiigthe beeHabropoda laboriosa
(Hymenoptera: Anthophoridae),an oligolege of blugbs (EricaceaeVacciniun) in
the southeastern United States. Annals of the Ewitmyical Society of America
81:419-427.

Cane, J. H. and S. D. Sipes. 2006. Characteridorglfspecialization by bees: Analytical
methods and a revised lexicon for oligolecty. Pa@@d22in N. M. Waser and J.
Ollerton, editors. Specialization and Generalizatio Plant-Pollinator Interactions.
University of Chicago Press, Chicago.

Cardinale, B. J., J. P. Wright, M. W. Cadotte, l.Carroll, A. Hector, D. S. Srivastava, M.
Loreau, and J. J. Weis. 2007. Impacts of plant rditye on biomass production
increase through time because of species complanitgnt Proceedings of the
National Academy of Sciend€418123-18128.

Chacoff, N. P., D. P. Vazquez, S. B. LomascoloLEStevani, J. Dorado, and B. Padrén.
2012. Evaluating sampling completeness in a dedant-pollinator network. Journal
of Animal Ecology81:190-200.

Cheptou, P.-O. and L. G. Avendano. 2006. Pollimaimcesses and the Allee effect in highly
fragmented populations: consequences for the mastem in urban environments.
New Phytologistl72774-783.

Clavel, J., R. Julliard, and V. Devictor. 2010. \daride decline of specialist species: toward
a global functional homogenization? Frontiers inlegy and the environmeBt222-
228.

Collins, S. L., A. K. Knapp, J. M. Briggs, J. M.d, and E. M. Steinauer. 1998. Modulation
of diversity by grazing and mowing in native taligs prairie. Scien@80745-747.

147



Colwell, R. K., R. R. Dunn, and N. C. Harris. 201Qoextinction and persistence of
dependent species in a changing world. Annual RewE Ecology, Evolution and
Systematicgl3:183-203.

Cook, S. M., C. S. Awmack, D. A. Murray, and I. Mllliams. 2003. Are honey bees'
foraging preferences affected by pollen amino acwmimposition? Ecological
Entomology28.622-627.

Crane, E. and P. Walker. 1983. The impact of pembtagement on bees and pollination.
International Bee research Association, London.

Crawley, M. J. A. E. JohnstonJ. Silvertown M. Dodd, C. de Mazancou/tM. S. Heard D. F.
Henman and G. R. Edwards 2005. Determinants of species richness in the Park Grass
experiment American Naturalist65179-192

Cunningham, S. A. 2000. Depressed pollination ibitah fragments causes low fruit set.
Proceedings of the Royal Society London Seri@6B1149-1152.

Daily, G. C., editor. 1997. Nature's services.rfdlpress, Washington.

Danforth, B. N., L. Conway, and S. Ji. 2003. Phglog of eusocialasioglossunreveals
multiple losses of eusociality within a primitiveleusocial clade of bees
(Hymenoptera: Halictidae). Systematic Bioldgg:23-36.

Day, S., R. Beyer, A. Mercer, and S. Ogden. 199 mutrient composition of honeybee-
collected pollen in Otago, New Zealand. Journgpitultural Researc29:138-146.

De Groot, A. P. 1952. Amino acid requirements foe tgrowth of the honeybed\gis
melliferalL.). Experentiaé8:1992-1994.

De Groot, A. P. 1953. Protein and amino acid remuants of the honey beApis mellifera
L.). Physiologia Comparata et Oecologia97-285.

Den Boer, P. J. 1968. Spreading of risk and statibn of animal numbers. Acta
Biotheoretical8:165-194.

Desneux, N., A. Decourtye, and J.-M. Delpuech. 200é sublethal effects of pesticides on
beneficial arthropods. Annual Review of Entomol&@81-106.

Dicks, L. V., S. A. Corbet, and R. F. Pywell. 20@2ompartmentalization in plant-insect
flower visitor webs. Journal of Animal Ecolo@y:32-43.

Dobson, H. E. M. and Y.-S. Peng. 1997. Digestiorpalfen components by larvae of the
flower-specialist be€helostoma florisomngHymenoptera: Megachilidae). Journal of
Insect Physiology#3:89-100.

Dorado, J., D. P. Vazquez, E. Stevani, and N. Ciha2609. Rareness ans specializaion in
plant-pollinator networks. Ecolog2:19-25.

Dormann, C. F., J. Frind, N. Blithgen, and B. Grub@09. Indices, graphs and null models:
analysing bipartide ecological networks. The Opeal&gy JournaR:7-24.

Dunne, J. A., R. J. Williams, and N. D. Martinef02. Food-web structure and network
theory: the role of connectance and size. Procgedai the National Academy of
Sciences of the United States of Ame®€l2917-12922.

Duraiappah, A. and S. Naeem. 2005. Ecosystems amdarn well-being: biodiversity
ynthesis. World Resources Institute, Washington DC.

Ebeling, A., A.-M. Klein, J. Schumacher, W. W. Waas, and T. Tscharntke. 2008. How does
plant richness affect pollinator richness and terabpstability of flower visits? Oikos
117:1808-1815.

Ehrlich, P. R. and E. O. Wilson. 1991. Biodivers#fudies: science and policy. Science
253758-762.

Ellstrand, N. C. and D. R. Elam. 1993. Populatieneajic consequences of small population
size: implications for plant conservation. Annuavikw of Ecology and Systematics
24:217-242.

148



Elmquist, T., C. Folke, M. Nystrom, G. PetersonBéngtsson, B. Walker, and J. Norberg.
2003. Response diversity, ecosystem change, aiigmes. Frontiers in ecology and
the environment:488-494.

Erhardt, A. and |. Baker. 1990. Pollen amino a@dsadditional diet for a nectar feeding
butterfly. Plant Systematics & Evolutidr69111-121.

Erhardt, A. and H. P. Rusterholz. 1998. Do peadwaterflies (nachis ioL.) detect and
prefer nectar amino acids and other nitrogenouspooimds? Oecologikl 7:536-542.

Fenner, M. and L. Palmer. 1998. Grassland managetogromote diversity: creation of a
patchy sward by mowing and fertiliser regimes. dF&tlidie9:313-324.

Fenster, C. B., W. S. Armbruster, P. Wilson, M. Budash, and J. D. Thomson. 2004.
Pollination syndromes and floral specializationnfal Review of Ecology, Evolution
and Systematic35:375-403.

Filippi-Codaccioni, O., V. Devictor, Y. Bas, and Bulliard. 2010. Toward more concern for
specialisation and less species diversity in comsgr farmland biodiversity.
Biological conservatioi431493-1500.

Fischer, M., O. Bossdorf, S. Gockel, F. Hansel,Hamp, D. Hessenmdller, G. Korte, J.
Nieschulze, S. Pfeiffer, D. Prati, S. Renner, h@ung, U. Schumacher, K. Wells, F.
Buscot, E. Kalko, K. E. Linsenmair, E.-D. Schulamd W. W. Weisser. 2010.
Implementing large-scale and long-term functionabdlversity research: The
Biodiversity Exploratories. Basic and Applied Eagydl1:473-485.

