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fWe should preserve every scrap of biodiversity as priceless while we learn to use it and come to

understand what iHEOMEsams to humanityo

© Copyright notice
Chapters 2 and 3 have been published and Chapter 4 isgrotess of being published in

international journals as open access articles distributed under the terms and conditions of the
Creative Commons Attribution license which permits and use, distribution, and reproduction in any
medium, provided the originalithors and sources are credited. For the other parts of this dissertation

reprint of the presented materi al requires t

he



Summar y

Land use change is a process in which human activity changes thel miviranment,
whether it be from natural to artificial (i.e. urbanization) or a transfer to cultivated land use (i.e.
agricultural). This turnover continues to transform the landscape at an increasing rate and is known
to be a global threat to pollinatand plant communities. Therefore, it is important to understand
how land use change influences these communities, as over 90% of plant species require pollinators
for reproduction, including 35% of crop plants. Urban sprawl is also decreasingrssomal
habitats, which are important for supporting diverse communities of plants and pollinators. Some
research has shown that urban environments provide sufficient resources for wide variety of different
species. However, syntheses of this research are diffisuhdividual studies vary in methods, land

use gradients, and taxdavel identification.

This thesis adds to resolving this difficulty and is composed of five chapters that contribute to
our understanding of communilgvel patterns of pollinators anglant-pollinator interactions in
response tehanges idand use. Théirst chapterserves as an introduction to the broad topic of
pollination in the context dfifferentland use by looking at pollination as an ecosysteatviceand
the importance ofan-bee pollinators. | also explore different methods, scales, functional traits, and
land use gradients used in the following chapters. Finally, | look at how | can usepplinator
interactions and network structure to understand the impact of lamdmuglant and pollinator

communities.

The second and third chapter have been published in internationatgéewed journals
and the fourth chapter is in submission. All three are dmsedchapters and can serve as stand
alone studies. Theecondchapterlooks at two commonly used methods for observing pollinator
species richness, abundance and composition in thé figedlow combined flight traps and net
sampling. | focused on two important and diverse groups of pollinators, wild bees (Hymanopter
Anthophila) and hoverflies (Diptera: Syrphidae). | was interested if differences in these methods were
potentially biased towards individuals or species with specific traits. | captured more individuals and
more species of bees with the traps and nmudeviduals and more species of hoverflies with the, nets
finding that the traps captured more smalked bees and hoverflies. However, differeitearefied
richness was less dramatic between the sampling methods for bees and there was no difference for
hoverflies. Therefore, the differences in species richness between the sampling methods was mainly

driven by thalifferences in the number of individuals captured between the two methods.

Thethird chapterlooks at what pollinatorshare plants in senmiatural habitats with the
massflowering crop, Oilseed Rape (OSR). | was interested in if OSR was attracting more pollinators

than the other flowering plants nearby and if the plants that share interactions with OSR also shared



similar floral traits or roles in a network. | found that OSR shared most of its pollinators with four
common plants. OSReole in the network was as module hub and primarily influenced the other
plants in its module that had similar functional traits. However, the plants that nilostriced the
pollination of OSR had different functional traits and were part of different modules.

In thefourth chapter, | looked at how planpollinator community composition and network
structure change across two gradients of landdusdban and agrtultural. | found the community
composition of plants and pollinators changed significantly across the land use gradients, however
the presence of keystone pollinator taxa results in minimal changes to network stri8gtpredae
hoveflies, Halictidae sweatbees). Yet species composition of these families did not vary across the
land use gradients. These families, however, are important for maintaining structure within the

network.

The final andifth chapteris a synthesis of how the findings from ttmee data chapters
contribute to our general understandingdifferentland use on plantpollinator communities and
interactions and how they can be used to help create meaningful and successful conservation

measures.



Zusammenfassung

Landnutzungséanderung ist ein Prozess, bei dem menschliche Aktivitaten die nattrliche
Umwelt verandern, sei es von der nattrlichen zur kinstlichen (z. B. Urbanisierung) oder zur
kultivierten Landnutzung (z. B. Landwirtschaft). Dieser Wandel verandert dasthaft immer
schneller und stellt bekanntermal3en eine globale Bedrohung flr Bestaoder
Pflanzengemeinschaften dar. Daher ist es wichtig zu verstehen, wie sich die verdaddrtezung
auf diese Gemeinschaften auswirkt, da tber 90 % der Pflanzermntd-ortpflanzung Bestauber
bendtigen, darunter 35 % der Nutzpflanzen. Die Zersiedelung der Landschatt fiihrt zu einer
Verringerung naturnaher Lebensraume, die fir die Erhaltung vielfaltiger Pflanzeh
Bestdubergemeinschaften wichtig sind. Einige Haragsarbeiten haben gezeigt, dass stadtische
Umgebungen ausreichende Ressourcen fir eine Vielzahl verschiedener Arten bieten. Eine Synthese
dieser Forschungsarbeiten ist jedoch schwierig, da sie sich in Bezug auf Methoden,
Landnutzungsgradienten uliheneder taxonomischeldentifikation unterscheiden.

Die vorliegendeéDoktorarbeit tragt zur Losung dieses Problems bei und besteht aus funf
Kapiteln, die zu unserem Verstandnis der Muster von Bestaubern auf Gemeinschaftsebene und der
Interaktionen zwischen Rihzen und Bestaubern als Reaktion auf Landnutzungsanderungen
beitragen Das erste Kapitetlient als Einfiihrung in das breite Thema der Bestaubung im
Zusammenhang mit Landnutzungsanderungen, indem es die Bestaubung als Okosystemdienstleistung
und die Bedeuwing von NichiBienenBestaubern betrachtdth erkundeverschiedene Methoden,

MalRstabe, funktionelle Merkmale und Landnutzungsgradienten, die foldenden Kapiteln
verwendet werden. Schliel3libeschéftige icimich damit wieich die Interaktionen zwgchen
Pflanzen und Bestaubern und die Netzwerkstruktur nutaem km die Auswirkungen von

Landnutzungsanderungen auf Pflanzend Bestauber Gemeinschaften zu verstehen.

