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Deutsche Zusammenfassung und Schlussfolgerungen 

Der weltweit zu beobachtende Rückgang der biologischen Vielfalt ist Besorgnis 

erregend und kann gravierende Konsequenzen für die Funktionsfähigkeit natürlicher 

Ökosysteme haben. Unter anderem könnte sich ein Rückgang der Artenvielfalt der 

bestäubenden Insekten negativ auswirken, da die Bestäubung für die Reproduktion und 

damit das langfristige Überleben der meisten Pflanzenarten essentiell und auch bei vielen 

der landwirtschaftlich genutzten Pflanzenarten ein wesentlicher Ertragsfaktor ist. 

Bestäubung durch Insekten stellt damit sowohl einen wichtigen Prozess innerhalb der 

Ökosysteme als auch eine wichtige ökosystemare Dienstleistung für den Menschen dar.  

In Anbetracht des Rückgangs und der Gefährdung vieler Bienenarten wird in dieser 

Arbeit untersucht, welche funktionelle Bedeutung die Artenvielfalt von Bestäubern, 

insbesondere von Wildbienen, in der Natur hat. In Fortsetzung der funktionellen 

Biodiversitätsforschung, die sich bisher besonders auf die Artenvielfalt von Pflanzen 

konzentriert hat, werden verschiedenste Facetten der funktionellen Bedeutung von 

Wildbienendiversität in fünf Studien (Kapitel 2-6) mit überwiegend experimentellem 

Schwerpunkt untersucht. Weil in dieser Arbeit die Bedeutung der Bestäubung für 

Pflanzengemeinschaften im Mittelpunkt stehen soll, werden wiederholt die Netzwerke der 

Interaktionen zwischen verschiedenen Bestäuber- und Pflanzenarten betrachtet. Während 

in Kapitel 2 vor allem der direkte Effekt der Bienendiversität auf die Bestäubung von 

Wildpflanzen experimentell überprüft wird, werden in den übrigen Kapitel andere Aspekte 

der Bestäuberdiversität und damit verbundener Themen beleuchtet. 

Kapitel 2 stellt die wichtigsten Ergebnisse eines umfangreichen Flugkäfigexperiments 

vor. In 55 Käfigen mit einer Fläche von 8 m² wurde eine Gemeinschaft von 14 

Pflanzenarten etabliert und eine bis fünf Bienenarten in unterschiedlichen Kombinationen 

eingesetzt, die angebotene Nistmöglichkeiten besiedelten. Mit diesem Versuch konnte 

erstmals experimentell nachgewiesen werden, dass Bienendiversität einen positiven Effekt 

auf die Bestäubung und den Samenertrag wildlebender Pflanzengemeinschaften hat. 

Allerdings hat die Artenzahl allein einen relativ geringen Erklärungswert im Vergleich zu 

mechanistischen Variablen, die den Komplementaritätseffekt einer Bienengemeinschaft 

vorhersagen. Als besonders wichtig zeigte sich dabei, wie gut die Bienenarten sich in 

Bezug auf die von ihnen besuchten Pflanzenarten und die von ihnen bevorzugten 

Witterungsbedingungen ergänzen. Hummeln scheinen dabei zwar eine Schlüsselrolle  für 

die Bestäubung einzunehmen, aber diese kann nur in Kombination mit anderen 
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Bienenarten voll zur Geltung kommen. Einige Pflanzenarten wurden nur besucht, wenn 

mehrere Bienenarten gemeinsam vorkamen – ein Verlust von Bienendiversität könnte sich 

also besonders auf artenreiche Pflanzengemeinschaften und die Bestäubung seltener 

Pflanzenarten auswirken. 

Kapitel 3 befasst sich mit der tageszeitlichen Dynamik der Blüte-Bestäuber-

Interaktionen. Es wird experimentell nachgewiesen, dass bestimmte Pflanzen ihre 

Blütenköpfe innerhalb von kurzer Zeit nach der Bestäubung schließen, aber ohne 

Bestäubung bis zum Abend geöffnet bleiben. Diese Reaktion verläuft so schnell, dass sie 

das tageszeitliche Muster der Blütenöffnung erklären kann, welches unter dem Namen 

„Linné‟s Blumenuhr“ bekannt ist und für das traditionell abiotische Faktoren und 

endogene Rhythmen verantwortlich gemacht wurde. Es wird gezeigt, dass die 

tageszeitliche Dynamik von Interaktionsnetzwerken stark vom Vorkommen von Pflanzen 

aus der entsprechenden Gruppe innerhalb der Korbblütler geprägt wird. Die tageszeitliche 

Veränderung des Blütenangebots und zeitliche Einnischung ist vermutlich auch für die 

Koexistenz von Arten von Bedeutung und sollte in zukünftigen Untersuchungen von 

Pflanze-Bestäuber-Interaktionen berücksichtigt werden. Der Zeitpunkt des Schließens der 

Blüten könnte möglicherweise auch zur effizienten Abschätzung des Bestäubungserfolgs 

genutzt werden. 

Kapitel 4 präsentiert eine Studie, die die Spezialisierung in Interaktionsnetzwerken auf 

einer globalen Skala vergleicht. Entgegen der häufigen Annahme, Interaktionen in den 

Tropen seien besonders spezialisiert und Teil der Erklärung für die hohe tropische 

Artenvielfalt, zeigt diese Studie, dass komplementäre Spezialisierung mutualistischer 

Interaktionen (Bestäubung durch Blütenbesucher und Samenausbreitung durch 

Fruchtfresser) von gemäßigten Breiten zu den Tropen hin abnimmt. Stärker spezialisierte 

Interaktionen sind v.a. in Gebieten mit kälterem Klima zu finden. Bei den 

Samenausbreitungsnetzwerken scheint auch klimatische Stabilität und der Anteil von 

obligaten Fruchtfressern eine Rolle zu spielen. Diese Ergebnisse zeigen, dass 

Spezialisierung kein zwangsläufiges Produkt langer Ko-Evolution ist, und in Gebieten mit 

geringer Pflanzendiversität vermutlich begünstigt ist. Die komplementäre Spezialisierung 

bildet wiederum eine Grundlage für Bestäuberdiversitätseffekte auf 

Pflanzengemeinschaften. 

In Kapitel 5 wird gezeigt, dass die Wirkungen unterschiedlicher Umweltveränderungen 

auf die Bestäubung nicht additiv sind, sondern voneinander abhängen, wodurch 

Vorhersagen über zukünftige Veränderungen erschwert werden. Mit einer experimentellen 
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Feldstudie wurde der gemeinsame Einfluss von drei Umweltveränderungen auf 

Blütenbesuch und Samenansatz bei Ackersenf untersucht. Die Ergebnisse legen nahe, dass 

unterschiedliche Sensitivität verschiedener Bestäubergruppen gegenüber verschiedenen 

Umweltveränderungen zu einer Absicherung der Bestäubungsfunktion führt, obwohl die 

Anzahl und Diversität der blütenbesuchenden Bienen unter den natürlichsten Bedingungen 

(bei Kalk-Magerrasen zur natürlichen Blütezeit) mit Abstand am höchsten war.  

Außerdem zeigt diese Studie, dass Verschiebungen in der Blühphase, die durch 

Klimaerwärmung verursacht werden können, nicht unbedingt zu negativen Konsequenzen 

für die Pflanze führen müssen, da ein Verlust von Bestäuberinteraktionen durch eine 

Befreiung von Gegenspielern ausgeglichen werden kann. 

In Kapitel 6 wird schließlich gezeigt, dass verschiedene Bienenarten unterschiedlich 

auf die Erhöhung der Überwinterungstemperaturen reagieren, und Bienendiversität daher 

response diversity beinhaltet, die eine Voraussetzung für Versicherungseffekte der 

Biodiversität ist. Neun verschiedene Bienenarten wurden in Klimaschränken bei 

Temperaturen von 1.5 bis 9.5 °C überwintert. Höhere Temperaturen während der 

Überwinterung wirkten sich auf das Gewicht der Bienen und den Schlupfzeitpunkt aus, 

wobei die Artunterschiede teilweise durch das Entwicklungsstadium während der 

Überwinterung und damit den natürlichen Flugzeitraum erklärt werden können. Dies 

zeigt, dass die Vorhersage von Effekten des Klimawandels genaueres Wissen über die 

Biologie unterschiedlicher Arten erfordert. 

Abschließend lässt sich sagen, dass die fünf hier vorgestellten Studien neue Einblicke 

in die Funktionsweise von Pflanze-Bestäuber-Interaktionen auf ökosystemarer Ebene 

ermöglichen. Die verschiedenen Kapitel verdeutlichen, dass diese Interaktionen auf vielen 

Ebenen stark dynamisch sind. Die intermediär und variabel ausgeprägte Spezialisierung 

spielt dabei eine wesentliche Rolle für den Zusammenhang zwischen Bestäuberdiversität 

und Bestäubungsfunktion, der tendenziell positiv ist. Die Kenntnis artspezifischer 

biologischer Eigenschaften ist essentiell, um den ‚Bestäubungswert„ einer 

Bienengemeinschaft vorherzusagen, da die funktionelle Bedeutung nicht nur von der 

Artenvielfalt an sich bestimmt wird, sondern auch entscheidend durch Artidentität, 

funktionelle Komplementarität und response diversity.  
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English Summary 

Worldwide declines in biodiversity have prompted concerns about the functioning of 

ecosystems that may rely on it. This is also true for the pollination of plants, which is 

essential for the reproduction and thus long-term survival of most species and also an 

important ecosystem service essential for the production of many agricultural products. 

Animal species providing this service, particularly bees, are experiencing severe declines. 

In this thesis, I address the multifaceted aspects of the functional relevance of wild bee 

diversity, in the context of biodiversity-ecosystem functioning research that so far has 

primarily focused on primary productivity and consumptive interactions. The scientific 

background and important concepts are reviewed in chapter 1. 

With a biodiversity experiment establishing caged communities of one to five bee 

species, chapter 2 shows that multiple bee species provide greater pollination services to a 

plant community than one bee species alone, and that the mechanism of this pollinator 

diversity effect is functional complementarity. Functional complementarity in the 

pollination of plant communities was determined by flower preferences that are partly a 

consequence of interspecific competition leading to increased visitation to poorly visited 

plant species. Furthermore, bumble bees are particularly important pollinators because 

they forage under weather conditions when most solitary bees are inactive. These 

differences explain why multiple species are needed to pollinate a plant community 

completely. 

Chapter 3 focuses on within-day temporal patterns of plant-pollinator interactions. In a 

first step, the influence of pollination on the daily pattern of flower opening and closure 

known as “Linné‟s floral clock” is tested for a group of Asteraceae in a set of experiments. 

Flower heads closed rapidly in response to pollination, but were open until late afternoon 

otherwise. This finding contrasts to previous work attributing the time of flower closure to 

abiotic or endogenous factors only. In a second step, the consequences of this pattern for 

plant-pollinator networks are examined. Depending on plant species composition, early 

flower closure drives strong temporal dynamics in plant-pollinator interactions. This 

chapter suggests that flower closure may be used as an efficient proxy for pollination in 

the taxa showing such a response, and it reveals a possible mechanism enhancing 

coexistence and temporal specialization. 

Chapter 4 presents a global study on mutualistic interaction networks that focused on 

complementarity specialization, which is important for ecosystem functioning such as 
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pollination (as shown in chapter 2). The study revealed that, in contrast to traditional 

thinking, plant - flower visitor and plant - seed disperser interactions in tropical latitudes 

are less specialized than those in temperate regions. Strong complementary specialization, 

which is a precondition for strong complementarity effects regarding the relationship 

between pollinator diversity and pollination of plant communities, is probably more 

constrained in tropical regions with lower relative density of plant species, and favoured in 

regions with colder climate. 

In chapter 5 the possibility of interactions among environmental change drivers is 

addressed, confirming that they cause high uncertainty in predictions. Consequences of 

three drivers for flower visitation and seed set of phytometer plants were studied in a full-

factorial field experiment: the loss of calcareous grasslands caused by land use change, 

phenological shifts due to climate change and increased plant height as a response to 

increasing nutrient levels. In contrast to concerns about synergistic interactions among 

environmental change drivers, bee visitation dropped strongest already after a single 

change. Results on seed set indicate that complementarity among different pollinator 

groups likely provides insurance against exacerbating consequences of global change, and 

shifts in flowering phenology may disrupt interactions not only with mutualists but also 

antagonists. 

Chapter 6 experimentally shows that bee diversity provides response diversity to winter 

climate warming, confirming the precondition for an insurance effect of biodiversity for 

pollination. Nine species of solitary bees were overwintered in climate chambers 

presenting a finely resolved temperature gradient spanning the range of climate change 

predictions. Overwintering temperatures affected weight loss during winter and the time 

of emergence of bees, but the differences can be partly attributed to differences in life 

history (life stage during winter). This highlights the need for deeper biological knowledge 

on the species level for accurately predicting consequences of climate change, such as 

increased energy expenditure during diapause and possible mismatches between 

interaction partners in consequence of phenological shifts. 

Taken together, the five chapters confirm that bee diversity is relevant for pollination 

and that diversity effects cannot be solely attributed to identity effects (driven by the most 

efficient pollinator). The underlying mechanisms are likely based on functional 

complementarity due to dynamic niche partitioning and physiological or life-history 

constraints. The dynamic and flexible nature of community-wide interactions among 

plants and pollinators is highlighted. The need for more detailed biological trait 
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information of multiple species is shown, as a prerequisite for reliably estimating the 

pollination function of bee communities. The intermediate and variable degree of 

specialization of plant-pollinator interactions and of individual pollinator species is 

important in mediating pollinator diversity effects on various scales. The „pollination 

value‟ of bee communities is determined by functional complementarity, response 

diversity and species identity. 
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General Introduction 

Threatened Biodiversity 

Biological diversity is currently experiencing strong declines and is further threatened 

by global environmental change caused by humankind (Sala et al. 2000). Biodiversity 

refers to the diversity of biological forms at different levels of organisation, including 

genetic diversity, species diversity and ecosystem diversity (WRI et al. 1992). While some 

of the concepts may apply to different levels of biodiversity, this thesis focuses on species 

diversity, for which threats are best known. For example, one fifth of vertebrate species is 

considered as currently threatened by extinction in the IUCN Red List and the status of 

threat increases despite conservation effort (Hoffmann et al. 2010). One of the main 

reasons for current biodiversity declines is the intensification of land use, which involves 

destruction of natural or semi-natural habitats, increasing chemical inputs and 

simplification of landscape structure (Tscharntke et al. 2005). In central Europe, 

extensively used semi-natural grasslands are particularly rich in biodiversity, but changing 

and disappearing (WallisDeVries et al. 2002). Other drivers of biodiversity loss include 

invasive alien species introduced due to increased global exchange and climate change 

caused by greenhouse gas emissions (Sala et al. 2000). Concerns about biodiversity 

declines have reached out to politicians and policy-makers, who are trying to develop 

counteractions (United Nations 1992). 