Fischer, M. and D. Matthies. 1997. Mating structwed inbreeding and outbreeding
depression in the rare pla@entianella germanicédGentianaceae). American Journal
of Botany84:1685.

Fontaine, C., I. Dajoz, J. Meriguet, and M. Lore@006. Functional diversity of plant—
pollinator interaction webs enhances the persistenic plant communities. PLoS
Biology 4:el.

Frind, J., K. E. Linsenmair, and N. Bluthgen. 20R6llinator diversity and specialization in
relation to flower diversity. Oiko$191581-1590.

Gathmann, A. and T. Tscharntke. 2002. Foragingesutg solitary bees. Journal of Animal
Ecology71:757-764.

Ghazoul, J. 2005. Buzziness as usual? Questiohegglobal pollination crisis. Trends in
Ecology and Evolutio20:367-373.

Ghazoul, J. 2006. Floral diversity and the fadida of pollination. Journal of Ecology
94:295-304.

Gibson, C. W. D., V. K. Brown, L. Losito, and G. ®cGavin. 1992. The response of
invertebrate assemblies to grazing. Ecograiihy66—176.

Gilbert, L. E. 1972. Pollen feeding and reproduetibiology of Heliconius butterflies.
Proceedings of the National Academy of Sciet@&403-1407.

Gotelli, N. J. and G. L. Entsminger. 2009. EcoSiNull models software for ecology.
Version 7.0. Acquired Intelligence Inc. & Kesey-Bealericho, VT 05465.
http://garyentsminger.com/ecosim.htm

Goulson, D. 2003. Effects of introduced bees orivaaecosystems. Annual Review of
Ecology, Evolution and Systematig4.1-26.

Goulson, D. and B. Darvill. 2004. Niche overlap afidt breadth in bumblebees: are rare
species more specialized in their choice of flo®ekpidologie35:55-63.

Goulson, D., G. C. Lye, and B. Darvill. 2008. Theclihe and conservation of bumblebees.
Annual Review of Entomolog93:191-208.

Grime, J. 1973. Competitive exclusion in herbacemgetation. Natur@42344-347.

Grindeland, J. M., N. Sletvold, and R. A. Ims. 20&%fects of floral display size and plant
density on pollinator visitation rate in a natupdpulation ofDigitalis purpurea
Functional Ecology9:383-390.

149



Guirguis, G. N. and W. A. Brindley. 1974. Insedfieisusceptibility and response to selected
pollens of larval alfalfa leafcutting beddegachile pacificalPanzer) (Hymenoptera:
Megachilidae). Environmental Entomolo8y91-694.

Gullan, P. J. and P. S. Cranston. 2005. The InséctOutline of Entomology. 3 edition.
Blackwell Publishing, Oxford, UK.

Haddad, N. M., J. Haarstad, and D. Tilman. 200G @fiects of long-term nitrogen loading
on grassland insect communities. Oecoldgi4 73-84.

Hansson, M. and H. Fogelfors. 2000. Managementseiai-natural grassland: Results from a
15-year-old experiment in Southern Sweden. Jowhdkgetation Sciencél:31-38.

Hassan, R., R. Scholes, and N. Ash, editors. 2@@®systems and human well-being:
Current state and trends. Island Press, Washiritn

Hautier, Y., P. A. Niklaus, and A. Hector. 2009. mJmetition for light causes plant
biodiversity loss after eutrophication. Sciel3@2636-638.

Hawkins, B. and E. Porter. 2003. Does herbivoreedity depend on plant diversity? The
case of California butterflies. The American Nalgta 61:40-49.

Hector, A. and R. Bagchi. 2007. Biodiversity andb®cstem multifunctionality. Nature
448188-190.

Hector, A., B. Schmid, C. Beierkuhnlein, M. C. Gaild, M. Diemer, P. G. Dimitrakopoulos,
J. A. Finn, H. Freitas, P. S. Giller, J. Good, Rrtis, P. Hogberg, K. Huss-Danell, J.
Joshi, A. Jumpponen, C. Kdrner, P. W. Leadley, Mreau, A. Minns, C. P. H.
Mulder, G. O'Donovan, S. J. Otway, J. S. PereiraPAnz, D. J. Read, M. Scherer-
Lorenzen, E.-D. Schulze, A.-S. D. SiamantziourasME Spehn, A. C. Terry, A. Y.
Troumbis, F. I. Woodward, S. Yachi, and J. H. Lawtd999. Plant diversity and
productivity experiments in European grasslandertte2861123-1127.

Hirayama, K., K. Ishida, S. Setsuko, and N. Tom&Q07. Reduced seed production,
inbreeding, and pollen shortage in a small poputabf a threatened tremMagnolia
stellata Biological conservatiof36315-323.

Hoehn, P., T. Tscharntke, J. M. Tylianakis, an8teffan-Dewenter. 2008. Functional group
diversity of bee pollinators increases crop yidhloceedings of the Royal Society
Biological Sciences Series52283-2291.

Holt, R. D. 2009. Bringing the Hutchinsonian nicimo the 21st century: Ecological and
evolutionary perspectives. Proceedings of the MatioAcademy of Science
10619659-19665.

Hooper, D. U., F. S. Chapin, A. Ewel, A. Hector lithausti, J. H. Lavorel, J. H. Lawton, D.
M. Lodge, M. Loreau, S. Naeem, B. Schmid, H. Setalal. Symstad, J. Vandermeer,
and D. A. Wardle. 2005. Effects of biodiversity @tosystem functioning: a
consensus of current kwoledge. Ecological Monogsd@pi8-35.

Houston, T. F. 1989Leioproctusbees associated with Western Australian smoke dsush
(Conospermum spp. and their adaptations for foraging and conceatmen
(Hymenoptera: Colletidae: Paracolletini). Recortithe Western Australian Museum
14:275-292.

James, A., J. W. Pitchford, and M. J. Plank. 2@i8tangeling nestedness from models of
ecological complexity. Natur#87:227-230.

Jauker, F., B. Bondarenko, H. C. Becker, and l.ff&teDewenter. 2012. Pollination
efficiency of wild bees and hoverflies providedoitseed rape. Agricultural and Forest
Entomology14:81-87.

Jauker, F., T. Diekoétter, F. Schwarzbach, and VIt¥va 2009. Pollinator dispersal in an
agricultural matrix: opposing responses of wild ©ed hoverflies to landscape
structure and distance from main habitat. Lands&aodogy24:547-555.

Jennerston, O. 1988. Pollination Manthus deltoidegCaryophyllaceae): Effects of habitat
fragmentation on visitation and seed set. Consenv&iology 2:359-366

150



Johansen, C. A. 1977. Pesticides and pollinatanaual Review of Entomolog®2:177-192.

Johnson, S. D. and K. E. Steiner. 2000. Generaizaversus specialization in plant
pollination systems. Trends in Ecology and Evolutié:140-143.

Johst, K., M. Drechsler, and J. Settele. 2006uarite of mowing on the persistence of two
endangered large butterfly species. Journal of idddtcology43:333-342.

Jordano, P. 1987. Patterns of mutualistic intevastiin pollination and seed dispersal:
connectance, dependence asymmetries, and coewvolu#dnerican Naturalist
129657-677.