Das zweite und dritte Kapitel wurden in internationalen, von Experten begutachteten
Fachzitschriften veroffentlicht, und das vierte Kapitel ist in Vorbereitung. Alle drei Kapitel sind
Datenkapitel und kénnen als eigenstandige Studien di®@nzweite Kpitel befasst sich mit zwei
haufig verwendeten Methoden zur Beobachtung des Artenreichtums, der Abundanz und der
Zusammensetzung von Bestaubern im Fgklbe kombinierte Flugfallen und Netzproblef
konzentriertemichauf zwei wichtige und vielfaltigeruppen von Bestaubern, Wildbienen
(Hymenoptera: Anthophila) und Schwebfliegen (Diptera: Syrphidelejvollte herausfinden, ob die
Unterschiede zwischen diesen Methoden moglicherweise zu einer Verzerrung in Bezug auf Individuen
oder Arten mit bestimmtéMerkmalen fiihren. Mit den Fallen fingen wir mehr Individuen und Arten
von Bienen, mit den Netzen mehr Individuen und Arten von Schwebfldustellte fest, daseh mit

Fallen mehikleineBienen und Schwebfliegen gefangen habenUbéerschied imArtenreichtum war



jedoch bei den Bienen weniger dramatisch, und bei den Schwebfliegen gab es keinen Unterschied.
Die Unterschiede im Artenreichtum zwischen den Beprobungsmethoden waren also hauptsachlich auf
die unterschiedliche Anzahl der gefangenenvialdien zurtickzufiihren.

Das dritte Kapitebefasst sich mBestaubern, die sowohl Pflanzen in naturnahen
Lebensraumen sowie Raps (englisch: oilseed rape, B&gubenich wollte herausfinden, ob sich
Pflanzendie zur selben Zeit wie OBestauber miselbigenteilen und ob dies mehr ist afsifall.
AulRRerdem untersuchieh, ob die Modularitat des Netzwerks @rfenmrerkmalen beruht und welche
Pflanzen Knotenpunkte und Verbindungsglieder des Netzwerks$chifahd heraus, dass OSR die
meisten seiner B&uber mit viegeneralisierterPflanzen teilte und dass die gemeinsame Nutzung
somit nicht mehr aldurch Zufall zverwarten war. OSR fungierte als Knotenpunkt des Moduls und
beeinflusste in erster Linie die anderen Pflanzeti@mselbeModul, die &hniche funktionale
Merkmale aufwgsen. Die Pflanzen, die die Bestaubung von OSR am starksten beeinflussten, haben
jedoch unterschiedliche funktionale Merkmale und sind Teil verschiedener Module.

Im vierten Kapiteluntersuchéch, wie sich die PflanzeBestaler-Gemeinschaftind ihre
Zusammensetzung und Netzwerkstruktur Uber zwei Gradienten der Landnutzungsanstédtisgh
und landwirtschaftlich verdndernlch fand heraus, dass sich die Zusammensetzung der Pflanzen
und Bestaubergemeinschaften Uber diadnutzungsgradienten hinweg erheblich verangednch
verandert sich die Netzwerkstruktur aufgrund Weshandenseisivon Schlisselbestaub&axa
(SyrphidaeSctwebfiegen,Halictidae Schmal / Furchenbienennur minimal Die
Artenzusammensetzung dieBamilien variierte jedoch nicht tber die Landnutzungsgradienten
hinweg. Diese Familien sind jedoch wichtig fur die Aufrechterhaltung der Verschachtelung,
Verallgemeinerung und GleichmaRigkeit innerhalb des Netzwerks.

Im letzten undinften Kapitelfasseich zusammerwie die Erkenntnisse aus den drei
Datenkapiteln zu unserem allgemeinen Verstandnis der Auswirkungen von Landnutzungsanderungen
auf PflanzerBestaubeiGemeinschaften undhteraktionen beitragen und wie sie genutzt werden

kénnen, um sinnvolkend erfolgreiche SchutzmaRnahmen zu entwickeln.



Chapter 1

Generallntroduction
1. Importance of pollinating insects in changing landscapes

Pollination is when pollen, thmale gametes of flowering plants, is transferred to tigest;
the female receptor of a flower. Typically pollen must be transferred from one ptawotherplant
of the same species in order for successful fertilization to pattich is typicallytransported by
insects Pollinating animalsare important for the reproductive success of ugrt# of flowering
plants(Ollertonet al.2011) Thus, hey play a role in maintaining plant biodiversiljemmottet al.
2004; Kleinet al.2007; Garibaldet al.2013; Carriéet al.2017) improving crop yield Garibaldiet
al. 2014) and in the stability and resilience of ecosystéBa et al.2004; Tilmanet al.2014)
Economically, pollinators contribute globally $23577 billion (in 2009, United States dollars) in
ecosystem servicgdkautenbactlet al.2012)as theyprovide services for approximately 35% of global
crop productior{Klein et al.2007)and can contribute on average over $3,000 per hectare towards

crop productior{Kleijn et al.2015)

There are several factors that influence the contribution of pollinators to crop production.
These include habitat structure and heterogeneity, suitable food and nesting resources, and the
abundance of functional groups of pollinatorsr\ices provided by pollinators towards crop
productionare influenced byhe surrounding landscapt&ucture and its heterogeneibjistorically,
the cultural landscape in Europe was comprised of a mosaic landscape withcaieadiultivation
areas of arhards, meadows, pastures and forests (Fig 1). This type of landscape is still present in
Eastern Europe, although it is slowly disappearing with the intensification of the landscapes to large

scale farmgKuemmerleet al.2016)

Fig 1: Respresentation etensive, mosaic landscape (left) vs. intensive, outtnoe landscape

(right). Drawing credit: Demetra Rakosy



Chagper 1

This conversion from one habitat type to another due to human activity is the process of land
use changeA third of global land has been affedtby land use change in the last six decades
(Winkler et al.2021)andis one of he main agents negatively affecting pollinator and plant
communitieGonzalezVaro et al.2013; Vanbergen & The Insect Pollinators Initiative 2013)
Several studies have demonstrated that habitat alteration is associated with changes in diversity,
abundance and composition of pollinafdfinfreeet al.2009; Pottst al. 2010; Senapattdt al.2017;
Seiboldet al.2019)and plant communitied.alibertéet al.2010; Nicholsoret al.2017) For
example, conversion from a mosaic landscape to a-fargje arable field reduces the number and

diversity of feedingandnesting habitats fguollinators(Kline & Joshi 2020)