Biodiversity and ecosystem functioning 

A common argument for the conservation of biodiversity is that it is important for the 

functioning of natural ecosystems and ecosystem services provided to humankind, such as 

air and water purification, nutrient retention, and pollination of crop plants (Kremen 

2005). Other arguments may also be important, including ethical concerns about the 

intrinsic value, but may be less accessible to scientific testing. Numerous studies have 

shown that species diversity can positively affect ecosystem processes such as primary 

productivity and trophic interactions (Loreau et al. 2001; Balvanera et al. 2006; Cardinale 

et al. 2006; Duffy et al. 2007; Scherber et al. 2010), but this effect is far from universal 

(Bengtsson et al. 2002). Much of the previous research on biodiversity – ecosystem 

functioning relationships has focused on experimental manipulation of grassland plant 

species richness (Tilman & Downing 1994; Hector et al. 1999; Scherber et al. 2010), and 

to a minor extent on aquatic systems (e. g. Emmerson et al. 2001), often in microcosms (e. 



Chapter 1: General Introduction 
 

13 
 

g. Cardinale et al. 2002). Studies focusing on the diversity of higher trophic levels in 

terrestrial systems have emerged more recently (e. g. Tylianakis et al. 2006; Finke & 

Snyder 2008). Still, most studies focus on processes related to biomass turnover (Duffy et 

al. 2007), and many other types of processes remain poorly addressed (but see Scherber et 

al. 2010). 

Positive effects of biodiversity on ecosystem functioning can be explained by different 

mechanisms, which can be conceptionally divided into selection (or sampling or identity) 

effects and complementarity effects. In selection effects, the most effective species 

determines the community effect and the probability for its presence increases with 

diversity. In complementarity effects, the combination of functionally different species is 

responsible for the community effect and the functional performance of the community 

can be higher than for any individual species (Loreau & Hector 2001; Loreau et al. 2001). 

Both groups of mechanisms have been shown to be relevant in some cases, but their 

general relevance is still under debate (Cardinale et al. 2006; Blüthgen & Klein 2011). 

Complementarity effects in this general definition can be caused by different ecological 

processes, including resource partitioning of species with different niches (Finke & 

Snyder 2008; Cardinale 2011) and interspecific interactions such as facilitation (Cardinale 

et al. 2002; Greenleaf & Kremen 2006). On larger scales, biodiversity can also be 

functionally important by providing an insurance against environmental changes and 

fluctuations (Naeem & Li 1997; Yachi & Loreau 1999; Box 1). 

Pollination and diversity  

Pollination by insects or other animals is essential for a majority of plant species, 

including crops (Klein et al. 2007) and wild plants (Kearns et al. 1998; Ollerton et al. 

2011). Reproduction of many wild plants has been found to be limited by pollination 

under multiple conditions (Ashman et al. 2004; Knight et al. 2005). The ultimate reason 

for (cross) pollination is genetic exchange, but this is difficult to consider on ecological 

scales. In most cases, pollinators visit the flowers for floral rewards including nectar, 

pollen, oil or scent (Pellmyr 2002). Pollinators comprise bees and other insects, mainly 

flies, beetles, butterflies and moths (Pellmyr 2002). In tropical regions, highly eusocial 

bees (honeybees and stingless bees) often play a dominant role (Klein et al. 2008). 

Outside Europe, vertebrates can also be important pollinators (Pellmyr 2002). Flowers of 

most plants are visited by different species of animals (Waser et al. 1996), but not all 

visitors are good pollinators and they can strongly vary in effectiveness (Herrera 1987). 
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Measuring actual pollination success is often a challenging task (Dafni 1993). Bees are 

generally the most important group of pollinators and their life cycles are closely tied to 

flowers (Kearns et al. 1998). As bees need multiple habitats, they are also particularly 

vulnerable to land use change (Westrich 1996). In consequence, population declines and 

local extinctions of bee species have been reported repeatedly (Allen-Wardell et al. 1998; 

Biesmeijer et al. 2006; Brown & Paxton 2009; Potts et al. 2010; Cameron et al. 2011). In 

Germany, 52 % of the 560 bee species are included in the Red List of threatened species 

(Westrich et al. 2008). The importance of wild bees (referring to all bees except managed 

honeybees) as crop pollinators may increase in the face of declines of honeybee (Winfree 

et al. 2007), which are threatened by several factors (De la Rúa et al. 2009). 

Positive correlations between floral diversity and pollinator or bee diversity have been 

found in several cases (Steffan-Dewenter & Tscharntke 2001; Potts et al. 2003), which 

may often be explained by a bottom-up effect of plant diversity (Ebeling et al. 2008; 

Fründ et al. 2010). Diverse floral communities provide resources for more pollinator 

species and enhance coexistence. However, whether the diversity of pollinators has a 

positive effect on pollination function has rarely been tested, partly because it is often 

confounded with pollinator abundance (Steffan-Dewenter & Tscharntke 1999; e. g. 

Kremen et al. 2002; Potts et al. 2006). In real-world scenarios, pollinator diversity loss 

may also be coupled with declining pollinator abundance when there is no density 

compensation (Larsen et al. 2005; Winfree & Kremen 2009). Klein et al. (2003) and 

Hoehn et al. (2008) found a positive relationship between bee species richness and 

pollination service to crops (coffee and pumpkin) in Indonesian agroforests. In both cases, 

complementarity effects caused by niche partitioning among bee species may have been 

responsible (Hoehn et al. 2008; Tylianakis et al. 2008b). 

The first step towards a pollinator diversity experiment was done by Fontaine et al.  

(2006), who compared two levels of pollinator group diversity (bumblebees, hoverflies 

and their combination). They found highest reproduction of a plant community when both 

groups were present, and that functional complementarity may be involved in the 

underlying mechanisms. However, experimental conditions were fairly restricted: 

pollinators were introduced into cages for only a few hours, no nests were present, and 

abundance and species composition were not completely controlled for. Therefore, it is 

difficult to relate these first experimental results to observed declines in bee diversity. In 

the context of pollinator declines, it is further relevant whether some pollinator species are 

more important than others and play key roles for providing the pollination function 
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(Ghazoul 2005). This was found in a few studies on pollination of individual plant species, 

leading to species identity effects strongly influencing the relationship between pollinator 

diversity and pollination (Larsen et al. 2005; Gómez et al. 2007; Perfectti et al. 2009). 

Strong variation in the importance of pollinator species has also been suggested for plant 

communities, highlighting the key function of highly generalist pollinators (Bascompte et 

al. 2003; Guimarães Jr et al. 2011). This would mean that pollinator diversity „per se‟ may 

not be the best predictor of functional importance of bee communities. 

Networks and specialization 

Patterns of interactions among entire communities of plants and pollinators (or other 

mutualists such as seed-dispersers) are usually described as interaction networks 

(Bascompte & Jordano 2007; Blüthgen 2010). The understanding of interactions at the 

network or community level is essential to understand the relevance of pollinator diversity 

for the pollination of plant communities. A common effort in research on ecological 

interaction networks aims on identifying the degree of specialization in the interactions 

(Blüthgen 2010). The traditional view of highly specialized adaptations in pollination 

systems („syndromes‟) has been challenged by emphasizing generalization in plant-

pollinator interactions (Waser et al. 1996; Ollerton et al. 2009), but quantification of 

specialization on the network level and comparing it among communities remains a 

challenge (Ollerton & Cranmer 2002; Blüthgen et al. 2008). This is also true for global 

scales: while it is known that abiotic pollination is more important in tropical than in 

temperate regions (Ollerton et al. 2011) and tropical plant-pollinator interactions are often 

perceived as highly specialized (Bawa 1990), latitudinal gradients in pollination 

specialization were not found by studies with a community perspective (Ollerton & 

Cranmer 2002; Dupont et al. 2009). 

It is generally unknown to what extent the structure of interaction networks is 

determined by invariable species properties (Santamaria & Rodriguez-Girones 2007; 

Stang et al. 2009), and to what extent it is the outcome of possible interspecific 

competition among pollinators (Palmer et al. 2003; Vazquez et al. 2009; Fründ et al. 

2010). Dynamics in plant-pollinator interaction networks are beginning to be recognized: 

link structure may be flexible after species loss (Kaiser-Bunbury et al. 2010) and temporal 

dynamics within and between years are now realized (Alarcón et al. 2008; Olesen et al. 

2008; Petanidou et al. 2008; Dupont et al. 2009; Burkle & Alarcón 2011). Temporal 

patterns within a day are known for flower opening and closure (van Doorn & van 
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Meeteren 2003) and for bee activity (Stone et al. 1999), but have not been considered in 

the network context (but see Baldock et al. 2011; Fründ et al. 2011 this thesis). 

Specialization should also be of particular importance for the relationship between 

biodiversity and ecosystem functioning: complementarity effects are expected for 

communities with high specialization and niche partitioning, but not for communities with 

many redundant generalists (Finke & Snyder 2008; Blüthgen & Klein 2011). Most 

previous studies on pollinator diversity effects have focused on pollination of individual 

plant species. In this case, spatio-temporal niche partitioning may be of particular 

importance in determining the functional value of specific bee communities (Hoehn et al. 

2008; Blüthgen & Klein 2011). However, when the focus is on pollination of plant 

communities leading to a network perspective, niche partitioning according to plant 

species or floral traits gains importance (Blüthgen & Klein 2011). 

Biodiversity effects in the face of global change 

The main drivers of biodiversity change include habitat destruction, climate change and 

enrichment of nutrients such as CO2, nitrogen and phosphorous (Sala et al. 2000). When 

multiple drivers act simultaneously, there is also concern about interactive and possibly 

synergistic effects that amplify the negative effects of single drivers (Brook et al. 2008; 

Tylianakis et al. 2008a). This multitude of environmental changes is the basis for an 

additional value of biodiversity (Box 1). The insurance hypothesis says that biodiversity is 

important for functioning because it sustains functioning under variable conditions and 

confers resilience and stability to ecosystems (Yachi & Loreau 1999; Bengtsson et al. 

2003). This can happen if species react differently to different changes (“response 

diversity”: Elmqvist et al. 2003) and are functionally redundant, such that new species can 

take over functions if previously important species are declining or get extinct. This is one 

aspect of the generally positive relationship between diversity and stability (Doak et al. 

1998; Ives & Carpenter 2007). Indices of functional diversity should help to get closer to 

mechanistic explanations of biodiversity effects and make accurate predictions in the face 

of environmental change, but there is ongoing discussion about which methods are most 

appropriate (Petchey & Gaston 2006; Villéger et al. 2008; Laliberté & Legendre 2010). 

 With respect to pollinator diversity, functional redundancy as a prerequisite for 

insurance effects is generally assumed as most pollinator species are generalised to some 

extent and most plant species can be pollinated by different plant species (Waser et al. 

1996; Memmott et al. 2004; Vazquez et al. 2005), although the extent of functional 
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redundancy is controversial (Blüthgen & Klein 2011). Whether pollinator or bee diversity 

also implies response diversity is largely unknown, but it was found that different 

pollinator guilds respond differently to land use patterns at the landscape scale (Steffan-

Dewenter et al. 2002; Jauker et al. 2009) and one study has shown response diversity 

among bee species to the amount of native vegetation (Winfree & Kremen 2009).  
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Box 1: Uniting functional complementarity and insurance effects 
of biodiversity on ecosystem processes and services 

The concepts of complementarity and insurance effects of biodiversity are related. For clear 
conclusions, both require to define a focal function (i.e. a process or service of interest). Different 
views on these concepts fall into three categories. 

The effect vs. response diversity view 

This view (Fig. B1) is based on a concept separating functional traits into response and effect 
traits (Naeem & Wright 2003; Hooper et al. 2005): response traits determine how a species 
responds to environmental change, while effect traits determine the ecological function performed 
by the species. If species differ in effect traits, they are functionally complementary and 
complementarity effects lead to a positive relationship between biodiversity and ecosystem 
functioning. If species are similar in effect traits, they are functionally redundant and no immediate 
positive effect of biodiversity is expected. However, if redundant species differ in response traits, 
an insurance effect of biodiversity (Yachi & Loreau 1999) is expected: these species buffer the 
function against environmental fluctuation or future threats. Therefore, the precondition for 
insurance effects is response diversity (Bengtsson et al. 2003; Elmqvist et al. 2003; Laliberte et al. 
2010) in addition to redundancy.   

 
Figure B1: insurance and complementarity effects are separate things  in the „effect vs. response diversity 
view‟. Abbreviations: Environ. cond. 1 = environmental condition 1; Funct. niche 1 = functional niche 1.  

 The mean vs. variability view 

The relationship between biodiversity and stability has been a focus of ecology for much longer 
than the insurance hypothesis (MacArthur 1955; Ives & Carpenter 2007). Based on this tradition, 
many studies separate the two concepts by either focusing on the mean functional performance 
(complementarity) or its variability (insurance) (Tylianakis et al. 2006; Ebeling et al. 2008). 
According to this view (Fig. B2), complementarity effects may be an explanation for increasing 
mean function with biodiversity, while insurance effects refer to the increasing stability of the 
function (irrespective of changes in mean function). The decreased variability of function is 
mainly interesting when it translates into mean changes of a derived function, e.g. reducing the 
chance of exceeding thresholds with drastic consequences. As this view does not explicitly 
consider species traits, this type of insurance effects can also be caused by stochastic fluctuations 
(Doak et al. 1998). However, insurance is not always equated with reduced variability: major 
proponents of the insurance hypothesis consider both a decrease in variance and an increase in 
mean as insurance effects of biodiversity (Yachi & Loreau 1999; Loreau et al. 2003). 
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Figure B2: insurance and complementarity effects in the „mean vs. variability view‟. „Function‟ here refers 
to the value of a predefined variable being influenced by the species. Points indicate repeated measurements 
of the same function, e.g. at different points in time. 