Junker, R. and N. Bluthgen. 2010. Floral scentelrégrultative flower visitors, but attract
obligate ones. Annals of Botadp5777-782.

Kaiser-Bunbury, C. N., S. Muff, J. Memmott, C. B.uNér, and A. Caflisch. 2010. The
robustness of pollination networks to the loss gkcies and interactions: a
guantitative approach incorporating pollinator bebar. Ecology Letterd 3:442-452.

Kalisz, S., D. W. Vogler, and K. Hanley. 2004. Gaxitdependent autonomous self-
fertilization yields reproductive assurance andedixating. Naturd30.884-887.

Keitt, T. H. 2009. Habitat conversion, extinctiohrasholds,and pollination services in
agroecosystems. Ecological Applicatidi#1561-1573.

Kevan, P. G. and H. G. Baker. 1983. Insects asdtousitors and pollinators. Annual Review
of Entomology28.407-453.

Kevan, P. G. and T. P. Phillips. 2001. The economipacts of pollinator declines: an
approach to assessing the consequences. Conserizatitngys:8.

Kleijn, D. and I. Raemakers. 2008. A retrospectawalysis of pollen host plant use by stable
and declining bumble bee species. Ecol8gy811-1823.

Kleijn, D. and F. van Langevelde. 2006. Interactaffpcts of landscape context and habitat
quality on flower visiting insects in agriculturdandscapes. Basic and Applied
Ecology7:201-214.

Klein, A.-M., |. Steffan-Dewenter, and T. Tschamtk?003. Fruit set of highland coffee
increases with the diversity of pollinating beesodeedings of the Royal Society
London Series B70955-961.

Klein, A.-M., B. E. Vaissiere, J. H. Cane, |. SteffDewenter, S. A. Cunningham, C.
Kremen, and T. Tscharntke. 2007. Importance ofimatibrs in changing landscapes
for world crops. Proceedings of the Royal Socieipldjical Sciences Series B
274303-313.

Klotz, S., I. Kihn, and W. Durka. 2002. Biolflor:ine Datenbank mit biologisch-
Okologischen Merkmalen zur Flora von Deutschlandndsamt flr Naturschutz,
Bonn.

Knight, T. M. 2003. Floral density, pollen limitah, and reproductive successTinllium
grandiflorrum Oecologiad42557-563.

Knop, E. V. A,, D. Kleijn, F. Herzog, and B. SchmRDO06. Effectiveness of the Swiss agri-
environment scheme in promoting biodiversity. Jaliof Applied Ecology43:120-
127.

Koh, L. P., N. S. Sodhi, and B. W. Brook. 2004a-é&xtinctions of tropical butterflies and
their hostplants. Biotropica6:272-274.

Koh, L. P., N. S. Sodhi, and B. W. Brook. 2004b.olgical correlates of extinction
proneness in tropical butterflies. Conservationi@jy 18:1571-1578.

Kolb, A. 2008. Habitat fragmentation reduces plétiess by disturbing pollination and
modifying responses to herbivory. Biological consgion 141:2540-2549.

Kotiaho, J. S., V. Kaitala, A. Komonen, and J. R#én. 2005. Predicting the risk of
extinction from shared ecological characteristi€doceedings of the National
Academy of Sciences of the United States of Amel@&1963-1967.

151



Kotze, D. J. and R. B. O"Hara. 2003. Species dedut why? Explanations of carabid beetle
(Coleoptera, Carabidae) declines in Europe. Oe@li®5138-148.

Krauss, J., R. Bommarco, M. Guardiola, R. K. Heildn, A. Helm, M. Kuussaari, R.
Lindborg, E. Ockinger, M. Partel, J. Pino, J. POy&y M. Raatikainen, A. Sang, C.
Stefanescu, T. Teder, M. Zobel5 and, and |. Steffawenter. 2010. Habitat
fragmentation causes immediate and time-delayediv@csity loss at different trophic
levels. Ecology Letter$3:597-605.

Krauss, J., |. Steffan-Dewenter, and T. TscharnB@(4. Landscape occupancy and local
population size depends on host plant distributtothe butterflyCupido minimus
Biological conservation20.355-361.

Kremen, C. and R. Chaplin-Kramer, editors. 2003etits as providers of ecosystem services:
crop pollination and pest control. Royal Entomot@agiSociety of London, London.

Kremen, C., N. M. Williams, and R. W. Thorp. 20@.op pollination from native bees at
risk from agricultural intensification. Proceedings the National Academy of
Sciences of the United States of Ame®€a16812-16816.

Kruess, A. and T. Tscharntke. 2002. Contrastingareses of plant and insect diversity to
variation in grazing intensity. Biological consetioa 106293-302.

Kunin, W. E. 1992. Density and reproductive successvild populations ofDiplotaxis
ercoides(Brassicaceae). Oecolo§a:129-133.

Kunin, W. E. 1997. Population size and density @fan pollination: pollinator foraging an
plant reproductive success in experimental arrayBmassica kaber Journal of
Ecology85:225-234.

Kwaiser, K. S. and S. D. Hendrix. 2007. Diversitydaabundance of bees (Hymenoptera:
Apiformes) in native and ruderal grasslands of agtirally dominated landscapes.
Agriculture, Ecosystems and Environmég2#:200-204.

Laliberte, E., J. A. Wells, F. DeClerck, D. J. Mafe, C. P. Catterall, C. Queiroz, I. Aubin, S.
P. Bonser, Y. Ding, J. M. Fraterrigo, S. McNamaa,W. Morgan, D. Sanchez
Merlos, P. A. Vesk, and M. M. Mayfield. 2013. Lande intensification reduces
functional redundancy and response diversity imtptammunities. Ecology Letters
13.76-86.

Lanza, J., M. D. Warriner, and M. McHenry. 1997 che derived amino acids contribute to
butterfly reproduction. Bulletin of the Ecologicabciety of America8:273.

Larkin, L. L., J. L. Neff, and B. B. Simpson. 200&he evolution of a pollen diet: host choice
and diet breath oAndrenabees (Hymenoptera: Andrenidae). Apidolog8:133-145.

Le Féon, V., A. Schermann-Lgionnett, Y. Delettre, Aviron, R. Billeter, R. Bugter, F.
Hendrickx, and F. Burel. 2010. Intensification @friaulture, landscape composition
and wild bee communities: A large scale study fl&unopean countries. Agriculture,
Ecosystems and Environmel27:143-150.

Lebn-Cortés, J. L., J. J. Lennon, and C. D. Thorg@83. Ecological dynamics of extinct
species in empty habitat networks. 2. The roleast Iplant dynamics. Oikas02465-
477.

Leonhardt, S., K. Dworschak, T. Eltz, and N. Blighg2007. Foraging loads of stingless bees
and utilisation of stored nectar for pollen harrestApidologie38:125-135.

Lonsdorf, E., C. Kremen, T. Ricketts, R. Winfree, M. Williams, and S. Greenleaf. 2009.
Modelling pollination services across agricultutahdscapes. Annals of Botany
1031589-1600.