Sitessurrounded bynore semnatural aregor sites that are better connected to these areas
have increased crop yiethmpared tahose embedded in more hurratered landscapes
(Raderschalét al.2021) Seminatural areas are ecosystems that are human altered, but with most of
their processesf diodiversity intac{IPBES 2019)which can include hedgerows, meadows, or
flower strips along field margins. These areashéghly diversg(Kennedyet al.2013) areimportant
for providing shelter and nesting sities insect pollinatorgHolzschuhet al.2013; Simbeet al.
2018) andoffer consistent and diverse food resources for pollinators that are not always available in
agricultural landscapd&ennedyet al.2013; Burkleet al.2017; Coleet al.2017) thus contributing

to the survival of pollinators

The necessary food and nesting resources differ across pollinator taxa. These different
pollinator faxaalsovary significantly in their contributions to pollination across plant species and
habitats and both bee andn-bee specieareknown to contribug significantly to global crop
pollination(Raderet al.2016, 2020) Some pollinating taxare specializedyroviding pollinator
services to a limited number of species or genera of plaatsifecialistdviinckley & Roulston
2006) whereas others are generalized and provide pollinator service to a large number of plant
species (i.e. generalist3he main orders of flower visitors in Europe are butterflies (Lepidoptera),
flies (Diptera), bees (Hymenoptera), and some species of beetles (Coleoptera). Beetles are the most
numerous and diverse order and therefore reprebent 40 percent of known inse¢tsg 2¢d).

Most beetle species are not direct pollinators; however, some species will eat the flowers or rest on
them, inadvertently cariyg pollen from one flower to the nefallon 2020) Similarly, butterflies

land on flowers mainly for feeding on nectar and will inadvertely spread pollen that sticks to their
probosics (mouth part), body or legs. Thegdglize on brightlycolored and highly scented flowers
that contain nectar and are usually in clusters (Filg)2although butterflies are thought of as a main
group of pollinators by the general public, they are less efficient in moving pollen betlarengs
beegJennersten 1984)

10



Chagper 1

Fig 2: Pictures of common groups of flower visitors: Butterflies (Lepidoptebd, beetles
(Coleoptera, ed), flies (Diptera, €h), and bees (Hymenopterd).ia) an orange skipperdchlodes
sylvanu$ on cream pincushion§&¢abiosa ochroleucd)) a garden whites butterflfP{eressp.) on
black hornhoundBallota nigrg, ¢) a common red soldier beetRhagonycha fulvaon wild
chamomile Tripleurospermum inodorund) a chrysomelid leaf beetl€fyptocephalus
hypochaeridison alfalfa (Medicago sativg e€) a Death's Head hoverfliyiyanthropa florepon
hogweed leracleum sphondyliujnf) the long hoverfly§phaerophora scrigtan a dandilion
(Taraxicum officinalg, g) a bedly (Villa hottentottd) on a TansyT{anacetum vigare , h) thick
headed fly Cnhopidag and a green bottle flyJalliphoridag on a Tansy{anacetum vulgare)) a
honeybeeApis melliferg on oilseed rapeRrassica napysj) a bufttailed bumblebeeBombus
terrestri$ on a Norway mapleAcer platanoids), k) a cuckoebee Sphecodesp.) on a common
hawthorn flower Crataegus monogyhd) great banded furrovibee Halictussubauratuson Yarrow
(Achillea millefolium). Photo credits: A. Thompson

Bees vary in their body shape and functionalitp@lnators (Fig 2il). Theyare often the
focusof pollinator researchecause of their dominance in both abundancelaedsity as flower
visitors (Pottset al. 2003; Garibaldet al.2013; Kleijnet al. 2015; Winfreeet al.2018) Managed bee
speciessuch as honeybeesis mellifera Fig 2) and bumble bee®6mbugerrestris/impatiens
Fig 2j), areimportant forcrop pollination(Velthuis & Doorn 2006; Rollin & Garibaldi 2019)
Honeybees are one of the most common managed bee speei¢s the fact that their colonies can
easily be managed (seabmestication) and transported. They are used for crop pollination with

thousands of colonies being imported for certain crops, such as apple ofSuwemnesville 1999)

11



Chagper 1

They are generalist pollinators, visiting most flowering plants that contain pollen or nectar, and are
effective pollinators due to their large numbgtsinget al.2018) However, they have been shown to

be less efficient at delgring pollen per visit than wild bee species aad have negative affects on

wild bee communitie§Raderet al.2009; Lindstrénet al. 2016; Mallingeret al.2017) Some crop

species, such as tomatoes are specifically pollinated by bumble bees, because of a special mechanism
called fAbuzz poll i nat i @huzziog ofstedeae are nebessaryto releaset i on s
the pollen(Vallejo-Marin 2019) Wild bees contain species such as mason K&agié sp, carpenter

bees Kylocopa sp, leafcutter beesNlegachile sp, and sweat beetgssioglossum sfpalictus sp),

all of which differ in their traits and foraging hab{i&/estrich 2018; Querejet al.2023) These

bees can be speciafissuch a®smia aduncgNatternkopfMauerbiene (DE)), which visits mainly

Echium vulgardGewdhnliche Natternkopf (DE)) or edollecing bees, such ddacropis fulvipes

which forages for floral oils such as duysimachiasp.(Rasmusseat al.2020)

Similarly to bees, fliealso have several different groups that vary in their traits and
contribution to pollination (Fig 28). Flies usually specialize on white or yellow flowers. Hoverflies
(Syrphidae) are the most common family of pollinating flies, but other families st @achinid
flies (Tachinidae) or Beélies (Bombylidae) also contribute. For examptesome habitats, flies are
the most abundant pollinators, and might be more importambées even if they are not as efficient
in delivering pollenRaderet al.2016; Zolleret al.2023) Non-bee pollinators can provide over 50%
of the pollination service in some ard@sisseiet al.2021) so it is critical forabroad group of
pollinators to be the focus of ecologicabnitoring and researchio date, less is known about how

nonbee pollinators respond to land use changes.
2. Methods for comparing pdlinator communities