 The multiple scales view 

The separation of functional traits into response and effect may not always be as clear-cut as 
implied by the response diversity – redundancy concept. Especially when the focal function and 
the scale of interest are not precisely defined (which may be easier for applied problems than for 
general theory), complementarity and insurance can refer to the same effect (Fig. B3). The term 
insurance may then best be used for future option values or for temporal complementarity effects 
in general. However, also spatial insurance effects have been identified (Loreau et al. 2003; 
Tscharntke et al. 2007). When function on larger scales is considered (Bengtsson et al. 2002), 
species differences are more likely to be considered as insurance instead of complementarity 
effects: temporal niche partitioning within a day is seen as complementarity (Hoehn et al. 2008), 
while changing importance of  species among years is more likely seen as insurance or stability 
(Haddad et al. 2011). 

 
Figure B3: insurance and complementarity effects are two sides of the same coin in the „multiple scales 
view‟. Abbreviations: Environ. cond. 1 = environmental condition 1; Function in env. 1 = function under 

environmental condition 1.  

Conclusion 

Both concepts, complementarity and insurance, focus on interspecific trait differences leading 
to the functional value of species-rich communities. Both effects require that species provide 
different parts of a relevant combined function. The separation of the two effects will often be 
semantic unless the focal function and the scale of interest are clearly defined. The focus of the 
insurance hypothesis on future benefit makes it difficult to test, but further studies on the 
prevalence of response diversity and functional niche complementarity on multiple scales can 
further strengthen this important argument for the conservation of biodiversity. 
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Research objectives 

In this thesis, I tried to tackle the multiple aspects of pollinator biodiversity effects. The 

main underlying questions being addressed in one or more chapters were: 

a) Does pollinator diversity have a positive effect on pollination of wild plants? 

b) Are different pollinator species functionally complementary, i.e. do they have 

different functional niches in which they provide pollination? 

c) How strong are daily temporal dynamics in plant-pollinator interactions and how 

are they related to daily patterns of flower opening and closure? 

d) Do tropical and temperate mutualistic interaction networks differ in the degree of 

functional complementarity, i.e. specialization of pollinators and seed dispersers? 

e) Can pollinator diversity provide an insurance against environmental change, 

including climate change and habitat destruction? 

 

Chapter outline 

Chapter 2 addresses questions (a) and (b), using a large pollinator biodiversity 

experiment that quantifies seed set of a diverse plant community in response to diversity 

and functional complementarity of up to five wild bee species. Functional 

complementarity is quantified by observing flower visitation in relation to plant species 

and temperature. The unique approach with each bee species being present in cages with 

and without other bee species allows to study the effects of bee diversity independent of 

bee abundance and to identify how plant-pollinator linkages are influenced by 

interspecific interactions among pollinators. 

Chapter 3 focuses on question (c), combining different scales of investigation. 

Scrutinizing the reasons for the daily pattern of flower opening and closure known as 

“Linné‟s floral clock”, it tests the effect of pollination on the time of flower closure by 

hand pollination experiments and comparison of the cages of the bee diversity experiment 

described in chapter 2. In a second step, it explores how this daily pattern influences plant-

pollinator interactions in a network context, using flower-visitor interaction data compiled 
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on a set of different meadows, and discusses the consequences for the interpretation and 

design of field studies. 

Chapter 4 focuses on question (d) and presents a global study on plant - pollinator and 

plant - seed disperser interaction networks. The study investigates global gradients in 

complementary specialization, which is relevant for objectives (b) and (e). The effects of 

latitude are compared to other factors providing possible mechanistic explanations, 

including current climate and past climatic stability as well as local and regional plant 

diversity. 

Chapter 5, with an emphasis on question (e), addresses the possible interactions among 

environmental change drivers with a full-factorial field experiment. It is investigated how 

flower visitation and seed set of a generalized plant species are influenced by the presence 

of calcareous grasslands as a source habitat for pollinators, phenological shift as possible 

consequence of climate change and changes in plant height as a possible consequence of 

increasing nutrient levels. 

Chapter 6 addresses another important aspect of question (e), the response of wild bees 

to changing winter temperatures. Nest cells of nine species of solitary bees are 

overwintered in climate chambers featuring a finely resolved temperature gradient to test 

whether bee diversity provides response diversity in metabolic and phenological 

sensitivity to climate change.  
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Study organisms and systems 

In this thesis, I studied plant-pollinator interactions in multiple different systems, 

focusing on the relationship between pollinator diversity and the pollination of wild plants. 

Plant-pollinator interaction networks typically involve many different species, and the 

relative importance may differ between sites, regions and on a global scale (Plates 1-

3).Bees (Apiformes, Apoidea or Apidae, depending on taxonomic nomenclature) are 

generally the most important group of pollinators and the only major insect group whose 

larva depend entirely on floral resources (this life history is only shared with Masarinae, a 

small group of wasps, and some Coleoptera), and thus many parts of this thesis focuses on 

bees. 

For the bee biodiversity cage experiment presented mainly in chapter 2, mesocosm 

communities were established consisting of up to five bee species (Plate 4) and 14 plant 

species (Plate 5). To enable near-natural behaviour of bees in the cages, nesting resources 

including species-specific requirements were provided in the cages (Plate 6). Cavity-

nesting solitary bees that colonize trap nests are a good model system that has been used 

successfully in previous studies (e. g. Tylianakis et al. 2007; Holzschuh et al. 2011), as 

live nests and brood cells can be accessed and handled more easily than for ground-

nesting bees. These bees were also used for chapter 6. Bumblebees, which are primitively 

(eu)social, can also be maintained in small colonies with queen and brood (Plate 6). Plant 

communities in the cages developed well and produced high numbers of flowers (Plate 7). 

Similar cages were used to isolate pollinators in the experiments on hand pollination 

effects on flower closure (chapter 3). Quantifying pollination success in relation to 

pollinator treatments, strong differences in fruit and seed set could be observed among 

different cages, most plant species producing no or few seeds in control cages (Plate 8 and 

9). 
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Plate 1: Among other insect pollinators, the orders Lepidoptera (a: Brenthis ino on Centaurea 

jacea) and Diptera (b: Eristalis sp. on Crepis capillaris, photo by Henning Schnellen) are most 
important. 
 

Plate 2: Different role of honeybees in different regions of the world: a) In the tropics, different 
species of highly social bees are often the main pollinators (giant honeybee, Apis dorsata, India). 
b) In Central Europe, the only highly social pollinator is a managed animal kept in beehives 
(European honeybee, Apis mellifera on Centaurea cyanea, Germany). 
 

Plate 3: Wild bees in temperate regions are either solitary (a-c: Colletes cf. daviesanus on 
Tripleurospermum perforatum, Andrena cf. flavipes on Chrysanthemum segetum, Andrena cf. 
minutula on Orlaya grandiflora), or primitively social (d-f: Lasioglossum nest entrance, 
Lasioglossum sp. – males, Halictus cf. tumulorum on Crepis capillaris).  
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Osmia bicornis 

 
Megachile centuncularis 

 
Bombus terrestris 

 
Hylaeus communis 

 
Heriades truncorum 

 

Plate 4: The five bee species used in the bee biodiversity cage experiment. Photos by Jochen 
Fründ (Megachile, Bombus), Susanne Schiele (Osmia), James K. Lindsey (Hylaeus; licensed under 
Creative Commons) and Gideon Pisanty (Heriades; licensed under Creative Commons). 
 
 
 

 Orlaya 

grandiflora 

(Apiaceae) 

Chrysanthemum 

segetum 

(Asteraceae) 

Legousia 

speculum-veneris 

(Campanulaceae) 

Lotus 

corniculatus 

(Fabaceae) 

Crepis capillaris 

(Asteraceae) 
Centaurea cyanus 

(Asteraceae) 

 Consolida 

regalis 

(Ranunculaceae) 

Scandix pecten 

veneris 

(Apiaceae) 

Vicia villosa 

(Fabaceae) 

Sinapis arvensis 

(Brassicaceae) 
Medicago x-varia  

 (Fabaceae)  
other sown plants: Lamium 

purpureum (Lamiaceae), 
Anchusa arvensis 

(Boraginaceae), Calendula 

arvensis (Asteraceae) 

Plate 5: flowers of the eleven sown plant species with peak flowering during the main phase of the 
bee biodiversity cage experiment. 
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Plate 6: Bee nesting resources provided in the cages: a) trap nest for solitary species. b) Solitary 
bee nests in reed internodes (Megachile, Heriades, Hylaeus, photos by Susanne Schiele). Trap 
nests containing reed internodes were used both for acquiring the bees from the field and as 
nesting sites in the cages. c) Megachile cuts pieces of leaves and d) Heriades collects resin for nest 
construction (offered on bark pieces in the cages). e) Nest box for Bombus. f) Small Bombus 
colony in nest box, providing a substitute for an empty rodent nest. 
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Plate 7: Close-up view of some of the cages in the bee biodiversity experiment. 
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Plate 8: Fruit set of selected plant species in cages with bees (left in a-c, top in d) vs. cages 
without pollinators (right in a-c, bottom in d). a) Centaurea cyanus, b) Consolida regalis, c) Vicia 

villosa and d) Sinapis arvensis. 

 

 

 

  
Plate 9: Processing of harvested fruits in the cage experiment: Consolida regalis as an example, 
(a) several infructescences („fruiting units‟) and seeds, (b) seed sample of eight fruiting units from 
one patch. 
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Abstract 

Biodiversity is important for many ecosystem processes. Global declines in pollinator 

diversity and abundance have been recognized, raising concerns about a pollination crisis 

of crops and wild plants. However, experimental evidence for effects of pollinator 

species diversity on plant reproduction is extremely scarce. By establishing communities 

with one to five bee species, we showed that seed production of a plant community 

increased with bee diversity. We identified functional complementarity as the most likely 

driving mechanism, as it explained seed production far better than bee diversity did. 

Plants produced more seeds when the available bee species differed in their flower and 

temperature preferences. Functional complementarity was mediated by interspecific 

interactions among bee species, as bees reduced interspecific overlap by shifting to 

alternative flowers in the presence of other species. Both fundamental and interactive 

complementarity determined how many plant species were visited by a bee community, 

which demonstrates a new mechanism for a biodiversity-function relationship. In 

conclusion, our results highlight both the importance of bee diversity for the reproduction 

of plant communities and the need to identify complementarity traits for accurately 

predicting pollination services by different bee communities. 
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 Introduction 

Positive effects of biodiversity on functioning of terrestrial ecosystems have mainly 

been shown by experimental manipulations of plant diversity (Loreau et al. 2001, 

Cardinale et al. 2006, Scherber et al. 2010, Isbell et al. 2011), whereas experiments 

manipulating diversity of higher trophic levels are more sparse (Duffy et al. 2007, Finke 

and Snyder 2008). Biotic pollination is important for wild plant reproduction (Ollerton et 

al. 2011) and crop pollination as an ecosystem service (Klein et al. 2003). Recent large-

scale declines in pollinator diversity (Biesmeijer et al. 2006, Potts et al. 2010) raise 

concerns about the maintenance of pollination services, but biodiversity experiments 

focusing on pollinators are surprisingly limited. Previous studies on pollinator diversity 

effects have employed natural gradients of diversity, leaving species richness confounded 

with other variables such as environment, abundance or community composition 

(Kremen et al. 2002, Klein et al. 2003, Potts et al. 2006, Gómez et al. 2007, Hoehn et al. 

2008). Most of these studies suggest a positive effect of bee species diversity on 

pollination, but this has still not been confirmed experimentally.  There is only a single 

published experiment on diversity effects on pollination (Fontaine et al. 2006), which did 

not separate effects of diversity from number of pollinator individuals, considered only 

two levels of functional group diversity without controlling species richness and did not 

include nesting sites for bees. To understand consequences of pollinator declines and 

bridge the gap between the previous studies, experiments assessing the effects of 

pollinator diversity on plant reproduction independently of important confounding 

factors and in more realistic settings are highly needed. 

Mechanistic explanations of biodiversity effects commonly involve functional niche 

complementarity (Loreau and Hector 2001), which has also been suggested for pollinator 

diversity (Fontaine et al. 2006, Hoehn et al. 2008, Tylianakis et al. 2008). Bee species 

could have complementary pollination niches because they differ in the plant species 

they visit and in the place and time of visitation (Hoehn et al. 2008, Blüthgen and Klein 

2011), but this is not trivial because most bee species are considered to be trophic 

generalists (Williams et al. 2010). An „interactive complementarity effect‟ can arise 

when interspecific interactions such as facilitation, interference, intraguild predation or 

competition change the outcome expected from fundamental niches or a species‟ 

behavior in isolation (Cardinale et al. 2002, Casula et al. 2006, Ashton et al. 2010). For 

example, interactions with wild bees have been shown to increase honeybees‟ pollination 

effectiveness on hybrid sunflowers (Greenleaf and Kremen 2006). Interspecific 
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competition should force species to reduce niche overlap with coexisting species 

(interspecific repulsion), which may be realized by niche contraction or niche shifts 

(Morse 1974). Thus pollinators may respond to interspecific competition by increasing 

specialization (Inouye 1978) and shifting to less preferred plant species (Walther-Hellwig 

et al. 2006). Both responses might have positive effects on pollination function: 

pollinator specialization may increase conspecific pollen deposition (Wissel 1977), while 

niche shifts to alternative plants may cause more complete coverage of the whole plant 

community.  

In this study, we performed a biodiversity experiment manipulating species richness 

of bees as the most important group of pollinators (Potts et al. 2010) and tested the 

effects of bee diversity and functional complementarity on seed production of a sown 

plant community including nine pollinator-dependent plant species. We established 

caged bee communities of one to five species in different combinations, standardizing the 

total number of bees per cage to identify bee diversity effects independent of total bee 

abundance and to vary the degree of intraspecific and interspecific competition. Niche 

complementarity in flower visitation was quantified for two niche dimensions: temporal 

niche partitioning driven by differences in temperature-dependence of activity (Willmer 

and Corbet 1981, Willmer 1983), and niche partitioning regarding the plant species 

visited (Fründ et al. 2010, Blüthgen and Klein 2011). We test whether the presence of 

other species leads to larger realized differences in flower visitation, and whether 

functional niche coverage as the outcome of fundamental and interactive 

complementarity explains the effect of bee diversity on the pollination of plant 

communities. 