Loreau, M., S. Naeem, P. Inchausti, J. BengtssoR, Grime, A. Hector, D. U. Hooper, M.
A. Huston, D. Raffaelli, B. Schmid, D. Tilman, abd A. Wardle. 2001. Biodiversity
and ecosystem functioning: Current knowledge anturéu challenges. Science
294:804-808.

152



Lunau, K. 2004. Adaptive radiation and coevolutiorpollination biology case studies.
Organisms, Diversity & Evolutiod:207-224.

Maskell, L. C., S. M. Smart, J. M. Bullock, K. E. Nhompson, and C. J. Stevens. 2010.
Nitrogen deposition causes widespread loss of spedthness in British habitats.
Global Change Biolog$6:671-679.

Mayer, C. 2004. Pollination services under différgrazing intensities. International Journal
of Tropical Insect Scienc24:95-103.

McCann, K. S. 2000. The diversity—stability deb&tature405228-233.

McKinney, M. L. 1997. Extinction vulnerability anskelectivity: combining ecological and
paleontological views. Annual Review of Ecology éystematic28.495-516.

Memmott, J., P. G. Craze, N. M. Waser, and M. Mcd?r2007. Global warming and the
disruption of plant-pollinator interactions. Ecojogetters10:710-717.

Memmott, J., N. M. Waser, and M. V. Price. 2004lefance of pollination networks to
species extinctions. Proceedings of the Royal $pdiendon Series B271:2605-
2611.

Mevi-Schutz, J. and A. Erhardt. 2005. Amino acidshectar enhance butterfly fecundity: a
long-awaited link. The American Naturalis$5411-419.

Michener, C. D. 1954. Records and describtions @ttNAmerican megachilid bees. Journal
of the Kansas Entomological Soci&y.65-78.

Michez, D., S. Patiny, P. Rasmont, K. Timmermamdg &l. J. Vereecken. 2008. Phylogeny
and host-plant evolution in Melittidas.l.(Hymenoptera: Apoidea). Apidologie
39:146-162.

Minckley, R. L. and T. H. Roulston. 2006. Inciddntautualisms and pollen specialization
among bees. Pages 69-B8N. M. Waser and J. Ollerton, editors. Plant-paitor
interactions from specialization to generalizatidoniversity of Chicago Press,
Chicago, lllinois, USA.

Montoya, J. M., S. L. Pimm, and R. V. Solé. 2006olggical networks and their fragility.
Nature442259-264.

Morris, M. G. 1981. Responses of grassland investes to management by cutting. Ill.
Adverse effects on Auchenorrhyncha. Journal of AgabEcologyl8107-123.

Morris, M. G. 2000. The effects of structure argddynamics on the ecology and conservation
of arthropods in British grasslands. Biological servation95:129-142.

Morse, R. A. and N. W. Calderone. 2000. The valuéaney bees as pollinators of U.S.
crops in 2000. Bee Cultufe281-15.

Mountford, J. O., K. H. Lakhani, and F. W. Kirkhat®93. Experimental assessment of the
effects of nitrogen addition under hay-cutting. rdal of Applied Ecology30:321-
332.

Muchhala, N., Z. Brown, W. S. Armbruster, and M. Potts. 2010. Competition drives
specialization in pollination systems through costsmale fithess. The American
Naturalistl76732-743.

Muller, A. 2006. Unusual host plant ¢doplitis pici, a bee with hooked bristles on its
mouthparts (Hymenoptera: Megachilidae: Osmiini)rdpean Journal of Entomology
103497-500.

Muller, A. and N. Bansac. 2004. A specialized poll@rvesting device in western palearctic
bees of the genuMegachile (Hymenoptera, Apoidea, Megachilidae). Apidologie
35:329-337.

Muller, A., S. Diener, S. Schnyder, K. Stutz, Cdisg, and S. Dorn. 2006. Quantitative
pollen requirements of solitary bees: Implicatiolts bee conservation and the
evolution of bee-flower relationships. Biologicalservatiorl30:604-615.

Mualler, A., A. Krebs, and F. Amiet. 1997. Bienen Mitteleuropaische Gattungen,
Lebensweise, Beobachtung. Naturbuch Verlag, Augsbur

153



Mdller, A. and M. Kuhlmann. 2008. Pollen hosts oéstern palearctic bees of the genus
Colletes(Hymenoptera:Colletidae): the Asteraceae paradmio@ical Journal of the
Linnean Societ®5:719-733.

Nabhan, G. P. and S. L. Buchmann. 1997. Servicegidad by pollinatorén G. C. Daily,
editor. Nature's Services: Societal dependence ataral ecosystems. Island Press,
Washington, D.C.

Naeem, S. and S. Li. 1997. Biodiversity enhancesystem reliability. Naturd90.:507-509.

Nation, J. L. 2002. Insect physiology and biocheémisCRC Press, Boca Raton, Florida.

Oksanen, J. 2010. Multivariate analysis of ecolalggtommunities in R: Vegan tutorial.

Oksanen, J., R. Kindt, B. Legendre, B. O"Hara, GSimpson, and M. H. Stevens. 2008.
Vegan: Community ecology package. R package vetsitB+2.

Olesen, J. M., J. Bascompte, H. Elberling, anddpdaho. 2008. Temporal dynamics in a
pollination network. Ecolog$9:1573-1582.

Ollerton, J., R. Winfree, and S. Tarrant. 2011. Hoany flowering plants are pollinated by
animals? Oiko420:321-326.

Owens, I. P. F. and P. M. Bennett. 2000. Ecolodieelis of extinction risk in birds: habitat
loss versus human persecution and introduced mesdd®roceedings of the National
Academy of Scienc87:12144-12148.

Pauw, A. 2007. Collapse of a pollination web in Broanservation areas. Ecolo@g.1759-
1769.

Pocock, M. J. O., D. M. Evans, and J. Memmott. 200 robustness and restoration of a
network of ecological networks. Scier@85.973-977.

Potts, S. G., B. Vulliamy, S. Roberts, C. O'Todde,Dafni, G. Ne'eman, and P. Willmer.
2005. Role of nesting resources in organising d&ebee communities in a
Mediterranean landscape. Ecological Entomol8@y 8-85.

Praz, C. J., A. Miller, and S. Dorn. 2008. Spenalibees fail to develop on non-host pollen:
Do plants chemically protect their pollen? Ecol@&§795-804.

Proulx, M. and A. Mazumder. 1998. Reversal of grgazmpact on plant species richness in
nutrient-poor vs. nutrient-rich ecosystems. Ecoldgy581-2592.

Quezada-Euan, J. J. G., A. Lopez-Velasco, J. Heakm, H. Moo-Valle, A. Velazquez-
Madrazo, and R. J. Paxton. 2011. Body size difiersorkers produced across time
and is associated with variation in the quantityl @emposition of larval food in
Nannotrigona perilampoide@dymenoptera, Meliponini). Insectes Socidi31-38.

Rabie, A. L., J. D. Wells, and L. K. Dent. 1983.eThitrogen content of pollen protein.
Journal of Apicultural Resear@2:119-123.