Pollinator monitoring is accomplished through a variety of methods, including visual
observations and counts, sweep netting, net sampling of floral visitors, light or bait traps for nocturnal
pollinators, and using passive insect traps (e.qg., flight, @are,\or malaise traps). Visual
observations and counts work well for taxa that are identifiable in the field. For example, transect
walks have been successfully employed for butterfly monitoring across the(Rolliard 1977;

Caldas & Robbins 2003; Nowickt al.2008; Van Swaagt al.2008; Habekt al.2019) The other
methods are more suitable for monitoring taxa that require laboratory methods (e.g., microscopy or
genetics) for identification to species le{®bulstonet al.2007; Westphaét al.2008; Wilsonret al.

2008; Nielsenet al.2011; Popict al.2013) Two commoty employed methods are flight traps and

net sampling. Traps are simple to construct and can quickly capture the flying insect community by
attracting insects with specific colors. The traps, however, collect spleatese not always

pollinators. In addion, traps can document tipegesenceand abundancef pollinating specigshut not

their roles (i.e., which plant species they are visitiRpulstonet al.2007; Tuell & Isaacs 2009;

12



Chagper 1

Gongalves & Oliveira 2013; Popét al.2013 Joshiet al.2015) Net sampling captesinsects that
are interacting with flowers, and thus provides information on both insect presence and the insect role
in the communityHowever, @t sampling is more time consuming in the figldd may capturewer

individuals compared to traps that can be set out for several weeks.

Previous research comparing the diversity and/or composition of pollinating insects captured
in flight traps versus net sampling find that the methods differ in their réBuoltscet al.2013;
06 C o rerab2019) Popic and colleagues sampled thdrerihsect community using the two
methods across three different sampling periods. They found that net sampling captured more species
number and richness and that species composition differed between the different sampling methods
and sampl i C€ownopand colleages foutddthe opposite to bétthat flight traps

collected more species, although the abundance differed between species groups.

To fully evaluate and understand biodiversity differences between sampling methods, it is
necessary to ewsider multiple components of biodiversity (i.e. abundance, richness, evenness) and
more than one spatial grai@haseet al.2018; McGlinnet al.2019) Components include the
abundance of individuals, species richness and species evenness. All else being equal, species
richness of a sample will be higher when there are more individuals in the sample and when those
individuals are sampled from more even communitggcies accumulation curves can be used to
understandherelationship between the number of individuals sampledspadiegichness
(Thompson & Withers 2003)f the shapes of species accumulation curves differ betasmpling
methods, this means that the effect size of method on biodiversity could change in magnitude or eve
directionacrosdifferent spatial grainbecaus¢he number of species obseniedreases nofinearly
with spatial scaleFor the case of comparing sampling methdius diversity can be measured at one
trap or site (alpha) and across all traps osgilamma)Effect sizes, the difference in biodiversity
components across a factor (e.g., sampling methodheamgean magnitude or even direction
depending on thepatial sampling graifChaseet al.2018) Evaluation of multiple components of
biodiversity allows a more complete understanding of whether metilter biodiversity by capturing
different abundance of individuals or by capturing a more even or uneven distribution of individuals
of different speciedJnderstanding the biases between different sampling methods can help us when

interpreting and congring different measures of biodiversity across differenescal

Different samplingmethodscanalso help us in understandittge functional distributions of
pollinators across different land uses. For example, the ce@ghthsize, o shape of the trapand
different netting methods (i.e. sampling only flower plants or all vegetati@Bnown tccollect a
different compositon of spaes(Tuell & Isaacs 2009; Joskt al.2015; Shresthat al.2019)
Different species have different functional traits, that can help in determining their role or efficiencey

as polliretor (RosasGuerrercet al.2014) Common tinctional traitsconsidered for pollinators are

13



Chagper 1

body size, nesting preferences, life hist@amygdhabitat prefenece.lt is predicted and often (but not
always) observed, that plants and pollinators that interact share matchin@Buaitholzet al.
2020; Peraltat al.2020; Van der Kooet al.2021) Land use change is known to filter out
species with certain traits, reducing the functional diversity of the comm(uityestet al.2015;
Bartomeuset al.2018) Conversion of land can affect pollinators ditgcby reducing the availability
of nesting habitatsyhich varies between different species, for examphggerials needed foawity

nesters or open, sandy pits for ground nestpegies

Currently different methods are employed to determinelaod use change influences the
species and functional diversity of pollinators. However, studies focus on different pollinator groups
and employdifferent methodsln orderto synthesize resultcross studies, we must first understand
how sampling methods influence the species and functional diversity of pollinators, and how the
results depend atme spatialgrain of investigationChapter 2 of my thesisaims to advance our
understanding of the differences in diversity and composition of insects sampled using two methods,
yellow combined flight traps and net sampling, by considering multiple components of biodiversity,
multiple spatal grains and functional traits of insecksvo pollinator groups were considered, wild
bees (Hymenoptera: Anthophila) and hoverflies (Diptera: Syrphidae). These two groups were chosen
as they are abundant, diverse and are important for providing paltiregivices in the study region
as well as globallySsymanlet al.2008; Jaukeet al.2012; Radeet al.2016)

3. Importance of plant-pollinator network structure

It is not enough tqustrecord pollinator diversityPollinator diversity is linked to ecosystem
services such as pollination through the interaction with plants. Thderstanding the impact of
land-use change on the functioning of ecosystésush as pollinatiomequiresconsidering the
community of planpollinator interactions as a network across multiple s#ge€hange in land use is
also known tampact the stiucture of these plasgollinator interaction networkevotoet al.2012;
Doréet al.2021a) A plantpollinator interaction network is a bipartite network, wheregweember
of one trophic level only interacts with memebers of the other (i.e. plants and polliDaiorannet
al. 2008) The links between nodes of plants and pollinateitect either the presence of an
interaction (qualitative networks) or the frequenéyhe interaction (i.e. number of times an

pollinator species has visited a certain plant species; quantitative networks).