Methods 

Experimental Design 

We established 55 caged „mesocosms‟ (each 4 x 2 x 2 m = 16 m3) with one to five 

wild bee species (Fig. 1a-b) in different combinations, following a substitutive design 

aimed at analyzing bee diversity effects independent of total bee abundance (39 cages 

with bees, 8 control cages without bees, but hoverflies allowed to colonize plants before 

cages were closed, 4 control cages where all insects were regularly removed, and 4 open 

cages; Table 1; see Appendix S1). The total number of bees per cage was 20.5 ± 2.7 

(mean ± sd). Treatments were randomly assigned to cages (see Fig. S1 in Supporting 
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Information). The experiment was performed on the experimental field of the 

Agroecology group in Göttingen, Germany, in 2008. Seeds of the same plant community 

in each cage were sown in April 2008. Some plants started flowering in early June. On 

12 - 16 June, early blooming flowers were cut and flying insects removed from the cages. 

By end of June most species were in flower. The main experimental period started with 

the introduction of target bee species on 3 - 5 July and lasted five weeks until 8 August 

2008. Fruits were harvested from 30 July to 27 August 2008. 

In this study, we used a substitutive design (see Appendix S1 for further details), 

focusing on the effect of diversity independent of total abundance. Each bee species was 

present in cages across the diversity gradient. As often in biodiversity experiments, it was 

impossible to realize all possible species combinations (Bell et al. 2009); in our case this 

was due to limited availability of some bee species. 

 

 
Table 1: Overview of the design (treatments) of the bee diversity experiment 
Bee species richness Bee identity / treatment N replicates Number of bee individuals* 

1 A (Bombus) 4 24 A 
1 B (Heriades) 3 24 B 
1 C (Hylaeus) 1 24 C 
1 D (Megachile) 4 24 D 
1 E (Osmia) 4 24 E 
2 AB 2 12 A + 12 B 
2 AC 1 12 A + 12 C 
2 AD 2 12 A + 12 D 
2 AE 2 12 A + 12 E 
2 DE 2 12 D + 12 E 
3 ADE 3 8 A + 8 B + 8 C 
4 ABCE 2 6 A + 6 B + 6 C + 6 E 
4 ABDE 2 6 A + 6 B + 6 D + 6 E 
4 ACDE 2 6 A + 6 C + 6 D + 6 E 
4 BCDE 2 6 B + 6 C + 6 D + 6 E 
5 ABCDE 3 6 A + 4 B + 4 C + 4 D + 6 E 
 Open† 4 unknown 
 No bees‡ 8 0 
 No poll.§ 4 0 

* letters indicate bee species (see second column); realized number may be slightly lower (21 individuals 

per cage on average); every week, the number of bumblebee workers was adjusted to half the number 

given for A (because new workers hatched continuously) 
† northward side of cage open during main experimental phase, visits by pollinators from surroundings 
‡ control cages without bees, but without active exclusion of insects during main experimental phase 
§ control cages without pollinators, active exclusion of all flying insects and visible pupae every two to four 
days 
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Plant community and reproductive success 

Seeds were purchased from commercial suppliers of wild plants (Appendix S1).  In 

each cage, a community of 16 plant species was sown in a regular pattern with two 

patches per plant species (Fig. S2), with intraspecific aggregation reducing interspecific 

competition among plants. Aiming for a standardized target plant density, the number of 

seeds sown per species was based on prior germination tests. Seeds were sown into 

standardized commercial soil substrate (Fruhstorfer Erde T25, Hawita, Lauterbach, 

Germany; 600 l per cage) that was evenly spread on the tilled soil. After sowing, plants 

were first allowed to grow without isolation netting and watered as needed. Unsown 

plants were controlled by weeding and grass-specific herbicide (Fusilade, Syngenta) 

before the cages were closed on 2 June 2008 with netting of 0.8 mm mesh size (Rantai 

Typ S48, Schachtrupp, Hamburg, Germany). 

The number of flowering units per plant species and cage was counted twice during 

the main phase (counting dates 9-11 July and 28-30 July; see Table S1 for plant species 

details). Eleven of the sown plant species were in full bloom during the main 

experimental phase (Centaurea cyanus, Chrysanthemum segetum, Consolida regalis, 

Crepis capillaris, Legousia speculum-veneris, Lotus corniculatus, Medicago x varia, 

Orlaya grandiflora, Scandix pecten-veneris, Sinapis arvensis and Vicia villosa). 

For these eleven plant species (others were considered for flower visitation, but not for 

seed production), fruiting units were harvested when a species had mostly ripened, three 

to four weeks after its peak flowering time. For a given plant species, all cages were 

harvested on the same day. The number of seeds per cage and plant species was assessed 

by counting the number of fruiting units in the cage and then counting the number of 

seeds in a harvested subset (eight fruiting units per patch). A „fruiting unit‟ was defined 

as a flower head in Asteraceae, Lotus and Medicago, as an umbel in Apiaceae, as a 

pedicle for Consolida, Sinapis and Vicia, and as a single fruit in Legousia. Harvested 

fruiting units were dried and dissected in the laboratory. In general, all clearly developed 

seeds in these samples were considered viable and counted. 

It was not possible to reliably distinguish fruits containing a seed from empty fruits in 

Asteraceae, whose fruits form an inseparable unit with the single seed. Therefore, 

viability of seeds was assessed by germination tests for Centaurea, Chrysanthemum and 

Crepis: the number of viable seeds was calculated multiplying the number of fruits by % 

germination (20 fruits of each patch, i.e. 40 per cage, from separately harvested fully ripe 

fruiting units were placed in Petri dishes with wet filter paper for four weeks in dark 
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climate chambers with 14 °C and 96% relative humidity; visibly empty fruits were 

excluded). To estimate the number of seeds (Nseedsi,j) per cage i for each plant species j, 

the number of fruiting units in the cage was multiplied by the number of seeds per 

fruiting unit in the harvested subset. In Crepis, seeds in unripe flower heads could not be 

counted and were therefore excluded from the calculation. 

Nine plant species (all except Orlaya and Scandix) produced significantly lower 

numbers of viable seeds in control cages than in cages with bees. These species were 

considered as pollinator-dependent plants, hereafter „the plant community‟. Seed 

production of the plant community (SPi, the main response variable) was calculated per 

cage i as the mean of standardized seed numbers (i.e. observed number of seeds divided 

by the maximum of the respective plant species) across plant species: 

9
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1 ,591
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j j
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i
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Pollinator communities 

We used five bee species in the experiment: bumblebees (Bombus terrestris) 

inhabiting nest boxes, and four solitary bee species inhabiting reed internodes (Heriades 

truncorum, Hylaeus communis, Megachile centuncularis group, Osmia bicornis). These 

five bee species were selected to represent a relatively realistic distribution of traits 

within the constraint of sufficient availability. Typical for bee communities in Central 

Europe (Westrich 1989), one in five species was primitively eusocial (Bombus), one in 

five species was oligolectic (specialized on one plant family, Asteraceae: Heriades), 

body length ranged from 5 mm (Hylaeus) to larger than 15 mm (Bombus), and the 

different species collect pollen on different parts of their body. 

Small bumblebee colonies were purchased (STB Control, Aarbergen, Germany) and 

set to the target number of workers. Colonies also included a queen and brood, favoring 

natural behavior. To keep abundance constant despite newly hatching bees, colonies 

were reduced to the target number of workers every week (removing excess workers and 

brood cells).  

Overwintering solitary bees were collected from trap nests that had been exposed in 

the field in 2007 around Göttingen, Germany (reed internodes in plastic tubes), and close 

to Leipzig, Germany (bundles of bamboo internodes). Trap nests were brought into the 

lab in autumn 2007 and stored at 4 °C until spring 2008, while opening stems throughout 
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the winter to inspect the type and number of bee brood cells. Due to shortage of material, 

we used two closely related and functionally similar species of Megachile in a constant 

ratio (2:1 M. centuncularis [L.] and M. versicolor Smith) and treated them as a functional 

unit comparable to a species (M. centuncularis group) for the experiment. After 

hibernation, bee nests were incubated at room temperature (incubation time per bee 

species based on prior experience). Bee species combinations (using a 1:1 sex ratio) were 

prepared in cardboard boxes with paper tube exits. Bees hatching before the start of the 

experiment were stored in dark climate chambers (12 °C). Once all boxes were prepared, 

they were placed in the cages to allow for near-natural emergence behavior. At this time, 

bumblebee nest boxes and reed internodes as nesting substrate for solitary bees had 

already been placed in the cages. See Appendix S1 for further pollinator details. 

Throughout the main phase, flower visitation was observed for all cages. In each of 

six rounds, all cages were observed in randomized order. In each observation session, 

one observer slowly walked around the cage and noted the number of flower visitors of 

each pollinator species per plant patch (average observation time of 7 minutes per 

session). All observations were performed between 8 am and 7 pm during different 

weather conditions but not during heavy rain. 

 Statistical analysis 

All analyses were performed with the software R 2.11.1 (R Development Core Team 

2010). If not stated otherwise, a replicate is considered to be a cage. 

Different functions have been proposed to describe the form of the biodiversity-

functioning relationship (Cardinale et al. 2006). These were fitted to the relationship 

between seed production and bee diversity by non-linear least squares regression and 

compared with AICc (Akaike‟s information criterion with sample size correction). 

Models with smallest AICc-values are best supported by the data, with a difference in 

AICc > 2 indicating that the alternative model is clearly worse (Burnham and Anderson 

2001). Seed production was related to mechanistic variables (functional niche coverage 

or bee specialization) by multiple regression, in which explanatory variables were only 

weakly correlated (r ≤ 0.34). Partial residual plots (= component plus residuals plots) 

were used to show the influence of one variable while holding the values of other 

variables in the model constant (on their mean value). Diversity effects on seed 

production or functional coverage could not be explained by variation in species 

composition among diversity levels (Appendix S1, Fig. S3). 



Chapter 2: Bee diversity effect on pollination 
 

45 
 

Temperature coverage was defined as the integral of bee community activity in 

relation to temperature. To calculate this, the relationship between temperature and bee 

foraging activity was estimated for each species by fitting a Gaussian response curve, 

using function „nls‟ in R with a formula adapted from Jongman et al. (1987): 

2

2)(5.0
exp

t

utemp
cactivityi  

where activityi is the number of visits by bee species i observed during an observation 

session (see above for sampling approach for flower visitation), temp is temperature 

measured during the observation session (i.e. reflecting variation within and between 

days), and the fitted parameters are c (square root of maximum activity), u (optimum 

temperature) and t (tolerance or niche width). 

From these species-specific response curves, temperature coverage was calculated in 

three steps. First, activityi was rescaled to a maximum of 1 for each species. Rescaling 

was used to have temperature-related effects independent of total activity, but 

temperature coverage without rescaling yielded similar results (Appendix S1). Second, 

rescaled response curves were averaged across all bee species present in a community, 

yielding bee community activity (activitycom). Third, the integral of this composite 

function was calculated numerically: 
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Plant species coverage was defined as the number of visited plant species, which may 

be influenced by low numbers of observations and variation in flower abundance. To 

correct for these types of possible sampling artifacts, the number of plant species was 

divided by the mean of a null model that closely resembled null model „IR‟ of Ulrich & 

Gotelli (2010), but also incorporated independently measured data about all available 

flower resources. The null model simulated completely non-selective flower choice by 

randomly redistributing interactions among plants within bee species and cage, i.e. it 

generated data with the same number of visits per bee species and cage. The probability 

of each plant species to be visited was proportional to its flower abundance in the cage. 

Results were similar when plant species coverage was not corrected by the null model 

(Appendix S1). 

Aiming to separate effects of fundamental and realized preferences on plant 

species coverage, we simulated visitation network data using the following approach: the 

number of visits per bee species and cage was randomly redistributed among plant 
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species, using interaction probabilities based on flower availability and flower 

preferences. Flower preferences (forage ratio sensu Krebs 1998, termed „fundamental 

preferences‟ here) for each bee species were calculated comparing visits pooled across all 

cages with one bee species to overall flower availability. These simulations were similar 

to the null model used to correct plant species coverage, but the probability for a plant 

species to be visited by a bee species also depended on the estimated flower preferences 

of this bee species. Plant species coverage calculated from these simulated visitation data 

is referred to as “prediction without shifts”. An extended presentation of this simulation 

can be found in Appendix S1. Quantitative niche overlap (O) between a bee species pair 

was calculated as 

j

jj

j

jj

pp

pp

O
,2,1

,2,1

1   

where p1,j and p2,j are proportional visitation to plant species j by bee species 1 and 2, 

respectively. 

Bee specialization was calculated as the index d' (Blüthgen et al. 2006), which 

describes how strongly resource use (visitation) differs from resource availability. Flower 

availability per cage was calculated from the counted number of flower units, weighted 

for each plant species by the total visits received per flower unit across all cages. Bee 

specialization was compared between „mono‟ and „poly‟ cages with a linear mixed 

effects model including random effects of cage identity and fixed effects of bee species. 

Bee community-wide specialization per cage was quantified by the weighted mean of d' 

(weights = number of visits of a bee species in that cage). Results for specialization were 

robust to the choice of alternative specialization (Appendix S1). The related index H2' 

(Blüthgen et al. 2006) was used for testing for complementarity in networks pooled 

across cages, but could not be used for individual cages because it is not defined for 

mono-specific communities. Significance of preference differences among bee species in 

the pooled network was assessed by comparing H2' to a null model (Blüthgen et al. 

2006). Specialization indices were calculated with the R-package „bipartite‟1.15 

(Dormann et al. 2009).  

Results 

First, we looked at the effect of bee species richness on pollination. Overall, a positive 

non-linear effect of bee diversity on seed production by the plant community was 
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observed (Fig. 1c). The relationship between bee diversity and seed production was best 

described by a saturating function (Michaelis-Menten), followed by log and power 

functions, while a linear model and the null model performed clearly worse (Table 2). 

Plants in cages with two to five bee species produced significantly more seeds than plants 

in cages with a single bee species (Fig. 1d). More seeds were produced in cages with two 

bee species than expected for additive effects (Fig. S4). Plants in control cages without 

bees but with hoverflies produced significantly fewer seeds than plants in bee cages of all 

diversity levels (Welch t-test, p < 0.001, Fig. 1c), but slightly more seeds than in cages 

where all insects were regularly removed („no pollinators‟, p = 0.002). Plants in open 

cages, which were visited by diverse pollinators from the surrounding area, produced 

more seeds than plants in any other cage type (p = 0.004, Fig. 1c).  