Rands, M. R. W., W. M. Adams, L. Bennun, S. Butth&: Clements, D. Coomes, A.
Entwistle, I. Hodge, V. Kapos, J. Scharlemann, Wth&rland, and B. Vira. 2010.
Biodiversity conservation: Challenges beyound 2@&dence3291298-1303.

Rathcke, B. J. and E. S. Jules. 1993. Habitat feagation and plant pollinator interactions.
Current Science (Bangaloré}:273-277.

Richardson, D. M., N. Allsopp, C. M. D'Antonio, &.Milton, and M. Rejmanek. 2000. Plant
invasions - the role of mutualism. Biological Revié5:.65-93.

Robinson, G., S. Willard, R. Nowogrodski, and R.Morse. 1989. The value of honey bees
as pollinators of US crops. American Bee Joulr2&477-487.

Rook, A. J., B. Dumont, J. Isselstein, K. Osoro, f.WallisDeVries, G. Parente, and J.
Mills. 2004. Matching type of livestock to desirbobdiversity outcomes in pastures —
a review. Biological conservatidril9137-150.

Roubik, D. W. 1978. Competitive interactions betwaeotropical pollinators and africanized
honey bees. Scien@®1:1030-1032.

Roulston, T. H. and S. L. Buchmann. 2000. A phyfagie reconsideration of the pollen
starch-pollination correlation. Evolutionary Ecojogesearcl2:627-643.

154



Roulston, T. H. and J. H. Cane. 2000. Pollen natraé content and digestibility for animals.
Plant Systematics and Evoluti@@2187-209.

Roulston, T. H. and J. H. Cane. 2002. The effeqiaden protein concentration on body size
in the sweat beéasioglossum zephyrurfHymenoptera: Apiformes). Evolutionary
Ecology16:49-65.

Roulston, T. H., J. H. Cane, and S. L. Buchman®02®8hat governs protein content of
pollen: pollinator preferences, pollen-pistil irdetions, or phylogeny? Ecological
Monographs/0:617-643.

Schaffers, A. P., I. P. Raemakers, K. V. Sykora] &n J. F. ter Braak. 2008. Arthropod
assemblages are best predictedby plant speciesositiop. EcologyB89:782-794.

Schemske, D. W. and C. C. Horvitz. 1984. Variatanong floral visitors in pollination
ability: A precondition for mutualism specializatioScienc25519-521.

Scheper, J., M. Reemer, R. van Kats, W. A. Ozinga,T. J. van der Linden, J. H. J.
Schaminée, H. Siepel, and D. Kleijn. 2014. Musepecsnens reveal loss of pollen
host plants as key factor driving wild bee decimé&he Netherlands. Proceedings of
the National Academy of Sciencgé$1:17552-17557.

Schweiger, O., J. C. Biesmeijer, R. Bommarco, Tckiér, P. Hulme, S. Klotz, I. Kihn, M.
Moora, A. Nielsen, R. Ohlemdiller, T. PetanidouGS Potts, P. Pysek, J. C. Stout, M.
Sykes, T. Tscheulin, M. Vila, G.-R. Walther, C. Wxdwl, M. Winter, M. Zobel, and
J. Settele. 2010. Multiple stressors on biotic rextéons: how climate change and
alien species interact to affect pollination. Bgilal Reviews85:777-795.

Schweiger, O., J. Settele, O. Kudrna, S. Klotz, arkiihn. 2008. Climate change can cause
spatial mismatch of trophically interacting speciesology89:3472-3479.

Sedivy, C., C. J. Praz, A. Miller, A. Widmer, andd®rn. 2008. Patterns of host-plant choice
in bees of the genuShelostomathe constraint hypothesis of host-range evoluion
bees. Evolutior52:2487-2507.

Silander, J. A. 1978. Density-dependent controtegroductive success i@assia biflora.
Biotropical(0:292-296.

Simons, N. K., W. W. Weisser, and M. M. Gossnerl®20Multi-taxa approach shows
consistent shifts in arthropod functional trait®ore) grassland land-use intensity
gradient. Ecology:DOI: 10.1890/1815-0616.1891.

Sjodin, N. E., J. Bengtsson, and B. Ekbom. 200& Triluence of grazing intensity and
landscape composition on the diversity and aburelaicflower-visiting insects. .
Journal of Applied Ecolog$5:763-772.

Socher, S. A., D. Prati, S. Boch, J. Miller, H. Bdoach, S. Gockel, A. Hemp, I. Schoéning,
K. Wells, F. Buscot, E. K. V. Kalko, K. E. LinsenineE.-D. Schulze, W. W. Weisser,
and M. Fischer. 2013. Interacting effects of feaéition, mowing and grazing on plant
species diversity of 1500 grasslands in Germanferdiietween regions. Basic and
Applied Ecology14:126-136.

Socher, S. A., D. Prati, S. Boch, J. Muller, V. iKHaus, N. Holzel, and M. Fischer. 2012.
Direct and productivity-mediated indirect effectsfertilization, mowing and grazing
on grassland species richness. Journal of Ecdlogy391-1399.

Southwick, E. E. and L. Southwick. 1992. Estimatthg economic value of honey bees
(Hymenoptera: Apidae) as agricultural pollinatorsthe United States. Economic
Entomology85:621-633.

Spigler, R. B. and S.-M. Chang. 2009. Pollen litnita and reproduction varies with
population size in experimental populations ®dbatia angularis(Gentianaceae).
Botany87:330-338.

Spira, T. 2001. Plant-pollinator interactions: Adatened mutualism with implications for the
ecology and management of rare plants. NaturalsAlearnaP1:78-88.

155



Standifer, L. N. 1967. A comparison of the protgirality of pollens for growth stimulation
and hypopharyngeal glands and longevity of honeyesbdApis mellifera
Hymenoptera, Apidae). Insectes Sociddxd15-426.

Steffan-Dewenter, 1. 2003. Importance of habita#gaaand landscape context for species
richness of bees and wasps in fragmented orchaadiomes. Biological conservation
17:1036-1044.

Steffan-Dewenter, 1., S. G. Potts, and L. Packé&052 Pollinator diversity and crop
pollination services are at risk. Trends in Ecolagyg Evolutior20:652-653.

Steffan-Dewenter, I. and T. Tscharntke. 2001. Ssgioe of bee communities on fallows.
Ecology24:83-93.

Strauss, S. Y. and A. R. Zangerl. 2002. Plant-ing&eractions in terrestrial ecosystems.
Pages 77-106h C. M. Herrera and O. Pellmyr, editors. Plant-adimeeractions - an
evolutionary approach. Blackwell Publishing, Malden

Strickler, K. 1979. Specialization and foraging i@éincy of solitary beesHoplitis
anthocopoidesEcology60:998-10009.

Suding, K. N., S. L. Coallins, L. Gough, C. Clark, E Cleland, K. L. Gross, D. G. Milchunas,
and S. Pennings. 2005. Functional- and abundarssdbanechanisms explain
diversity loss due to N fertilization. Proceedirgjghe National Academy of Science
1024387-4392

Tasei, J.-N. I. and P. Aupinel. 2008. Nutritive walof 15 single pollens and pollen mixes
tested on larvae produced by bumblebee workers fBsnterrestris, Hymenoptera:
Apidae). Apidologie39:397-409.