Metrics have been developed to quaritifgtopologyof networks and these metric values
provide information about the robustnegs network to perturbatiofiKaiserBunburyet al.2010;
Bascompte & Scheffer 2023)letrics can thus reveal thiglhness and evenness of interactions, their
compartmentalization (nestedness, modularity) as well as patterns of resource partitioning

(specialization). The diversity or interaction richness of a network is calculated as the number of

14
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different interaction within the network, whereasteraction evenness evaluates the homogeneity of
links in the networkHigher evenness indieamore uniformity in interactions between nodes
(Fisogniet al.2021) whereas wenness approaches zero as relative abundances(®yron 2010)
Nestedness is a communityde pattern in which generalist taxa tend to interact with specialists and
vice versgBascompteet al.2003) Nested networks are more robust to the loss of a node, as the loss
of specialists will not result in cascading extinctions to their interaction pafiiersmottet al.

2004; Fortuna & Bascompte 2008)odularity measures the structure of the network, dividing the
network into modules (or compartments). Species within the modules interact with each other
stronger than other species in the network, thus showing the strength and frequency of interactions
between specigdNewman 2006)Specialization evaluates the degree to which species in the network
restrict their partrnes to a subset of those that are avail@Bl&thgenet al.2006) More gemralized
networks are more robust to perturbations due to the redundancy of inter&oigrafouet al. 2020;
Fisogniet al.2021) but specialized pollinators are likely to offer better pollination services to plants
(Minckley & Roulston 2006)

Network stuctures and meterics have not only been used to identifiy pollinator functions
within the network, but have also been used to link functional traits for both plants and pollinators.
For example, flower traits, such as flower size or shape, camépnine the identity and frequency
of polliantors(Stanget al.2007; Klumperst al.2019)andcan also influence the structure of
pl antipol |l i nat o(Fantinatoeeat. 2019} Howen shapeandvenvardsscaalso
determine interactions with polliras (Koski et al.2015; Lazarcet al.2020) whereas gllinator
traits can determine dispersal distance, energy requirement, and ability to access @#tweal.

2019) Functional traits and network structures can also be used to determine the effect of different

management types on the plant and paitincommuntie§ Mot i v aetal.2083) ar a

Management types can hadifering effects on the plant and pollinator communities.
Agriculturally managed landscapes make over 50 % of Gdrnsan and anaost 40 % of the
Europearand globalandscapeRAO 2020; eurostat 2021; Bundesministerium fur Ernahrung und
Landwirtschaft (BMEL) 2022)making it an important habitat to studiy.agroecosystems, mass
flowering crops provide a large but homogenous food resource to pollifiaéorsiraet al.2013)
However, this occurs in pulses, whereas seatiiral areas can offer consistent floral resources over a
long period of timend supplement their feeding after the flowering of the (andeliket al.

2012) In GermanyQilseed Rape (OSRyas planted on over 1.1 million hectares in 2022, making it
the fourth most produced crgBMEL 2022) OSRcan seHlpollinate but insect pollination is known

to increase its seed gétingridge & Goodman 1982; Mannirg al. 2005; Bommarcet al.2012)

The plants in the surrounding landscape provide important ecosfgstetionsby providing shared

food resources tpollinators ofOSR. However, most pollination research on OSR has considered
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only the pollinators that visit this crop plaffisangridge & Goodman 1982; Jauker & Wolters 2008)

or how the crop presence affects pollinator communatiesnot the surrounding plant community
(Diekotteret al.2010) Despite abundant research on OSR and its effect on the pollinator community,
less is known about its role in the plgmbllinator network. It is also not known which of the co
flowering plants share more pollinators that would be expected by chance, and have strong indirect
effects orpollination of OSR. InChapter 3, | quantified gplant-pollinator interactiometworkin

order to determine the dtmwering plants that are most similar in their visiting pollinator

compositions to OSR, and if this similarity was higher than expected by chaesied this by

creating a null modehatconsiders the plants that are visited by the most abundant pollinators in the
community are likely to share pollinators by chaneother goal was to quantify the module that

OSR is a part of, and if the other plants in this module have similar flaital Kinally, | identified

the species that act as keystones in the network, by providing many interactions within their modules
and/or by connecting modules. Lasllysed Mllerés index to determine the indirect effect the plants

and pollinators haven each other, due to their shared interactions.
4. Communities andnetwork structure acrossland usegradients

Modern agricultural areas are dominated by lagme farms, which are characteristic for
Western Europ@.owderet al.2016) In such landscapes, little sengtural habitats have remained
and studies have shown that these intensivelyagahlandscapes are often no longer able to sustain
the necessary pollinator serviqgsemenet al. 2002; Bartomeust al. 2014; Deguinest al.2014)
Although urban areas make up a small proportion of land use globallylL(? %, al.2014) it is
predicted that this aaewill triple by 2030 in response to the growing popula{®etoet al.2012)

This expansion can hadevastatingeffects orthebiodiversityof some groups, buities are know

to be fAbi odiforethesgraupgElinquistes gb. 2013% While there has been separate
research on the effects of agricultural intensification and urbanization on pollinator biodiversity, few
studies consider both simultaneoudius, t is currentlyunclear if these two highly anthroporgenic
land uses have similar or differing effects on biodiversitgst studies show that sematural

habitats have higher diversity of plants and pollinators compared to agricultural hgatatsheiro

et al.2010; Lalibertéet al.2010; Le Féoret al.2010; Nicholsoret al.2017)and urban habitats

(Ahrnéet al.2009; Bate®t al.2011; Gesliret al.2013) However, this is not always the case, with
some studies showing similar dregy of pollinators in sermanatural habitats compared to urban
habitats(Fitch 2017; Ellis & Wilkinson 202Qwhich could be due to the differences in resolution and

scales of the studies

In accordance with community assembly theory, the composition and relative aburfdapemeas
in a communty is determined through environmental filtering, i.e. species with traits better suited for an

agricultural environment thrivim that environmentThus it could be predicted that agricultural and
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urban landscapes select for differspécies. However, both land uses could have similar effects on the
community, negatively effecting specialist species and therefore creating an environment where
generalist thriveTo date, few studies have compared these multiple land use variables|{(agt,

urban, and sermatural) simultaneously, but those that have, found differences in taxonomic responses
(e.g. hoverflies and wild bees) and species preferences between the different |dddrbseenet al.