Second, we considered complementarity as the potential underlying driver of bee 

diversity effects. To quantify temperature niche coverage (Fig. 2a), a Gaussian curve was 

fitted to the relationship between foraging activity and ambient temperature for each bee 

species, which showed interspecific differences (Fig. 2b). This was used to estimate 

flower visitation across different temperatures, i.e. the completeness of flower visitation 

across variable weather conditions. Temperature niche coverage did not increase 

monotonously with bee diversity (Fig. 2c). It tended to be higher when different bee 

species were combined (Fig. 2d), but it did not increase beyond two bee species (Fig. 2c), 

as all bees except Bombus had the highest activity during warm and sunny days (Fig. 2b). 

Functional complementarity among bee species was also related to the plant species 

visited (Fig. 3). Different bee species visited different plant species, and this difference 

was larger when several bee species were present in a cage, as interspecific overlap was 

reduced (Fig. 3a, Fig. S5). The difference in floral preferences among bee species was 

significant both in networks pooled across cages without co-occurring bee species and 

across cages with more than one bee species (Fig. 3b-c, H2’ = 0.19 and 0.22, 

respectively; excluding the known specialist Heriades, H2’ = 0.15 and 0.20; all p < 

0.001). Half of all plant species were observed to be visited only in cages with more than 

one bee species (Fig. 3c, Fig. S6). 

Plant species niche coverage was quantified as the number of plant species visited by 

all bees in a cage, corrected for possible sampling effects. Plant species coverage tended 

to slightly increase with bee diversity (p = 0.11 in linear regression and p = 0.04 in log-

linear regression), but the highest values were not observed in cages with the highest 

number of bee species (Fig. 4a). More plant species were visited by the bee community  
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Fig. 1: Experimental test of bee diversity effects on pollination of plant communities. (a) The 
five bee species inhabiting the cages in different combinations, from left to right: Bombus 

terrestris, Heriades truncorum, Megachile centuncularis group, Hylaeus communis, Osmia 

bicornis (photos by JF, except H. communis by J.K. Lindsey). (b) View of the bee diversity 
experiment (photo by M. v. Fragstein). (c, d) Seed production of the plant community (number of 
seeds per cage, standardized relative to maximum and averaged across nine plant species) in 
relation to the number of bee species present in a cage (circles = one data point per cage, N = 39). 
Diamonds show mean ± s.e.m. for the three types of controls (N = 4, 8 and 4 cages). The solid 
line shows the best fitting curve (Michaelis-Menten saturation). P-value in (d) based on Welch t-
test. 

 
Table 2: Comparison of different models explaining plant community seed production 
Model and explanatory variables AICc ∆AICc R2 
Null model -67.9 24.0 N.A. 
Bee species richness: linear -70.8 26.9 0.13 
Bee species richness: power -73.5 21.3 N.A. 
Bee species richness: log-linear -74.5 20.3 0.21 
Bee species richness: saturating (Michaelis-Menten) -76.2 18.6 N.A. 
Bee species richness: 1 sp. vs. 2 - 5 spp. (two-level factor in 
linear model) -82.1 12.7 0.35 

Plant spp. coverage + temperature coverage: linear -94.8 0 0.56 
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in cages with two or more bee species than in cages with only one bee species (Fig. 4b). 

Importantly, this could not be predicted by fundamental flower preferences (floral niches 

of bees in cages without other species): plant species coverage for cages with more than 

one bee species was lower in simulated bee visitation data based on plant species 

preferences calculated from monospecific cages (Fig. 4b, Fig. S5). The niche shift in the 

presence of other bee species also involved a significant increase in bee specialization d’ 

(p < 0.001, df = 37, linear mixed effects model with bee species nested within cage, Fig. 

4c), but plant species coverage by the bee community was still higher. 

Plant community seed production was explained far better by a multiple regression 

model combining both variables of functional niche coverage (temperature coverage and 

plant species coverage) than it was explained by bee species richness (Table 2, Fig. 5a-c). 

In contrast, pollinator specialization (d’, weighted mean per cage) did not explain plant 

community seed production (p = 0.76, when added to the multiple regression model). 

 

 

 

 
Fig. 2: Functional complementarity among bee species related to weather conditions. (a) Bee 
species active under different weather conditions provide more complete pollination (visitation) 
when they occur together. (b) Relationship between temperature (of partly shaded thermometers, 
integrating air temperature and solar radiation) and flower visitation activity of the five bee 
species used in the experiment (fitted Gaussian niche curves). (c, d) Functional temperature niche 
coverage (how evenly a bee community covers the whole temperature range, a measure of 
complementarity) in relation to the number of bee species present in a cage. P-value in (d) based 
on Welch t-test. 
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Fig. 3: Functional complementarity among bees in plant species visited. Bee species 
combinations visit more plant species both due to fundamental differences in flower preferences 
and due to interspecific interactions. (a) On the left a conceptual illustration of the 
complementarity mechanism, on the right a corresponding example from our experiment, 
showing flower visitation patterns of two bee species in communities with one species (top) and 
with both species (bottom). The proportion of different plant species (color-coded, see Table S1 
for species names) in all visits is shown for each bee species and community context. Co-
occurring bee species reduce niche overlap, which amplifies complementarity. See Fig. S5 for a 
null model showing that the decrease in overlap is significant. (b, c) Pooled quantitative 
interaction networks; arrows indicate plant species only visited in cages with 2-5 spp., see also 
Fig. S6. 
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Fig. 4: Bees‟ floral niche shifts in response to community context. (a) Plant species coverage (i.e. 
the number of plant species visited per cage, corrected for sampling effects) in relation the 
number of bee species present. (b) Plant species coverage per cage in cages with one vs. more 
than one bee species (p-value based on Welch t-test). The red box on the right shows the 
expectation if there were no changes in flower preferences (simulation based on visitation in 
cages with one bee species, see Fig. S5 for an extended version including an appropriate test 
showing that observed coverage is significantly higher than expected). (c) Specialization per bee 
species and cage, mean ± sem. Specialization increased under interspecific competition, but less 
so for Bombus (strong competitor) and not for Heriades (specialist). 
 
 
 

 
Fig. 5: Relationship between seed production of the plant community and two variables of 
functional niche complementarity. (a, b) Partial residual plots of a multiple regression including 
both variables (temperature coverage, p = 0.01, and plant species coverage, p < 0.001, 
respectively). (c) Seed production in relation to the model prediction of that multiple regression. 
See Fig. 2 for explanation of variables. N = 39 cages in all three panels. 
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Discussion 

Our experiment showed that higher bee diversity leads to higher seed production, but 

this required that an increase in richness caused higher coverage of functional niches. 

Functional coverage, which reflects the mechanism of complementarity effects, predicted 

seed production far better than species richness per se did. The relationship between seed 

production and bee diversity was relatively weak and tended to saturate, because not all 

combinations of bee species showed high complementarity. Functional complementarity 

was related to interspecific differences in temperature dependence and in flower 

preferences. Flower preferences appeared to be flexible and depended on community 

context: interspecific overlap was reduced in multi-species cages, resulting in both higher 

specialization and higher functional coverage (i.e. more plant species being visited) than 

expected from preferences in single-species cages. 

Bee diversity per se 

We found that pollination of a diverse plant community tended to be higher when 

more bee species were present. This confirms that bee diversity is important for 

pollination as suggested by field studies (Kremen et al. 2002, Klein et al. 2003, Potts et 

al. 2006, Hoehn et al. 2008), and shows that this diversity effect is independent of bee 

abundance or environmental effects. In contrast to the results of Fontaine et al. (2006), 

we show that pollinator diversity matters also within a functional group. Moreover, by 

using all species in different combinations across the diversity gradient, we showed that 

the relationship is not merely driven by effective bee species being present mostly in 

more diverse communities, which has been considered as an explanation for field data 

(Klein et al. 2003, Larsen et al. 2005). The bee diversity effect reflects a complementarity 

effect rather than a sampling or selection effect (Loreau and Hector 2001), as the most 

effective species had the highest abundance in single-species cages, but maximum seed 

production was not observed in these cages. That our results were not simply driven by 

differences in pollination effectiveness was further supported by seed production in cages 

with two bee species being higher than expected for additive single-species effects 

(„overyielding‟). However, bee species diversity per se was not a very good predictor of 

reproductive output of the plant community. The strongest difference was found 

comparing communities with one bee species to communities with several bee species. 
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The diversity effect tended to saturate with higher bee diversity and this cannot be 

explained by complete pollination across cages with multiple bee species, because seed 

production was highest in open cages. The saturating model for the bee diversity-

pollination relationship must still be treated with care and does not mean that two bee 

species are sufficient for pollination of plant communities. Firstly, a model with 

diminishing but not saturating increase was not much worse. Secondly, the exact form of 

the relationship depends on the spatiotemporal scale (Bengtsson et al. 2002), the selected 

plant and bee species combinations, and environmental conditions. Thirdly, as species 

abundances in real communities are often highly skewed, effective diversity levels used 

in our experiment are more realistic than might appear from species richness. Fourthly, in 

many real-world scenarios of bee diversity declines, total bee abundance declines in 

parallel because density compensation by the remaining species is incomplete or lacking 

(Winfree and Kremen 2009), resulting in steeper declines of function (Larsen et al. 

2005).  

Biodiversity-function relationships in the real world may also be determined by 

extinction order (Larsen et al. 2005, Srivastava and Vellend 2005). For example, 

hoverflies are likely to be still present in real landscapes after declines in bee diversity 

(Jauker et al. 2009). In our experiment, hoverflies contributed only little to pollination 

despite similar number of flower visits and higher number of individuals compared to 

bees. Low pollination effectiveness of hoverflies compared to bees is consistent with 

previous studies (e.g. Jauker et al. 2012), questioning how far they can offset loss of 

pollination by bees. 

Functional complementarity and bee diversity 

Bee species differed in their response to temperature or weather conditions. While 

bumblebees showed highest flower visiting activity during colder periods, other bees 

were mostly active under warm and sunny conditions. This means that they perform 

complementary functions and in combination they cover different environmental 

conditions particularly well. 

In our study, more plant species were visited in cages with two or more bee species 

than in cages with one bee species. Bee species differed in their floral preferences and 

thus performed complementary functions for the plant community. This confirms that 

there is complementary specialization among polylectic („generalist‟) bee species (Fründ 

et al. 2010). This is an important contribution to overall specialization of bee 
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communities, since highly specialized oligolectic bees are only a minority in most bee 

communities (Fründ et al. 2010). For the optimal pollination of a plant community, it is 

essential that all plant species are visited, which will be determined by the interplay 

between generalization and complementarity. 

Functional coverage did not increase linearly with bee diversity and was not highest in 

cages with the highest number of bee species. This can be explained by a variable degree 

of functional redundancy among species pairs, and consequentially higher overlaps in 

some combinations than in others. Functional complementarity of a bee community will 

be determined by differences among species‟ realized niches and the evenness of niche 

coverage. Thus, a bee community providing high coverage of all relevant niche 

dimensions can have better pollination function than a randomly composed community 

with more species. 

In addition to the functional niche dimensions important in our study (weather and 

plant species), bee species can also be complementary in their behavior in individual 

flowers (Blüthgen and Klein 2011), in preferred resource density (Tylianakis et al. 2008), 

in preferred flower height (Hoehn et al. 2008) and in time of pollinating activity (Hoehn 

et al. 2008). Temporal niche partitioning may also be related to daily temperature 

dynamics (Willmer and Corbet 1981), but temperature complementarity is also related to 

differences among days. Future studies should try to design diversity gradients of bee 

communities with realistic trait distributions that help to disentangle the relative 

importance of the different dimensions of functional complementarity.  

Niche shifts 

Most importantly, the floral niche partitioning among polylectic bee species was not 

simply due to fundamental preferences, as we observed shifts in bees‟ floral niches when 

other bee species were present. These shifts were probably a result of interspecific 

competition. In cages with multiple bee species, bees visited plant species that were not 

visited in any of the cages with one bee species. Fundamental flower preferences (i.e. 

without competing species) were not sufficient to explain the high plant species coverage 

in cages with multiple bee species. Note that our quantitative concept of fundamental 

niche puts more emphasis on the relative use of different resources than a possible 

alternative concept that views the fundamental niche as a list of all resources a species 

can potentially use. These findings highlight that competition for floral resources 
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influences the structure of interaction networks and may explain why flower preferences 

in the field are variable (Fründ et al. 2010). 

As predicted by competition theory (Inouye 1978), niche shifts not only involved use 

of novel resources, but also increased specialization on previously preferred plant species 

(niche contraction). Both effects reduce interspecific overlap and are not mutually 

exclusive: community niche coverage can increase at the same time as niche breadth of 

individual bee species decreases. These shifts in floral niches enhanced functional 

complementarity among bee species. 

We showed that fundamental flower preferences and competition among bee species 

both shape the realized pattern of plant pollinator interactions. This finding of dynamic 

plant-pollinator linkages adds to recently shown temporal dynamics of plant-pollinator 

networks (Alarcón et al. 2008, Olesen et al. 2008, Fründ et al. 2011), which both cautions 

against assumptions of homogeneity in plant-pollinator associations (e.g. Memmott et al. 

2004). Pollinator generalization increases with intraspecific competition (Fontaine et al. 

2008) and thus should occur in scenarios of pollinator species loss with density 

compensation. This effect occurred also in our study: bees were more generalized in 

single-species cages where intraspecific competition was highest. However, more plant 

species were visited in multi-species cages, which highlights that responses to 

intraspecific competition cannot compensate for the decrease in total niche coverage 

resulting from reduced interspecific competition and loss of complementary species. 

Thus, predictions based on single-species studies can underestimate functional niche 

coverage in multi-species communities. 