Thomas, J. A., N. A. D. Bourn, R. T. Clarke, K.&ewart, D. J. Simcox, G. S. Pearman, R.
Curtis, and B. Goodger. 2001. The quality and ismbaof habitat patches both
determine where butterflies persist in fragmentaddscapes. Proceedings of the
Royal Society of London. Series B: Biological Sces2681791-1796.

Thorp, R. W. 1969. Systematics and ecology of beésthe subgenusDiandrena
(Hymenoptera: Andrenidae). University of CaliforniRrublications in Entomology
52:1-146.

Thorp, R. W. 2000. The collection of pollen by heemnt Systematics & Evolutid222211-
223.

Tilman, D., C. Balzer, J. Hill, and B. L. BefortO21. Global food demand and the sustainable
intensification of agriculture. Proceedings of thational Academy of Science
10820260-20264.

Tilman, D. and J. A. Downing. 1994. Biodiversitydastability in grasslands. NatuBé7:363-
365.

Tilman, D., J. Knops, D. Wedin, P. Reich, M. Righand E. Siemann. 1997. The influence
of functional diversity and composition on ecosgstprocesses. Scien@¥7.1300-
1302.

Tudor, O., R. L. H. Dennis, J. N. Greatorex-Daviasd T. H. Sparks. 2004. Flower
preferences of woodland butterflies in the UK: MNeictg specialists are species of
conservation concern. Biological conservatid®397-403.

Tylianakis, J. M., T. Tscharntke, and O. T. Lew2007. Habitat modification alters the
structure of tropical host—parasitoid food webstuxka445202-205.

Vamosi, J., T. M. Knight, J. A. Steets, S. J. Ma2dr Burd, and T. L. Ashmann. 2006.
Pollination decays in biodiversity hotspots. Prattiegs of the National Academy of
Sciencel03956-961.

van Swaay, C. A. M. 2002. The importance of caloasegrasslands for butterflies in Europe.
Biological conservatiod04315-318.

156



Vaughton, G. and M. Ramsey. 1998. Floral displaylligator visitation and reproductive
success in the dioecious perennial h&dWurmbea dioica(Liliaceae). Oecologia
11593-101.

Vazquez, D. P. 2005. Degree distribution in plamtreal mutualistic networks: forbidden
links or random interactions? Oik@88421-426.

Vazquez, D. P. and M. A. Aizen. 2003. Null modeklgmes of specialization in plant-
pollinator interactions. Ecolog84:2493-2501.

Vazquez, D. P. and M. A. Aizen. 2006. Community-evjghtterns of specialization in plant-
pollinator interactions revealed by null modlesg&a200-219n N. M. Waser and J.
Ollerton, editors. Plant-pollinator interactionsorh specialization to generalization.
University of Chicago Press, Chicago.

Vazquez, D. P., N. Chacoff, and L. Cagnolo. 200@al&ating multiple determinants of the
structure of mutualistic networks: comment. Ecol8§2039-2046.

Vazquez, D. P. and D. Simberloff. 2002. Ecologisgkcialization and susceptibility to
disturbance: conjectures and refutations. Ameritaturalist159606-623.

Wackers, F. L. 1999. Gustatory response by the hgpteran parasitoi€otesia glomerata
to a range of nectar and honeydew sugars. Joufn@hemical Ecology25:2863-
2877.

Waites, A. R. and J. Agren. 2004. Pollinator visaia, stigmatic pollen loads and among-
population variation in seed setligthrum salicaria Journal of Ecolog92:512-526.

Waser, N. M. 2006. Specialization and generalimatio plant-pollinator interactions: a
historical perspective. Pages 3-kt¥ N. M. Waser and J. Ollerton, editors. Plant-
pollinator interactions: from specialization to gealization. University of Chicago
Press, Chicago.

Waser, N. M., L. Chittka, M. V. Price, N. M. Willas, and J. Ollerton. 1996. Generalization
in pollination systems, and why it matters. Ecol@gy1043-1060.

Waser, N. M. and J. Ollerton, editors. 2006. Plawitinator interactions: from specialization
to generalization. University of Chicago Press,0ago.

Weiner, C., M. Werner, K. E. Linsenmair, and N. fBljen. 2011. Land-use intensity in
grasslands: changes in biodiversity, species cortosnd specialization in flower-
visitor networks. Basic and Applied Ecoloj%292-299.

Weiner, C. N., M. Werner, K. E. Linsenmair, and Blithgen. 2014. Land-use impacts on
plant—pollinator networks: interaction strength aspkcialization predict pollinator
declines. Ecolog95:466-474.

Westrich, P. 1990. Die Wildbienen Baden-Wirttemberlh. Eugen Ulmer Verlag,
Hohenheim.

Wille, H., M. Wille, V. Kilchenmann, A. Imdorf, an. Bihimann. 1985. Pollenernte und
Massenwechsel von dréipis melliferavVolkern auf demselben Bienenstand in zwei
aufeinanderfolgenden Jahren. Revue Suisse de de@2§97-914.

Williams, N. M. 2003. Use of novel pollen specigsdpecialist and generalist solitary bees
(Hymenoptera: Megachilidae). Oecolodia4228-237.

Winfree, R., T. Griswold, and C. Kremen. 2007. Effef human disturbance on bee
communities in a forested ecosystem. Conservatiolo@y 21:213-223.

Wisskirchen, R. and H. Haeupler. 1998. Standasllider Farn- und Blutenpflanzen
Deutschlands. Verlag Eugen Ulmer, Stuttgart.

Yachi, S. and M. Loreau. 1999. Biodiversity and sssbem productivity in a fluctuating
environment: The insurance hypothesis. Proceedaighe National Academy of
Scienced6:1463-1468.

Zechmeister, H. G., . Schmitzberger, B. SteurerPéterseil, and T. Wrbka. 2003. The
influence of land-use practices and economics antpecies richness in meadows.
Biological conservatiod14165-177.

157



158



Acknowlegements

| want to express my sincere gratitudeNico Bluthgen. | thank you for your patience with
all my questions, ideas and moods, for always figdhe time for discussion, for our walks
around university whenever they where needed anbdeimg such a great advisor and listener
no matter what was going on. Without your constaitic and support throughout the thesis
and your motivation work this PhD project would maive been possible. You were a great
supervisor to learn from.

| furthermore thaniKarl-Eduard Linsenmair , my co-supervisor during the first years of my
PhD, for his interest, his encouragement and kissineonstructive criticism and contribution
of many fruitful ideas andAndreas Jurgens for his agreement on taking over the co-
supervision of my PhD thesis when | switched to Darmstadt.