2014; Baldoclet al.2015; Colladcet al.2019) Most research has onlgoked at how composition of
plants or pollinators are affected by the land use ch&wh agricultural and urban habitats can act as
strong filters to plants and pollinators, but they may filter for different taxa or even for a different range
of taxa (.e. urban habitats may be more heterogeneous and thus support more taxa, urban habitats also
harbor much more species which are not of local origijile previous studies did not consider
whethemultiple land use variabldgad similar or different effdasonnetwork structurgl hypothesized
thatboth types ofand use change will filter for plant and pollinator species that are flexible in their
resource use, and thus shift the network structure to be less specialized, more nested, and imore even
both urban and agricultural are@&'eineret al.2014; Takemoto & Kajihara 2016; Doe¢ al. 2021b)

Chapter 4 examined howagricultural and urban areasnopare to each other and to sematural
habitats in terms of diversity, composition and network structueeditionally quantifiedwhich
pollinator families have important connector roles in the networks.

5. Thesis scope

In this thesis, | investigated how pollinator communities and their interactions with plant changes
across different land use categories. First, | was interested in understanding how different sampling
methods compare in their ability to capture bee anghéy communities and if this was related to the
functional traits of these pollinator groups (Chapter 2). Second, | applied net sampling to determine
how the pollinator and plant communities and their interactions were influenced by the mass
flowering cr@, OSR (Chapter 3). Finally, | assessed how different anthropogenically altered habitat
types (e.g. agricultural and urban) compare to gehiral habitats to determine the impact of land

use change on plant and pollinator communities and network str{Ghapter 4).
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/METHODS TO DETECT COMMUNITY CHANG\E\

Chapter2
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functional groups interact with a different
\\ composition of pollinators. /

Fig 3: Graphical a b st r Lloapter @ focugedhom somgadng diftererg ar c h ¢t
methods, pan traps and netting, to detect community change. Chapter 3 focused on how interactions

are influenced by a mass flowering crop a@inctional traits play a role in determining

interactions. Chapter 4 focused on how communities and networks for plants and pollinators change

across different land uses, from highly agricultural to highly urban.

Fieldwork for all three researahapters was conducted over the course of three summers (2017
2019) at six different agricultural sgéhat are a part of the Terrestrial Environmental Observatories
Network (TERENO, www.tereno.nefachariasgt al.2011)and of the German and EuropdalER
(Long-Term Ecological Research) netwdiMuller et al.2010)in SachsefAnhalt, GermanyFig 4).

The sites have been monitored since 2008aaed km by 4 kmThese sites all have varying degree
of agricultural intensit§ from a noderate to high percentagad different type dfand management
practice® livestock grazing, hay production, or agricultural production. They also vary in their
altitude, slope, soil properties and climatic conditions, (e.g., mean annual precipitation and
temperaturefrenzelet al.2016; Papanikolaoet al.2017; Slabberet al.2022) An additionaleight
sites were sampled within Sachs®nhalt and Sachsen in 2019 and 2020. These sites had a higher
percentage ofsemmiat ur al or wurban | and use and were used
sites include the cities of Halle (Saale) and Leipzaih of which have pollinator friendly initiatives
(i.e. Leipzig Summt, Blihwiese Halldjor the network analysed| endividuals from the orders of
Hymenoptera, Diptera, Lepidoptera, and Coleoptera that were observed visiting a flowering plant
were conilered pollinatorsl found it important to observed all plavisiting pollinators and not just

bees.
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Fig 4. Map of sampled locations with in Sachstmhalt und Sachsen, Germany. Black points
indicated TERENO sites, where data was used in all thremarels chapters. Grey points indieat

additional sampling sites used for Chapter 4.

In Chapter 5, | synthesize the key findings of theesis andliscuss (1) the broader applicability
of the results, (2) the potential application of my results to inform conservation cppléinator
interactions and their services to wild and agriculturally important plantg3) the limitations of
my approacland specific needs for future studies
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ARTICLEINFO ABSTRACT

Keywords: In order to synthesize changesisllinating insect communities across space and time, it is necess
Monitoring understand whether, and how, sampling methods influence assessments of community patterns
Rarefaction compared how two common sampling metlgsllow combined flight traps and net sampbng
Syrphidae influence our understanding of the species richness, abundance and composition of wild bees ai
Anthophila hoverflies, and addressed whether these patterns resulted from potentially biased sampling of in
LTER or species with different types of functional traits. Sdenpled bee and hoverfly communities in six s

over three seasons in SaxeAghalt, Germany. We captured more species and individuals of bees
traps and more species and individuals of hoverflies with net sampling. However, rarefied richne
resuls were less dramatic between the sampling methods for bees and were not different betwer
sampling methods for hoverflies. Thus, differences in species richness across sampling method:
mostly due to differences in the number of individuals captiméehe different methods. We captured
more smalisized bees and hoverflies with traps. We tested if the different methods collected indi
and species with different functional traits, such as nesting preferences, sociality and flower
specializatiorfor bees and floral preference, migratory status and habitat preference for hoverflie:
most traits, we collected more individuals but not more species with a certain trait in the different
methods. This was mainly due to a high abundance of oneespi®ing collected in the different
methods. These results suggest that the best methodology depends on the aim of the survey, ar
methods cannot be easily combined into synthesis research. Our results have implications for th
development of moiwring schemes for pollinators and for synthesis of trends that can identify thr
pollinators and inform research of pollinator conservation strategies.