Determinants of seed production 

Seed production was highest when bee communities displayed a broad range of 

temperature dependence and floral preferences. In contrast, plant community seed 

production was not related to pollinator specialization, so we could not confirm the long-

standing hypothesis in pollination ecology that plants benefit from pollinator 

specialization due to increased conspecific pollen delivery (Wissel 1977). This might be 

because our specialization index focuses on the consumer‟s overall resource 

specialization (i.e., selectiveness, or the diversity of plant species used by a bee species), 

while the benefit of pollinator specialization for pollination effectiveness might be better 

estimated by considering the sequence of visits, which drives the purity of deposited 

pollen. The frequency of consecutive visits to the same plant species can also be high in 
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generalist pollinator species that show floral constancy (Wilson and Stine 1996). A 

positive effect of specialization on function was found for aphid parasitoids when 

functional niche coverage was standardized by the experimental design (Finke and 

Snyder 2008). In our case, functional niche coverage was the best predictor of 

reproductive success of the plant community. The likely underlying mechanism is that a 

more even distribution of flower visitation ensures pollination where it is most limiting: 

additional visits bring the highest benefit when they avoid failure of pollination and 

relatively low benefit when a plant is already well pollinated. 

Conclusion 

We demonstrated that bee diversity determines pollination success in plant 

communities, but this relationship depends on the species-specific traits that drive 

functional complementarity. This corroborates recent studies reporting functional 

complementarity due to niche partitioning as the main driver of biodiversity effects 

(Loreau and Hector 2001, Finke and Snyder 2008, Cardinale 2011). Furthermore, 

interspecific interactions are important in determining the functional value of bee 

communities, highlighting that compilation of traits from single species studies can be 

misleading. Our study supports that „interactive complementarity effects‟ are important 

for biodiversity-functioning relationships. Our results provide experimental evidence that 

functionally diverse bee communities are needed to maintain plant communities that rely 

on pollination for high reproductive success. 

 Acknowledgments 

We thank the people who helped with the experiment: E Eilers, C Fessel, B Gruber, B 

Jünemann, S Jahn, V Karwath, S Parsche, S Schiele, B Tappe, C Thies and many others. 

Helpful comments, suggestions or advice were provided by R Capell, HC Fründ, A 

Hector, AM Klein, O Lewis, I Steffan-Dewenter, C Scherber, JM Tylianakis, C 

Westphal, NM Williams and two anonymous reviewers. JF received a scholarship of the 

DBU (German Federal Environmental Foundation). The Helmholtz Association (grant 

VH-NG 247 to CFD, TT and AH) and the DFG (German Science Foundation) are 

acknowledged for funding. 



Chapter 2: Bee diversity effect on pollination 
 

57 
 

Literature cited 

Alarcón, R., N. M. Waser, and J. Ollerton. 2008. Year-to-year variation in the topology 

of a plant–pollinator interaction network. Oikos 117:1796–1807. 

Ashton, I. W., A. E. Miller, W. D. Bowman, and K. N. Suding. 2010. Niche 

complementarity due to plasticity in resource use: plant partitioning of chemical N 

forms. Ecology 91:3252–3260. 

Bell, T., A. K. Lilley, A. Hector, B. Schmid, L. King, and J. A. Newman. 2009. A linear 

model method for biodiversity–ecosystem functioning experiments. The American 

Naturalist 174:836–849. 

Bengtsson, J., K. Engelhardt, P. Giller, S. Hobbie, D. Lawrence, J. Levine, M. Vilà, and 

V. Wolters. 2002. Slippin‟ and slidin‟ between the scales: the scaling components of 

biodiversity-ecosystem functioning relations. Pages 209 –220 Biodiversity and 

ecosystem functioning: synthesis and perspectives. . Oxford University Press, Oxford, 

New York. 

Biesmeijer, J. C., S. P. M. Roberts, M. Reemer, R. Ohlemüller, M. Edwards, T. Peeters, 

A. P. Schaffers, S. G. Potts, R. Kleukers, C. D. Thomas, J. Settele, and W. E. Kunin. 

2006. Parallel declines in pollinators and insect-pollinated plants in Britain and the 

Netherlands. Science 313:351–354. 

Blüthgen, N., and A.-M. Klein. 2011. Functional complementarity and specialisation: the 

role of biodiversity in plant-pollinator interactions. Basic and Applied Ecology 

12:282–291. 

Blüthgen, N., F. Menzel, and N. Blüthgen. 2006. Measuring specialization in species 

interaction networks. BMC Ecology 6:9. 

Burnham, K. P., and D. R. Anderson. 2001. Kullback-Leibler information as a basis for 

strong inference in ecological studies. Wildlife Research 28:111–119. 

Cardinale, B. J. 2011. Biodiversity improves water quality through niche partitioning. 

Nature 472:86–89. 

Cardinale, B. J., M. A. Palmer, and S. L. Collins. 2002. Species diversity enhances 

ecosystem functioning through interspecific facilitation. Nature 415:426–429. 

Cardinale, B. J., D. S. Srivastava, J. Emmett Duffy, J. P. Wright, A. L. Downing, M. 

Sankaran, and C. Jouseau. 2006. Effects of biodiversity on the functioning of trophic 

groups and ecosystems. Nature 443:989–992. 

Casula, P., A. Wilby, and M. B. Thomas. 2006. Understanding biodiversity effects on 

prey in multi-enemy systems. Ecology Letters 9:995–1004. 



Chapter 2: Bee diversity effect on pollination 
 

58 
 

Dormann, C. F., J. Fründ, N. Blüthgen, and B. Gruber. 2009. Indices, graphs and null 

models: analyzing bipartite ecological networks. The Open Ecology Journal 2:7–24. 

Duffy, J. E., B. J. Cardinale, K. E. France, P. B. McIntyre, E. Thébault, and M. Loreau. 

2007. The functional role of biodiversity in ecosystems: incorporating trophic 

complexity. Ecology Letters 10:522–538. 

Finke, D. L., and W. E. Snyder. 2008. Niche partitioning increases resource exploitation 

by diverse communities. Science 321:1488–1490. 

Fontaine, C., C. L. Collin, and I. Dajoz. 2008. Generalist foraging of pollinators: diet 

expansion at high density. Journal of Ecology 96:1002–1010. 

Fontaine, C., I. Dajoz, J. Meriguet, and M. Loreau. 2006. Functional diversity of plant–

pollinator interaction webs enhances the persistence of plant communities. PLoS 

Biology 4:e1. 

Fründ, J., C. F. Dormann, and T. Tscharntke. 2011. Linné‟s floral clock is slow without 

pollinators – flower closure and plant-pollinator interaction webs. Ecology Letters 

14:896–904. 

Fründ, J., K.-E. Linsenmair, and N. Blüthgen. 2010. Pollinator diversity and 

specialization in relation to flower diversity. Oikos 119:1581–1590. 

Gómez, J. M., J. Bosch, F. Perfectti, J. Fernández, and M. Abdelaziz. 2007. Pollinator 

diversity affects plant reproduction and recruitment: the tradeoffs of generalization. 

Oecologia 153:597–605. 

Greenleaf, S. S., and C. Kremen. 2006. Wild bees enhance honey bees‟ pollination of 

hybrid sunflower. Proceedings of the National Academy of Sciences of the United 

States of America 103:13890–13895. 

Hoehn, P., T. Tscharntke, J. M. Tylianakis, and I. Steffan-Dewenter. 2008. Functional 

group diversity of bee pollinators increases crop yield. Proceedings of the Royal 

Society of London Series B-Biological Sciences 275:2283–2291. 

Inouye, D. W. 1978. Resource partitioning in bumblebees: experimental studies of 

foraging behavior. Ecology 59:672–678. 

Isbell, F., V. Calcagno, A. Hector, J. Connolly, W. S. Harpole, P. B. Reich, M. Scherer-

Lorenzen, B. Schmid, D. Tilman, J. van Ruijven, A. Weigelt, B. J. Wilsey, E. S. 

Zavaleta, and M. Loreau. 2011. High plant diversity is needed to maintain ecosystem 

services. Nature 477:199–202. 

Jauker, F., B. Bondarenko, H. C. Becker, and I. Steffan-Dewenter. 2012. Pollination 

efficiency of wild bees and hoverflies provided to oilseed rape. Agricultural and 



Chapter 2: Bee diversity effect on pollination 
 

59 
 

Forest Entomology 14:81–87. 

Jauker, F., T. Diekötter, F. Schwarzbach, and V. Wolters. 2009. Pollinator dispersal in an 

agricultural matrix: opposing responses of wild bees and hoverflies to landscape 

structure and distance from main habitat. Landscape Ecology 24:547–555. 

Jongman, R. H. G., C. J. F. T. Braak, and O. F. R. van Tongeren. 1987. Data analysis in 

community and landscape ecology. . Pudoc, Wageningen. 

Klein, A. M., I. Steffan-Dewenter, and T. Tscharntke. 2003. Fruit set of highland coffee 

increases with the diversity of pollinating bees. Proceedings of the Royal Society of 

London Series B-Biological Sciences 270:955–961. 

Krebs, C. J. 1998. Ecological Methodology (2nd Edition). . Benjamin Cummings. 

Kremen, C., N. M. Williams, and R. W. Thorp. 2002. Crop pollination from native bees 

at risk from agricultural intensification. Proceedings of the National Academy of 

Sciences of the United States of America 99:16812–16816. 

Larsen, T. H., N. M. Williams, and C. Kremen. 2005. Extinction order and altered 

community structure rapidly disrupt ecosystem functioning. Ecology Letters 8:538–

547. 

Loreau, M., and A. Hector. 2001. Partitioning selection and complementarity in 

biodiversity experiments. Nature 412:72–76. 

Loreau, M., S. Naeem, P. Inchausti, J. Bengtsson, J. P. Grime, A. Hector, D. U. Hooper, 

M. A. Huston, D. Raffaelli, B. Schmid, D. Tilman, and D. A. Wardle. 2001. 

Biodiversity and ecosystem functioning: current knowledge and future challenges. 

Science 294:804–808. 

Memmott, J., N. M. Waser, and M. V. Price. 2004. Tolerance of pollination networks to 

species extinctions. Proceedings of the Royal Society of London Series B-Biological 

Sciences 271:2605–2611. 

Morse, D. H. 1974. Niche breadth as a function of social dominance. The American 

Naturalist 108:818–830. 

Olesen, J. M., J. Bascompte, H. Elberling, and P. Jordano. 2008. Temporal dynamics in a 

pollination network. Ecology 89:1573–1582. 

Ollerton, J., R. Winfree, and S. Tarrant. 2011. How many flowering plants are pollinated 

by animals? Oikos 120:321–326. 

Potts, S. G., J. C. Biesmeijer, C. Kremen, P. Neumann, O. Schweiger, and W. E. Kunin. 

2010. Global pollinator declines: trends, impacts and drivers. Trends in Ecology & 

Evolution 25:345–353. 



Chapter 2: Bee diversity effect on pollination 
 

60 
 

Potts, S. G., T. Petanidou, S. Roberts, C. O‟Toole, A. Hulbert, and P. Willmer. 2006. 

Plant-pollinator biodiversity and pollination services in a complex Mediterranean 

landscape. Biological Conservation 129:519–529. 

R Development Core Team. 2010. R: A language and environment for statistical 

computing. . R Foundation for Statistical Computing, Vienna, Austria. 

Scherber, C., N. Eisenhauer, W. W. Weisser, B. Schmid, W. Voigt, M. Fischer, E. D. 

Schulze, C. Roscher, A. Weigelt, E. Allan, H. Beßler, M. Bonkowski, N. Buchmann, 

F. Buscot, L. W. Clement, A. Ebeling, C. Engels, S. Halle, I. Kertscher, A.-M. Klein, 

R. Koller, S. König, E. Kowalski, V. Kummer, A. Kuu, M. Lange, D. Lauterbach, C. 

Middelhoff, V. D. Migunova, A. Milcu, R. Müller, S. Partsch, J. S. Petermann, C. 

Renker, T. Rottstock, A. Sabais, S. Scheu, J. Schumacher, V. M. Temperton, and T. 

Tscharntke. 2010. Bottom-up effects of plant diversity on multitrophic interactions in 

a biodiversity experiment. Nature 440:553–556. 

Srivastava, D. S., and M. Vellend. 2005. Biodiversity-ecosystem function research: is it 

relevant to conservation? Annual Review of Ecology, Evolution, and Systematics 

36:267–294. 

Tylianakis, J. M., T. A. Rand, A. Kahmen, A.-M. Klein, N. Buchmann, J. Perner, and T. 

Tscharntke. 2008. Resource heterogeneity moderates the biodiversity-function 

relationship in real world ecosystems. PLoS Biology 6:e122. 

Ulrich, W., and N. J. Gotelli. 2010. Null model analysis of species associations using 

abundance data. Ecology 91:3384–3397. 

Walther-Hellwig, K., G. Fokul, R. Frankl, R. Büchler, K. Ekschmitt, and V. Wolters. 

2006. Increased density of honeybee colonies affects foraging bumblebees. 

Apidologie 37:517–532. 

Westrich, P. 1989. Die Wildbienen Baden-Württembergs. Teil 1: Lebensräume, 

Verhalten, Ökologie und Schutz. Teil 2: Die Gattungen und Arten. . Ulmer, Stuttgart. 

Williams, N. M., E. E. Crone, T. H. Roulston, R. L. Minckley, L. Packer, and S. G. Potts. 

2010. Ecological and life-history traits predict bee species responses to environmental 

disturbances. Biological Conservation 143:2280–2291. 

Willmer, P. G. 1983. Thermal constraints on activity patterns in nectar-feeding insects. 

Ecological Entomology 8:455–469. 

Willmer, P. G., and S. A. Corbet. 1981. Temporal and microclimatic partitioning of the 

floral resources of Justicia aurea amongst a concourse of pollen vectors and nectar 

robbers. Oecologia 51:67–78. 



Chapter 2: Bee diversity effect on pollination 
 

61 
 

Wilson, P., and M. Stine. 1996. Floral constancy in bumble bees: handling efficiency or 

perceptual conditioning? Oecologia 106:493–499. 

Winfree, R., and C. Kremen. 2009. Are ecosystem services stabilized by differences 

among species? A test using crop pollination. Proceedings of the Royal Society of 

London Series B-Biological Sciences 276:229–237. 

Wissel, C. 1977. On the advantage of the specialization of flowers on particular 

pollinator species. Journal of Theoretical Biology 69:11–22. 