Almost countless people helped me to manage workimghis challenging project. For
identification of insects, | would like to thanW/olfgang Adaschkiewitz Rainer Heil3,
Gisela Merkel-Wallner, Bernhard Merz, Verner Michelsen, Sabine Prescher Hans-
Georg Rudzinski, Andreas Stark, Krzysztof Szpila, Martina Tospann, Michael von
Tschirnhaus, Hans-Peter Tschorsnig (Diptera); Dieter Doczkal (Apidae, Syrphidae);
Martin Fellendorf, Mike Hermann, Volker Mauss, Hans Schwenninger(Apidae);Klaus
Horstmann, Seraina Klopfstein (Ichneumonidae),Lasse Hubweber Peter Sprick
(Coleoptera);Manfred Krauss, Beate Wende(Symphyta);Roland Schultz (Formicidae)
andMirko Wélfling (Lepidoptera).

For field work permits my thanks go to the respblesstate environmental offices of
Baden-Wdurttemberg, Thiringen, and Brandenburg (according to 8 72 BbgNatSchG). The
work has been funded by tHeFG Priority Program 1374 "Infrastructure-Biodiversity-
Exploratories" (LI 150/20-1).

Anna Hellwig, Mathias Hoffmeister, Matthias Jager, Susann Janowski Linda Jung,
Daniel Schaub,Martina Tospann, Beate Wendeand Michael Werner all had their part
gaining data on plant-pollinator interactions dgrithe field season. Their help was
indispensableAndrea Hilpert spent endless hours with collecting, preparing amalysing
pollen samples and was one of the most importargops behind the scenes as well as
Dorothea Hahne and Verena Seufertwho patiently assisted with pollen collection het
laboratory.

| further like to thank the entire team of the Bisasity Exploratories for their logistic

support. My special thanks go ®@imone Pfeiffer who beneath being a fabulous project
159



coordinator, manages to be a great listener, adasd motivator for so many people and
does an amazing job for the communilgns Nieschulzeencouraged me to use R (which
proved to be an invaluable facilitation after soomallenging time), helped me when | was
frustrated by the program, always managed to gie¢ha feeling | would finally succeed and
together withCarsten Dormannwas a marvellous advisor in programming R.

Michael Werner was the one to teach me all the plant speciesdrbéginning, had a never
ending patience with me forgetting their names, waseat field mate and the one to discuss
the details of the project.

Martina Tospann became the one to make me laugh or calm me dovenevier things went
wrong. Her tranquillity and encouragement are josgescribable. She is a perfect lab and
field mate and became a really good friend.

Mareike Hillerkus, Yvonne Heyde Axel and Alicia Kirste, Tim Haarmann and Ingo
Misgeld are the ones who since many years are invaluahganions in the jungle of life,
who have always been the foothold | could countand whose friendship makes earth a
place worth living.

Rolf Schulte somehow managed to motivate me to continue amdlyfifinish my PhD thesis.
He is the foothold | can count on.

Last but not least | want to thank my pareBatbara andRudolf Weiner who always gave
their best to offer me all the opportunities | @bblve longed for, who patiently waited when
their farsick daughter was exploring the world, whst were there when | once again made
my own experiences and who gave me their uncomditimve, friendship and support. There

is no place like home.

160



Curriculum Vitae

Dipl. Biol. Christiane Weiner

Siebenkluster 3
27711 Osterholz-Scharmbeck
e-mail:christiane.weiner@gmx.de

Education

12/2012 — 04/2016 PhD in biology, Technische Universitat DarmstadtrGany
PhD thesis: ’'Diversity and resource choice of #owisiting
insects in relation to pollen nutritional qualityhwcaland use’.
Supervised by Prof. Dr. N. Bluthgen

02/2007 — 06/2010 Julius-Maximilians-University, Wirzburg, DepartmeaftAnimal
Ecology and Tropical Biology. PhD studies. Supegi®y Prof.
Dr. N. Blithgen and Prof. Dr. K.-E. Linsenmair

05/2006 Diploma in biology; grade point average: 1.0 (A)

09/2005 - 05/2006 Diploma thesis at the University of Bremen, Gengna
'Limiting factors for the short-term recruitment sévanna trees
at woodland islands in the Western SoutpansbengthSkfrica’
Field trip to Limpopo Province, Republic of Soutiida
Scholarship of the German Academic Exchange Se(laAAD)

10/2001 — 08/2005 Study of Biology at the University of Bremen, Geny

08/1992 — 06/2001 College student, St. Joseph Gymnasium, Rheinléaetmany

University entrance exam (Abitur), grade pointrage: 1.9

Voluntary work

02/2005 - 04/2005 Internship with the Black Vulture Conservation uRdation
(BVCF), Spain

06/2002 — 08/2002 Internship at the Zoological Garden Wroclaw, Pdlan

Teaching and Supervision

02/2007 — 06/2010 University of Wirzburg, Germany
Co-supervision of two diploma theses
Supervision of field work projects and excursions
Supervision of a course on insect determination

161



04/2003—- 07/2005

Work experience

University of Bremen, Germany
Supervision of several courses on insect deteriomatplant
physiology, plant determination and animal physygio

Since 03/2014

09/2013 - 02/2014

07/2013 - 10/2013

01/2013 - 03/2013

08/2010 - 08/2012

09/2011 - 07/2012

02/2007 — 06/2010

09/2006 — 02/2007

06/2006 — 08/2006

Languages

Research associate at Avitec Research GbR in Hoster
Scharmbeck

Secondary school teacher at the Tomburg Realschule
Rheinbach
Subjects: biology and chemistry

Freelancer for GrunWerk and Eich Landschaftsplaoke
Leistungen

Assistant in a short-term project at Stiftung Risghe
Kulturlandschatft

Secondary school teacher at the Maria-Sibylla-dteri
Gymnasium in Krefeld
Subjects: biology, politics, chemistry and physics

Secondary school teacher at Fichte Gymnasium Kirefe
Subject: geography

PhD student at Julius-Maximilians-University, Wuuzg,
Department of Animal Ecology and Tropical Biology

Employee at the Black Vulture Conservation Fotioda
(BVCF) Spain

Assistant researcher at the University of Brenizepartment of
Vegetation Ecology

Mother tongue

Secondlanguages

Interests

German

English (fluent)
Polish (fluent)
Spanish (modest)
Latin

Literature
Nature conservation

Hiking Poetry
Travelling Photography

162



Author contributions

Chapter 3 has been published as:

Weiner, C.N., Werner, M., Linsenmair, K.-E., Blugrmg N. (2011): Land-use intensity in
grasslands: changes in biodiversity, species coitiposnd specialization in flower-visitor
networks. Basic and Applied Ecology 12 (4), 292-299

CNW, MW and NB designed the study, NB and KEL cavee the project, CNW and MW
performed the fieldwork. CNW performed the stat@tianalysis and drafted the first version
of the manuscript, CNW, KEL and NB contributed toting.

Chapter 4 has been published as:

Weiner, C.N., Werner, M., Linsenmair, K.-E., Bllérg N.: Land-use impacts on plant—
pollinator networks: interaction strength and spkzation predict pollinator declines.
Ecology 95:466-474.

CNW and NB are the principal authors and draftednttanuscript, KEL contributed to
writing. KEL and NB conceived the project, CNW merhed the statistical analysis, CNW
and MW performed the fieldwork.

Chapter 5 will be submitted as:
Weiner, C., Werner, M., Bliuthgen, N. (in prep): damse intensification triggers diversity
loss in pollination networks: Regional distictidmstween three different German bioregions

CNW and NB designed the study, NB conceived thggptoCNW and MW performed the
fieldwork. CNW performed the statistical analysmlavrote the manuscript.