1. Introduction

Recent research has shown declines in the abundarfemmottet al. 2004; Klein et al. 2007; Garibaldi et
and species richness of insect communities and shifi$ 2013; Carrie et al. 2017), and in the stability and
in community composition in response to global resilience of ecosystems (Bai et al. 2004; Tilman et
change (Habel et al. 2016, 2019a; Hallmann et al. al. 2014). Pollinators have high economic value,

2017; Rada et al. 2019; van Klink et al. 2020; providing globally $235$577 billion (in 2009,
Warrenet al. 2021). Included in this decline are United States dollars) in ecosystem services
pollinating insects, which are important for the (Lautenbach et al. 2012). It is critical that insect
reproductive success of up to 94% of flowering pollinators are monitored so that trends in their
plants (Ollerton et al. 2011). Pollinating insects diversity can be detected, and these trends can

therefore play a role in maintaining plant biodiversitymotivate research aimed at identifying threats to
* Corresponding author.
E-mail addressamibeth.thompson@idiv.d@. Thompson).
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pollinators andlevelopingpollinator conservation that compares the diversity and/or composition of
strategies (Wagner et al. 2021). The urgent need to pollinating insects captured in pan traps versets

protect pollinators iseflected by national and sampling find that the sampling methods yield

international pollinator initiative@European considerably different compositions of insects (Popic

Commission 2018) and corresponding current etal . 2013; O0O6Connor et al

developments of pollinator madaring schemes Popic et al. (2013) found that only 25% of the

(Potts et al. 2020; Breeze et al. 2021). morphospecies of pollinators overlapped between
Global syntheses on trends for pollinating insect both methods.

communities are difficult due to differences in the To fully evaluate and understand biodiversity

methods employed and taxonomic foci across differences between sampling methods, it is

monitoring schemes, and due to geographic biases imecessarto consider multiple components of
monitoring (Aizen and Feinsinger 1994; Aizen and biodiversity and more than one spatial grain (Chase

Feinsinger 2003; Bartomeus and Dicks 2018; et al. 2018; McGlinn et al. 2019). Biodiversity

Ollerton 2017; Winfree et al. 2009, van Klink et al. increases nciinearly with spatial scale, and if the
2020). Pollinator monitoring is accomplished shapes of species accumulation curves differ between
through a variety of methods, including visual sampling metods this will result in biodiversity
observations and ocats, sweep netting, net samplingresponses that change in magnitude or even direction
of floral visitors, light or bait traps for nocturnal at different spatial grains of investigation. Thus,
pollinators, and using passive insect traps (e.g., biodiversity responses to sampling methods are best
flight, pan, vane, or malaise traps). Visual understood if they are evaluated at multiple scales.

observations and counts work well for taxa that are Samplingmethods can influence the assessment of
identifiable in thefield. For example, transect walks the number of individuals and/or the species
have been successfully employed for butterfly abundance distribution (i.e., evenness) of the
monitoring across the world (Pollard 1977; Caldas community, and both of these components determine
and Robbins 2003; Nowicki et al. 2008; van Swaay biodiversity at a given spatial grain. Evaluation of
et al. 2008; Habel et al. 2019b). The other methods multiple componentsf biodiversity allows a more
are more suitable for mitoring taxa that require complete understanding of whether sampling
laboratory methods (e.g., microscopy or genetics) fanethods alter biodiversity by capturing different
identification to species level (Roulston et al. 2007; abundance of individuals or by capturing a more
Westphal et al. 2008; Wilson et al. 2008; Nielsen et even or uneven distribution of individuals of
al. 2011; Popic et al. 2013). different species.

Traps and net sampling are commponl In this study, wdocused on two important and
employed methods for pollinator monitoring, each diverse groups of pollinators in European
with advantages and disadvantages. Traps represemtgaoecosystems, wild bees (Hymenoptera:
simple and quick method to capture the flying insectAnthophila) and hoverflies (Diptera: Syrphidae)
community by taking advantage of the attractivenesgDoyle et al. 2020). These two groups are considered
of specific colors for insects. However, thecsies the polli-mateesdpamegfoar e
collected are not always pollinators, and for flower providing most of the pollination services in
visiting insects, their potential roles and importance agroecosystems (Fontaine et al. 2011; Jauker et al.
as pollinators will not be recorded by this method 2012; Rader et al. 2016). Bees, especially wild bees,
(Roulston et al. 2007; Tuell and Isaacs 2009; can be used as bindicators for assessing a range of
Gongalves and Oliveira 2013; Popic et al. 201 environmental stressors such as pestioideeavy
Joshi et al. 2015). Net sampling, in which insects arenetal exposure, introduced competitors, diseases,
collected on flowers, offers the opportunity to obtainparasites, and predators (Kevan 1999; Ghini et al.
information on the presence of interactions between2004; Potts et al. 2010; Zhelyazkova 2012). Bees are
insect and plant species and potential pollination. centratplace foragers that can travel up to several
However, this method is typically molabor kilometers for large species (Greenletahl. 2007;
intensive as it is smaller in its temporal extent Zurbuchen et al. 2010b; Zurbuchen et al., 2010a).
compared to traps, which can sample for days or Common and generalist hoverfly species that
weeks. These methods may have different biases dominate agricultural landscapes are important in
towards the types of insects that are collected, with providing pollination services and are mobile species
traps capturing insects that are more likely to be  that are more robust to habitat fragmentatod can
attracted to or accidently fall into traps and net disperse over great distance (Schweiger et al. 2007,
sampling capturing insects that the collector is able Jauker et al. 2009; Raymond et al. 2013; Rader et al.
to spot and successfully capture. Previous research2016).

30



A. Thompson et al. Ecologicallndicators 132 (2021) 108284

ke Net
Iﬂ Wanzleben (WAN) 4 .Tm

oo T

Comwig Uhnnaty

s e—

“_N@gmnfelde(SIP)@“ EFrieerg(FRl) oy ..::m

Greifenhagen (GRE) e

[r—

Lutarsiat
Tt

Fig. 1. Distribution of the six study sites (squares) within the region of Harz/Central German Lowland Observatory inABagdtnermany. The
locations (small colored circles) where netting occurred are highlighted in red whereas trap locations are highligetean isiterpretation of the
references to color in this figure legend, the reader is referred to the weln @it article.)

To date, few studies have examined how methodsiethods differ in the size distribution or the
might be biased towards sampling species with frequencies of individuals and species in different
different types of functional traits (Carri’e et al. functional groups.