  



Chapter 2: Bee diversity effect on pollination 
 

62 
 

Supporting Information for Chapter 2 

Contents: 

Appendix S1: Supporting Methods, including 

Experimental Design 

Plant community 

Pollinator community 

Alternative predictors of seed production 

Influence of imbalance in species composition 

Simulation of visitation data based on fundamental vs. realized preferences 

References in Appendix S1 

Figures S1 to S6 

Table S1 

 

Appendix S1: Supporting Methods 

Experimental Methods 

Experimental Design 

The substitutive design focusing on the effect of diversity independent of abundance 

was chosen because it helps to identify mechanisms of diversity effects and because it is 

most appropriate for a cage experiment. On long time-scales, pollinator diversity might 

also have a positive effect by allowing higher total pollinator populations when density 

compensation is limited (Larsen et al. 2005, Winfree and Kremen 2009). This means that 

mechanisms of coexistence would be part of the diversity effect (Loreau et al. 2003). We 

chose to exclude this intractable type of „diversity effect‟ and focus on „pure‟ diversity 

effects for a given number of bees. This roughly corresponds to design 2 (controlling 

standing stocks) in the framework of Petchey (2003). 

We tried to optimize the design considering recommendations from the literature 

(Schmid et al. 2002, Petchey 2003, Bell et al. 2009) and the availability of the different 

bee species (Table S1). As a great advantage for mechanistic interpretations, and as 

recommended by Schmid et al. (Schmid et al. 2002), we included all monocultures, and 

replicated all realized compositions (except for two compositions that were affected by 
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shortage of material caused by uneven sex ratio in one of the reared bee species). In 

contrast to some other experiments (Schmid et al. 2002, Fontaine et al. 2006), the species 

composition was exactly known for all cages. We held bee abundance constant among 

cages, thereby preventing sampling or selection effects to affect our results in the way 

described for grassland plant diversity experiments (Bell et al. 2009). We measured 

functional traits and relevant ecological processes for all species during the experiment, 

which allows for a clearer mechanistic and functional interpretation than many other 

biodiversity experiments where these are unknown (Schmid et al. 2002). 

As often in biodiversity experiments, it was impossible to realize all possible species 

combinations (Bell et al. 2009). For example, we used only one species combination for 

cages with 3 bee species as this level was expected to be less important for finding an 

overall trend. In consequence, the 3-species-level in our experiment does not give much 

information on the form of the diversity-function relationship. 

Plant community 

Seeds were purchased from the following suppliers:  

 Vicia villosa: Appels Wilde Samen, Darmstadt, Germany 

 Sinapis arvensis: harvested from plants reared from seeds supplied by IPK 

Gatersleben, Germany 

 all other species: Rieger-Hofmann, Blaufelden, Germany. 

Pollinator community 

As intended, the total number of bees (solitary bees plus temporal mean of bumblebee 

worker numbers) was almost constant among all cages (mean ± sd: 20.5 ± 2.7) and 

independent of bee species richness (r = 0.05, p = 0.76). Bees behaved fairly natural in 

the cages. Behavior only shown by captive bees such as flying against the net walls was 

negligible after the first day in the cage. We observed mating behavior, collection of 

species-specific nesting material, and pollen and nectar collection similar to bees 

foraging outside the cages. On average, each female solitary bee created several nests. 

Bumblebee queens did not leave the nest after the first day of presence in the cage, new 

brood cells were produced in bumblebee nests and pollen and honey storage was build. 

Hoverflies were allowed to colonize the plants before the cages were closed. No 

pollinators could pass the mesh after cages were closed, but larvae present on the plants 
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could develop to adults. Hoverflies were present throughout the experiment and visited 

flowers in similar numbers as bees (23.5 ± 10.0 visits by hoverflies vs. 32.1 ± 12.3 visits 

by bees per cage). Hoverfly abundance was even higher than bee abundance (214 ± 40 

hoverfly individuals captured in the exclusion bouts per „no pollinators‟ control cage, 

which held abundance at a near-zero level). Hoverfly species composition was similar 

among cages, 98 % of individuals belonging to the aphidophagous genera 

Sphaerophoria, Episyrphus, Melanostoma and Platycheirus, which are common also in 

intensively used agricultural land (Jauker et al. 2009) and often ineffective pollinators 

(Herrera 1987, Jauker et al. 2012). In many landscapes, hoverflies do not decline in 

parallel with bee diversity (Biesmeijer et al. 2006), which makes our design with 

background flower visitation by flies a particularly realistic scenario of real-world 

changes in bee diversity. We did not consider hoverflies for flower visitation analyses 

because they were much less efficient pollinators than bees. The conclusions about niche 

shifts in response to interspecific competition among bees are also not qualitatively 

affected by the presence of hoverflies, because they were present in similar numbers in 

all cages and therefore do not change that the ratio between interspecific to intraspecific 

competition increased with the bee diversity treatment. 

Statistical Analyses 

Alternative predictors of seed production 

We explored alternative explanations for the effects of bee diversity and functional 

niche coverage on seed production:  

The variation in the number of observed hoverfly visits among bee cages did not 

explain seed production (linear regression, p = 0.81, R² = 0.002, df = 37). The number of 

bumblebees in a cage was not the main determinant of seed production (p = 0.06, R² = 

0.09). Total biomass of a bee community (dry weight of 80, 4, 2, 20 and 30 mg for 

Bombus, Heriades, Hylaeus, Megachile and Osmia, respectively) was significantly 

related to seed production, but explained far less than the mechanistic variables of 

functional niche coverage (p = 0.007, R² = 0.18 vs. R² = 0.56 for multiple regression with 

functional coverage). The number of flowering units was similar across cages and bee 

diversity levels, and it was not a significant predictor for seed production (linear 

regression, p = 0.81, R² = 0.002, df = 37; sum of flowering units across bee-dependent 

plant species). 
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We also explored the robustness of our results regarding functional coverage and bee 

specialization to the definition of the variables: 

Temperature coverage without standardization of bee species specific temperature 

dependence to a maximum of one was slightly more positively related to bee diversity (p 

= 0.043, R² = 0.11 in linear regression; t = 4.0, p = 0.001 in Welch t-test comparing 

single-species to multi-species cages) and it was also a significant predictor of seed 

production (p = 0.011 in multiple regression with plant species coverage). Plant species 

coverage without the null model correction for sampling effects (i.e., plain number of 

visited plant species per cage) increased significantly with bee diversity (p = 0.042, R² = 

0.11 in linear regression; t = 3.3, p = 0.003 in Welch t-test comparing single-species to 

multi-species cages) and was a significant predictor of seed production (p < 0.001 in 

multiple regression with temperature coverage). 

Bee specialization (d’) with a correction for potential sampling effects (subtracting the 

mean of the null model described for plant species coverage; subtraction was chosen 

because d’ has a theoretical minimum of zero) also showed significantly higher 

specialization in cages with more than one bee species (linear mixed effects model, p = 

0.005, df = 37) and no relationship with seed production (p = 0.48 added to multiple 

regression including the two functional coverage variables, also n.s. in simple linear 

regression).  An alternative measure of specialization (PSIweb, similar to PSI proposed by 

Dormann and Blüthgen (Dormann et al. 2009)) trying to estimate the proportion of 

conspecific pollen delivery from the visitation network data was also no significant 

predictor of seed production (p = 0.603 added to the multiple regression). This measure 

was calculated as: 

.,.

,.,ji, ))(/(Nvis 

Nvis

NvisNvis

PSI
ji

i j

j

web , i.e. the network-wide sum of the 

proportion of plant species i in visits of bee species j multiplied by the number of visits 

by bee species j on plant species i, divided by the total number of visits in the network. 

Influence of imbalance in species composition 

As we could not realize all possible combinations of the five bee species used in our 

experiment, relative species composition (the prevalence of the different bee species) 

varied slightly among levels of diversity. Therefore, we explored how far bee species 

identity effects could influence the bee diversity – functioning relationships observed in 
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our experiment (Fig. S3). This was achieved by re-calculating the relationships for a 

theoretical design with completely equal contribution of each bee species to each 

diversity level. Different strategies were used for each response (see below). Note that 

these extrapolations had to assume no effect of bee communities on bee species-specific 

parameters, and thus ignore interactive complementarity. 

The bee diversity – seed production relationship was re-examined applying an 

adjustment to observed seed data aiming at an unbiased estimate (Fig. S3a-b). This 

correction accounted for variation in the relative species composition among diversity 

levels, i.e. efficient bee species being overrepresented in some diversity levels. Similar to 

methods proposed by Hector (1998) and Petchey (2003) to detect complementarity 

effects, we estimated the expected value of an ecosystem process based on „monoculture‟ 

performance. Adjusted seed production values were calculated in three steps: First, the 

„fundamental pollination efficiency‟ (Smono,i) of each bee species i was estimated as the 

mean seed production in the cages inhabited by only this species without other species. 

Second, expected average seed production (Sj) per diversity level j was calculated from 

pooled bee species composition per diversity level (proportions pi,j of species i in level j) 

and „efficiencies‟ Smono,i. Value Sj reflected the bias due to missing combinations 

compared to a full-factorial design (in which a seed production of Snull = mean of Smono,i 

would be expected for all diversity levels in the absence of diversity effects). Third, 

observed seed production values (Sobs,k) for each cage k were adjusted for the deviation 

from a full-factorial design (i.e., calculating corrected seed production Scorr,k by 

subtracting the estimated bias).  

 

jNcages

NNcages
p

j

ij

ji

)0(
,  

5

1

,,

i

jiimonoj pSS  

)(,, nulljkobskcorr SSSS  

 

where Ncagesj(Ni > 0) refers to the number of cages with diversity j in which species i 

was present. See also Fig. S4 as additional evidence that the diversity effect cannot be 

explained by pollinator identities. 

Temperature niche coverage (Fig. S3c-d) was calculated for all 31 theoretically 

possible combinations of the 5 bee species, using the same approach and parameters as in 
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the main text. Plant species coverage (Fig. S3 e-f) was simulated for all possible bee 

species combinations using plant species preferences for each bee species estimated from 

single-species cages („fundamental preferences‟, see Methods and next subheading 

“Simulation of visitation data …”). The number of visits per bee species and cage was set 

equal to the mean total number of bee visits per cage in our experiment (32), divided by 

the number of bee species in the community and rounded if necessary. As in the other 

simulation of fundamental preferences, probability of a plant species to be visited was 

proportional to the product of preference and flower abundance (which was set to the 

mean of visitation-weighted flower abundance across experimental cages). 

Simulation of visitation data based on fundamental vs. realized 
preferences 

We evaluated the effect of community context on floral niches and plant species 

coverage with a simulation approach (Fig. 3a, Fig. S5), showing that the observed shifts 

in bees‟ functional niches cannot be explained by chance or sampling effects. Aiming to 

separate effects of fundamental (i.e., without competing bee species) and realized 

preferences on plant species coverage (Fig. S5), we simulated networks based only on 

floral preferences in (i) cages with a single bee species and (ii) cages with multiple bee 

species. Source code (R language) of this simulation can be found as a separate file in 

Ecological Archives. 

Visitation network data were simulated using the following approach: the number of 

visits per bee species and cage was randomly redistributed among plant species (1000 

replicate simulations), using interaction probabilities based on flower availability and 

flower preferences. Flower preferences (forage ratio sensu Krebs (1998), i.e. proportion 

of plant species in diet divided by proportional availability of plant species) were 

calculated for each bee species comparing visits pooled across all cages with one bee 

species („fundamental preferences‟) or all cages with more than one bee species 

(„realized preferences‟) to overall flower availability. 

These simulations were similar to the null model used to correct plant species 

coverage, but the probability for a plant species to be visited by a bee species also 

depended on the estimated flower preferences of this bee species. For each plant species 

i, the probability of a visit by bee species j in cage k under „fundamental preferences‟ was 

proportional to: 

NFUi, k × (Nvisi, j , cages mono with j  /  NFUi, cages mono with j)   
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where NFU is the number of flower units, Nvis is the number of bee visits and „cages 

mono‟ refers to cages with a single bee species (in difference to „cages poly‟ with two to 

five bee species). Hence, „cages mono with j‟ are all single-species cages in which bee 

species j was present. Probability of visit under „realized preferences‟ was likewise: 

NFUi, k × (Nvisi, j , cages poly with j  /  NFUi, cages poly with j)   

To avoid sampling effects due to more observations per bee species available for the 

calculation of „realized preferences‟, we rarefied the number of observations per bee 

species to the same numbers as used to calculate „fundamental preferences‟ (function 

„rrarefy‟ in R-package „vegan‟, one sample per simulation run). Note that for simplicity 

and in order to retain enough observations per species, we calculated only one set of 

realized preferences for each bee species and did not account for potential differences 

among different multi-species community contexts.  

The simulated visitation network data were used to validate the findings in the main 

paper.  Niche overlap between Bombus and Megachile (cf. Fig. 3 in the main paper) was 

calculated for „fundamental preferences‟ to show that the decreased overlap under co-

occurrence cannot be explained by a sampling effect (Fig. S5a). Plant species coverage 

was calculated for „fundamental‟ and „realized preferences‟. In the main paper (Fig. 4a), 

we show the average distribution across cages of plant species coverage for „fundamental 

preferences‟, for best comparison with observed values. In the supplement, we focus on 

mean plant species coverage across cages and the corresponding simulated confidence 

intervals (Fig. S5b). 

References in SI 

Bell, T., A. K. Lilley, A. Hector, B. Schmid, L. King, and J. A. Newman. 2009. A linear 

model method for biodiversity–ecosystem functioning experiments. The American 

Naturalist 174:836–849. 

Biesmeijer, J. C., S. P. M. Roberts, M. Reemer, R. Ohlemüller, M. Edwards, T. Peeters, 

A. P. Schaffers, S. G. Potts, R. Kleukers, C. D. Thomas, J. Settele, and W. E. Kunin. 

2006. Parallel declines in pollinators and insect-pollinated plants in Britain and the 

Netherlands. Science 313:351–354. 

Dormann, C. F., J. Fründ, N. Blüthgen, and B. Gruber. 2009. Indices, graphs and null 

models: analyzing bipartite ecological networks. The Open Ecology Journal 2:7–24. 

Fontaine, C., I. Dajoz, J. Meriguet, and M. Loreau. 2006. Functional diversity of plant–

pollinator interaction webs enhances the persistence of plant communities. PLoS 



Chapter 2: Bee diversity effect on pollination 
 

69 
 

Biology 4:e1. 

Hector, A. 1998. The effect of diversity on productivity: detecting the role of species 

complementarity. Oikos 82:597–599. 