Chapter 6 has been published as:
Weiner, C.N., Hilpert, A., Werner, M., Linsenmé.-E., Bluthgen, N. (2010): Pollen amino
acids and flower specialization in solitary beepiddlogie 41 (4), 476-487.

CNW, NB and KEL designed the study, CNW and AHectiéd the pollen samples, AH and

CNW performed the pollen analysis, CNW performealstatistical analysis and wrote the
first version of the manuscript, MW, NB and KEL comnted on the manuscript.

163



List of publications

Gamez-Virues S Perovic D, Gossner MM, Borschig C, Bluthgen NJdeg H, Simons NK,
Klein AM, Krauss J, Maier G, Scherber C, Steckdkdthenwohrer C, Steffan-
Dewenter |, Weiner CN, Weisser W, Werner M, Tscham & Westphal C
(2015)Landscape simplification filters specieaits and drives biotic
homogenizationNat. Commun. 6:8568.

Allan E, Manning P, Alt F, Binkenstein J, Blaser S, Blighd\, Bohm S, Grassein F, Holzel
N, Klaus VH, Kleinebecker T, Morris EK, Oelmann Rrati D, Renner SC,
Rillig MC, Schaefer M, Schloter M, Schmitt B, Schdm |, Schrumpf M, Solly
E, Sorkau E, Steckel J, Steffen-Dewenter |, Stenipéh B, Tschapka M,
Weiner CN, Weisser WW, Werner M, Westphal C, WiltKe=ischer M (2015)
Land use intensification alters ecosystem multifionality via loss of
biodiversity and changes to functional compositiéoology Letters18: 834—
843.

Manning P, Gossner MM., Bossdorf O, Allan E, Zhang YY, PiatiBluthgen N, Boch S,
Bohm S, Borschig, C., Hblzel, N., Jung, K., KlausH., Klein, A. M.,
Kleinebecker T, Krauss J, Lange M, Miller J, PadaliSocher SA, Tschapka
M, Tuarke M, Weiner, C., Werner M, Gockel S, HempRenner SC, Wells K,
Buscot F, Kalko EKV, Linsenmair KE, Weisser WW dfidcher M (2015)
Grassland management intensification weakens thecétions among the
diversities of multiple plant and animal tax&cology 96: 1492—-1501.

Renoult JP, Bluthgen N, Binkenstein J, Weiner CN, Werner Mh&efer HM (2014The
relative importance of color signaling for plantrggralization in pollination
network.Oikos DOI: 10.1111/0ik.01361

Weiner CN, Werner M, Linsenmair KE, Blithgen N (20149nd-use impacts on plant—
pollinator networks: interaction strength and sp@i@ation predict pollinator
declinesEcology 95:466-474.

Allan E, Bossdorf O, Dormann CF, Prati D, Gossner MM, &sotke T, Bluthgen N, Bellach
M, Birkhofer K, Boch S, Bohm S, Borschig C, Chatts A, Christ S, Daniel
R, Diekoétter T, Fischer C, Friedl T, Glaser K, Hadinn C, Hodac L, Holzel N,
Jung K, Klein AM, Klaus VH, Kleinebecker T, KraudsLange M, Morris MK,
Muller J, Nacke H, PaSalE, Rillig MC, Rothenwohrer C, Schall P, Scherber C
Schulze W, Socher SA, Steckel J, Steffan-DewentBiirkke M, Weiner CN,
Werner M, Westphal C, Wolters V, Wubet T, GockeGerke M, Hemp A,
Renner SC, Schoning I, Pfeiffer S, Konig-Ries Bséat F, Linsenmair KE,
Schulze ED, Weisser WW, Fischer M (2Q1dterannual variation in land-use
intensity enhances grassland multidiversRNAS 111: 308-313.

Chrobock T, Weiner CN, Werner M, Bliuthgen N, Fischer M, valelhen M (2013fffects
of native pollinator specialization, self-compalitlyi and flowering duration of
European plant species on their invasiveness elsewdournal of Ecology
101(4): 916-923

164



Schleuning M, Frind J, Klein AM, Abrahamczyk S, Alarcon R, Adleht M, Andersson
GKS, Bazarian S, Bohning-Gaese K, Bommarco R, RalsyyB, Dehling M,
Gotlieb A, Hagen M, Hickler T, Holzschuh A, KaisBunbury C, Kreft H,
Morris RJ, Sandel B, Sutherland WJ, Svenning JChamtke T, Watts S,
Weiner CN, Werner M, Williams NM, Winqvist C, Dormia CF, Blithgen N
(2012)Specialization of Mutualistic Interaction NetwoiRecreases toward
Tropical Latitude Current Biology 22 (20): 1925-1931

Bluthgen N, Dormann C, Alt F, Boch S, Klaus V, KleinebeckerGockel S, Nieschulze J,
Renner S, Schumacher U, Birkhofer K, Buscot F,HastM, Hemp A, Holzel N,
Kalko EKV, Linsenmair KE, Oelmann Y, Prati D, Rotlvedhrer C, Scherber C,
Schoning I, Schulze E.-D., Tscharntke T, Weiner @iJIs K, Weisser WW
(2012). A quantitative index of land-use intensitygrasslands: Integrating
mowing, grazing and fertilizatiomasic and Applied Ecologyl3 (3), 207-220.

Weiner CN, Werner M, Linsenmair KE, Bluthgen N (20113nd-use intensity in grasslands:
changes in biodiversity, species composition amtigfisation in plant - flower
visitor networksBasic and Applied Ecologyl2 (4), 292-299.

Weiner CN, Hilpert A, Werner M, Linsenmair KE, Blithgen NO20) Pollen amino acids
and flower specialisation in solitary beésidologie 41 (4), 476-487.

Conference contributions (selection)

Weiner CN, Werner M, Linsenmair KE, Blithgen N (2012) Momitm von
Blutenbesuchernetzwerken entlang von Landnutzuagsgmten im Grinland.
Nationales Biodiversitatsmonitoring 2020, NeFo Wabrép 14.-15. Juni, Berlin

Weiner CN, Werner M, Linsenmair KE, Blithgen N (2010) Intemesland use triggers losses
in flower diversity and specialised pollinators.oletor 2010, La Laguna,
Tenerife, Spain

Weiner CN, Werner M, Linsenmair KE, Blithgen N (2009) Langkuntensity in grasslands:
Changes in biodiversity, species composition amtigfisation in flower-visitor
networks. 23rd SCAPE meeting [Scandinavian Asscidor Pollination
Ecologists], Seili, Finnland

Weiner CN, Werner M, Linsenmair KE, Blithgen N (2008) Do beseffer from land-use
intensification? Jahrestagung der GesellschaiOkologie (GfO), Leipzig

Weiner CN, Werner M, Hilpert A, Linsenmair KE, Blithgen NO@7) Pollen amino acids,

plant taxonomy and specialisation in solitary b@dst SCAPE meeting
[Scandinavian Association for Pollination Ecolog]sArhus, Denmark

165