2017; Prendergast et al. 2020; Prendergast and

Hogendoorn 2021). We expect such a biagrips 2. Methods

and net sampling. For example, body size,
generalization, and species guilds of the bees may
play a role since differences are associated with The data were collected at six sites in Saxony
flying height, foraging behavior, and floral Anhalt, Germany. They are part of the Terrestrial
preference (Cane et al. 2000; Gonzalez et al. 2016; Environmental Observatories network (Fig. 1;
Carrie ¢ al. 2017; Wood et al. 2017). Larger, noisier, TERENOwww.tereno.netZacharias et al., 2011)
more conspicuous species are easier for net sampleasd of the German and European LTER (L-dr=gm

to observe and might be more difficult to collect in Ecological Research) network (Muller et al. 2010).
pan traps. Furthermore, other studies have found th&ach site is 4 km x 4 km and is divided into 16
bees tend to forage in a horizontal stratumcitan squares of 1 kfin Sites are separated byiatdnce of
influence the species collected in pan traps (Ortiz  20i 35 km. The six sites (Friedeburg (FRI),

Sanchez and Aguirs8egura 1992). The flower Greifenhagen (GRE), Harsleben (HAR), Siptenfelde
visitation of hoverflies may also be affected by body(SIP), Schafstadt (SST), Wanzleben (WAN), Fig. 1
size, flower preference, migratory status, or habitat and Supplementary Table 1) are all embedded in
preference (Klecka et al. 2018; Luder et2418). agricultural landscapes. Net sampling took place in
Larger hoverflies are likewise easier to spotand  seminatural grasslands in close proximity to

catch with nets, while certain species may be more established traps.

attracted by particular colors of the traps. We consider each site to be the lotlgcale,

The aim of our study was to compare the diversitand all sites pooled together to be the regiamal (
(abundance and species richness) and compositionscale. Data for each sampling method (i.e., all traps
wild bees and hoverflies between yellow combined in a site, all transects for net samglin a site) were
flight trap and net sampling methods. First, we pooled for each sitdXscale).
quantified the abundance (number of individuals),
evenness and diversity of species for each method &t2. Data collection

two spatial scales (local and regional). Second, we .
P ( 9 ) Data were collected over two consecutive years,

compared species composition between the two divi . -
: . ivided into three seasons: spring of 2017 (2017),
methods. Third, to understand observed dlfferencesspring of 2018 (2018a) and late summer of 2018

in species composition, we assessed whether (2018b). Yellow combined flightaps, a
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combination of a yellow funnel (25 cm diameter) andollected and sted in 70% ethanol. In total, we
window panel (24x40 cm) mounted on poles at abowampled 810 traps per site, totaling to 54 traps

1.30 m height (Fig. 2, Duelli et al. 1999), were across all 6 sites in the region. Difference in trap
placed within each of the 16 squares at a transition number across sites was due to differences in habitat
area between sematural habitat and agrittural quality and structure (Supplementary Table 3).

fields. This type of trap was chosen because it was  During the samerme periods (Supplementary
proven as highly efficient for a rapid biodiversity =~ Table 2), we used net sampling by focusing on
assessment (Duelli et al. 1999) and as part of a londlowering plant species and collecting visiting insects
term monitoring scheme at the TERENO sites. We targeting flowering plants during sunny days

relied on the color yellow for the funnehsi it was  between 9.00 and 15.00 when insects were most

shown to catch morgpecies compared to other active (see also Bennett et al. 20TBompson and
colors (Laubertie et al. 2006; Vrdoljak and SamwayKnight 2018). Overall, we collected insect visitors on
2012), particularly in our landscapes which are 150 different plant species across all sites. Net

dominated by yellow flowers, e.g. mass flowering sampling was conducted in senatural grasslands
crops such as oilseed rape. Furthermore, thigidesi in proximity (10 m to 760 m) to the traps, and net
was selected for comparative sampling locations were 350 m tk® away from
each other (average 1.8 km). In 2017, we sampgled 3
4 plots (plots were 100 m radius and were separated
from each other by at least 100 m) for each of the six
sites in the region. In 2018, we sampled along a 30 m
by 2 m transect for 15 min amstbpped the timer
during the processing of insects. Transects were
separated from each other by at least 100 m. During
our sampling period in 2017, the average temperature
in April was 9'C and in May 15.3C with around 45
mm of precipitation. In 2018, ¢haverage
temperature in May was 1648 and 37.10 mm of
precipitation and in August 20 and 54.80 mm of
precipitation. Insects that could be identified in the
field (e.g.Bombusspp. (tolucorunt aggand
terrestriscomplex)) were recorded and released
HoneybeesApis melliferd were not included in any
analyses since they are managed by beekeepers.
Other insects were collected in vials and labeled with
the site and date of collection. The insects were
frozen, pinned, and later identified to specie®le
(or, less commonly, to species complex level) using
published taxonomic guides (Amiet 1996; Amiet et
al. 1999, 2001, 2004, 2007, 2010; Bartsch 2009; van
Veen 2009; Oosterbroek 2015) and assistance from a
local expert (Frank Creutzburg, Jena, Germady).
one site (FRI'in 2017), no hoverfly individuals were
collected in the traps.

Bee functional traits came from a data set
provided by Simon Potts (University of Reading),
and our ceauthors (Roberts and Kuhimann). This

Fig. 2. Picture of combined yellow flight trap made from a yellow funnel data set provided 1) the averagelbody size
and window trap used in the field (cf. Duelli et al. 1999). Picture _ (measured as int.etegmar distance, |TD), 2) nesting
provided by M. Frenzel. (For interpretation of the references to color in eference, 3) sociality, and 4) flower specialization

this figure legend, the reader is referred to the web version of this article? >
(Supplementary Table 4a). For hoverflies, we used a

biodiversity studiege.g. Papanikolaou et al., 2017a; data set provided by the database Syrph the Net
Papanikolaou et al., 2017b) and was not meant for (Speight and Sarthou 2017). Hettes body size of

full faunistic assessments. The traps were set out fordult hoverflies was measured from the anterior
two-week intervals (Supplementary Table 2). At the €xtremity of the head (excluding the antennae) to the
end of two weeks, the contents of the traps were  Posterior extremity of the abdomen (Speight and
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