Herrera, C. M. 1987. Components of pollinator “quality”: comparative analysis of a 

diverse insect assemblage. Oikos:79–90. 

Jauker, F., B. Bondarenko, H. C. Becker, and I. Steffan-Dewenter. 2012. Pollination 

efficiency of wild bees and hoverflies provided to oilseed rape. Agricultural and 

Forest Entomology 14:81–87. 

Jauker, F., T. Diekötter, F. Schwarzbach, and V. Wolters. 2009. Pollinator dispersal in an 

agricultural matrix: opposing responses of wild bees and hoverflies to landscape 

structure and distance from main habitat. Landscape Ecology 24:547–555. 

Krebs, C. J. 1998. Ecological Methodology (2nd Edition). . Benjamin Cummings. 

Larsen, T. H., N. M. Williams, and C. Kremen. 2005. Extinction order and altered 

community structure rapidly disrupt ecosystem functioning. Ecology Letters 8:538–

547. 

Loreau, M., N. Mouquet, and A. Gonzalez. 2003. Biodiversity as spatial insurance in 

heterogeneous landscapes. Proceedings of the National Academy of Sciences of the 

United States of America 100:12765. 

Petchey, O. L. 2003. Integrating methods that investigate how complementarity 

influences ecosystem functioning. Oikos 101:323–330. 

Schmid, B., A. Hector, M. A. Huston, P. Inchausti, I. Nijs, P. W. Leadley, and D. 

Tilman. 2002. The design and analysis of biodiversity experiments. Pages 61–75 in 

M. Loreau, S. Naeem, and P. Inchausti, editors. Biodiversity and ecosystem 

functioning: synthesis and perspectives. . Oxford University Press, Oxford, New 

York. 

Winfree, R., and C. Kremen. 2009. Are ecosystem services stabilized by differences 

among species? A test using crop pollination. Proceedings of the Royal Society of 

London Series B-Biological Sciences 276:229–237. 
 



Chapter 2: Bee diversity effect on pollination 
 

70 
 

 
Fig. S1. Experimental design – spatial arrangement of treatments among cages. Positions were 
assigned by a randomization algorithm, assuring that each treatment is realized in cages of both 
edge and center of the field. Capital letters A - E indicate bee species; other treatments are 
different types of controls (see Table 1 for details of treatments and species names). 

 

 

 

 
Fig. S2. Sowing pattern for the 16 plant species within a cage, numbers identify the species sown 
in the patch (see Table S2 for species names). Grey area indicates bare soil, which was used for 
accessing the cage (zip for entry in lower right corner). Positions of species were assigned by a 
randomization algorithm, assuring that each species was present on either side. 
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Fig. S3. Little influence of missing species combinations on our estimates of the bee diversity – 
function relationships: corrections for variation in pooled species composition among diversity 
levels. (a, b) Adjusted seed production values in relation to bee diversity (potential species 
identity bias removed). Compare with Fig. 2. Adjusted seed production values suggested the 
same form of the bee diversity – seed production relationship: ∆AICc = 0 (saturating), 1.2 (log), 

2.3 (power), 4.8 (linear) and 10.6 (null), respectively. Note that only models with bee richness as 
predictor are included here, so that ∆AICc values are not comparable with those from the main 
text. The line shows the fitted relationship for the saturating model. (c, d) Temperature niche 
coverage in relation to bee diversity for a theoretical design with all possible combinations of the 
5 bee species used in our experiment. The line connects the mean values of each diversity level. 
(e, f) Plant species coverage due to „fundamental‟ flower preferences, in relation to bee diversity 

for a theoretical design with all possible combinations of the 5 bee species used in our 
experiment. The line connects the mean values of each diversity level. The correction for possible 
sampling artifacts was not employed here because the same number of visits was simulated for 
each bee community. 
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Fig. S4. ‘Overyielding’ in combinations of two bee species. Box plots show seed production 
(median, interquartile range and total data range) in cages with only one bee species and in cages 
with their mixture („both‟), holding total abundance constant across treatments. The red line 

shows the expectation for additive effects of the two species in relation to their relative 
abundance, and the blue arrow shows the deviations from additivity (interactive effects), which 
indicate various degrees of overyielding (positive deviations). This illustrates that species identity 
or sampling effects are not responsible for the observed positive diversity effect. 
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Fig. S5. (a) Niche overlap between two bee species in cages with one species vs. cages with both 
species, and mean and 95% confidence intervals assuming no shift in preferences (simulation 
based on „fundamental preferences‟). (b) Mean number of plant species visited per cage with one 
vs. more than bee species, comparing the observed difference to simulated visitation data. 
Simulations were based on fixed preferences calculated from visits observed in cages without 
(fundamental preference, only intraspecific competition) and with (realized preference, intra- and 
interspecific competition) other bee species, respectively. Error bars show 95% confidence 
intervals of 1000 simulation runs. Fundamental flower preferences did not predict the observed 
increase from cages with one to cages with multiple bee species. 
 Plant species coverage in cages with multiple bee species was significantly underestimated 
when simulations were based on fixed flower preferences calculated from visits observed in 
cages with one bee species. This means that fundamental preferences were not sufficient to 
predict realized plant species coverage. However, simulations based on „realized preferences‟ 

were not significantly different from observed values of mean plant species coverage for single- 
or multi-species cages, respectively. This illustrates that the niche shift increasing plant species 
coverage was not driven by an increase in generalization, but only a decrease in niche overlap. 
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Fig. S6. Plant species accumulation curves (cumulative number of plant species visited in 
cages with one vs. multiple bee species). (a) Flower counting data (no difference between lines), 
(b) flower visitation data (clear difference between lines); lines indicate the mean cumulative 
number of plant species, red = cages with a single bee species, blue = cages with 2 - 5 bee 
species; shaded area = 95%-confidence intervals. As shown in Fig. 3b-c, more plant species were 
visited in cages with multiple bee species than in cages with a single bee species. This can be 
explained neither by bee species identity (all five bee species are also present in some of the 
cages with a single bee species), nor by sampling effects or differences in plant species present. 
This figure shows that the number of plant species present did not differ between these two types 
of treatments and saturated after a few cages had been accumulated. On the contrary, the higher 
(cumulative) number of plant species visited in cages with multiple bee species was consistent 
when identical numbers of cages were compared. 
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Table S1: Plant species in the experiment with ID-codes used in Figs. 3 and S2. 

ID Plant species1 sown2 Flowering3 Harvest Notes 

1 Vicia villosa ROTH Yes main-late 27 Aug4  
2 Chrysanthemum segetum (L.) 

FOURN. 
Yes main 30 Jul  

3 Centaurea cyanus L. Yes main 05 Aug  
4 Sinapis arvensis L. Yes early-main 13 Aug  
5 Crepis capillaris (L.) WALLR. Yes main 30 Jul NfruitUsample refers to ripe fruiting units 

only, averaging to 74% of harvested 
sample 

6 Plantago lanceolata L. No    
7 Orlaya grandiflora (L.) HOFFM. Yes main-late 27 Aug4 selfing occurs according to BiolFlor5 
8 Medicago x varia MARTYN Yes main-late 27 Aug4  
9 Calendula arvensis L. Yes early   
10 Sonchus L. sp. No    
11 Consolida regalis GRAY Yes main 21 Aug  
12 Lotus corniculatus L. Yes main-late 27 Aug4  
13 Lamium purpureum L. Yes early   
14 Anchusa arvensis (L.) M. BIEB. Yes early   
15 Cirsium arvense (L.) SCOP. No    
16 Lathyrus pratensis L. No    
17 Sisymbrium officinale L. No    
18 Trifolium pratense L. No    
19 Tripleurospermum perforatum 

(MÉR.) WAG. 
No    

20 Legousia speculum-veneris (L.) 
CHAIX 

Yes main 05 Aug  

21 Scandix pecten-veneris L. Yes main 05 Aug selfing is common according to BiolFlor5 
22 Lathyrus tuberosus L. Yes late  flowering only in a minority of cages  
23 Campanula rapunculoides L. Yes no   
1 sorting related to visitation frequency, see Fig. 3 b 
2 „no‟ indicates unsown weed species, which occurred only in a subset of cages in limited abundance 
3 flowering time in the experiment in relation to main experimental phase; only plants in full bloom during 
„main‟ could be considered for seed production analyses 
4 all remaining plant species were harvested even if not fully ripe to avoid mould 
5 Klotz, S., Kühn, I. & Durka, W. [editors] (2002): BIOLFLOR - Eine Datenbank zu biologisch-
ökologischen Merkmalen der Gefäßpflanzen in Deutschland. - Schriftenreihe für Vegetationskunde 38. 
Bonn: Bundesamt für Naturschutz. 
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Abstract 

Temporal patterns of flower opening and closure within a day are known as Linné‟s 

floral clock. Time of flower closure has been explained mainly by light in the traditional 

botanical literature. We show with a set of experiments that Asteraceae flower heads can 

close within three hours after pollination, whereas unpollinated flower heads stay open 

until the late afternoon. This suggests that closing time strongly depends on pollinators. 

Using plant-pollinator interaction webs we further demonstrate that the daily pattern of 

flower opening and the rapid response to pollination can impose strong temporal dynamics 

on interspecific interactions within a single day. We observed pollinator species turnover 

and changes in facilitation vs. competition among plants. Our results show for the first 

time that pollination induces rapid flower closure on the community level. This causes 

imprecision in Linné‟s floral clock with far-reaching consequences for plant-pollinator 

interactions. 
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Abstract
Temporal patterns of flower opening and closure within a day are known as Linné�s floral clock. Time of flower
closure has been explained mainly by light in the traditional botanical literature. We show with a set of

experiments that Asteraceae flower heads can close within three hours after pollination, whereas un-pollinated

flower heads stay open until the late afternoon. This suggests that closing time strongly depends on pollinators.

Using plant-pollinator interaction webs we further demonstrate that the daily pattern of flower opening and the

rapid response to pollination can impose strong temporal dynamics on interspecific interactions within a single

day. We observed pollinator species turnover and changes in facilitation vs. competition among plants. Our

results show for the first time that pollination induces rapid flower closure on the community level. This causes

imprecision in Linné�s floral clock with far-reaching consequences for plant-pollinator interactions.

Keywords
Capitulum closure, Cichorioideae, circadian, Crepis capillaris, flower opening, interaction networks, mutualism,

pollination response, temporal specialisation, temporal turnover.

Ecology Letters (2011) 14: 896–904

INTRODUCTION

It has long been recognised that many flowers are open for a

restricted time of the day and this inspired Linné (1783) to propose

the concept of a flower clock based on observed flower opening and

closing times of different plant species (Fig. 1). Later, detailed

observations and experiments showed that flower opening and

closure depend on light and temperature, with some evidence for

influence of endogenous rhythms and humidity (Oltmanns 1895;

Burgerstein 1901; Todt 1962; Ewusie & Quaye 1977; Tanaka et al.

1988; van Doorn & van Meeteren 2003; von Hase et al. 2006)

including some knowledge about the underlying modes of inheritance

(Nitta et al. 2010).

However, the daily (circadian) pattern of flower opening and closure

has not been connected to pollination. It is known for some plants,

e.g. many orchids, that unpollinated flowers remain attractive longer

than pollinated flowers (Fitting 1909; van Doorn 1997; Abdala-

Roberts et al. 2007; Clark & Husband 2007). Most floral responses to

pollination are too slow to affect the daily pattern of flower opening

and closure: in Epilobium angustifolium flowers began to close about

10 h after pollination (Clark & Husband 2007), and in Gentiana

straminea pollination-induced closure occurred after 2 days (He et al.

2005). The few plants known to react within a few hours (e.g. petal

abscission in Geraniaceae: Fitting 1911) do not close in a daily pattern.

Here, we focus on liguliflorous Asteraceae (subfamily Cichorioideae),

which are textbook examples of floral movements (e.g. Sitte et al.

2002, p. 476). This group includes 27 of the 44 species in Linné�s floral
clock, it is an important part of European vegetation (Memmott 1999;

Lázaro et al. 2009) and invasive elsewhere (Alexander et al. 2009; Hao

et al. 2010).

We provide evidence that flower heads (capitula) of a number of

species in this group close rapidly after pollination, but stay open

much longer without pollination. The questions we address in the first

part of the article are:

(1) Do pollinated flower heads close earlier than non-pollinated

flower heads (i.e. does pollination induce advanced capitulum closure)?

(2) Is this effect consistent for a number of common species and for

closure time on the level of single flower heads as well as populations?

Despite the importance of plant-pollinator interactions and the high

interest in them, within-day patterns have received only limited

attention in the last few years. While it is known that for example

nectar production varies throughout the day (Willmer & Corbet 1981;

Pleasants & Chaplin 1983), time of day is rarely considered in

community approaches (but see Stone et al. 1996, 1998; Hoehn et al.

2008). The network approach for plant-pollinator interactions has

gained popularity (Bascompte & Jordano 2007; Vázquez et al. 2009),

but within-day patterns are not considered in such studies, while

temporal dynamics on larger time scales have recently been

highlighted (Alarcón et al. 2008; Olesen et al. 2008; Petanidou et al.

2008). However, changes in flower opening of dominant plant species

within a single day may affect the whole network e.g. by dynamics of

competition for pollinators and temporal specialisation, which may be

further complicated by pollination-dependence of flower closure.

In the second part of this article, we analyse whether or not

an influence of early flower closure of Cichorioideae can be

found in plant-pollinator interaction webs, addressing the following

questions:

(1) Do interactions differ between morning and afternoon? Are the

pollinators of early-closing Cichorioideae only foraging during the

morning or do they switch to other plants in the afternoon?

(2) Do co-flowering plants experience increased competition for

pollinators during the morning when Cichorioideae are open?

(3) Are field data consistent with the experimental evidence for

pollination as a determinant of flower closure time (i.e. are

Cichorioideae flower heads open for longer in webs with low

visitation rate)?
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We show that pollination can induce rapid flower closure and this in

turn can effect the community-level pattern of interactions, causing

temporal shifts of plant-pollinator interactions within a single day.

MATERIAL AND METHODS

Experimental set-up

In 2008 a large field experiment was set up in Göttingen, Germany,

to study the relationship between wild bee diversity and pollination

of a plant community (Fründ et al., unpublished). In April 59 beds of

4 m · 2 m were seeded in a fixed pattern (separate patches) with 16

species of wild herbs and covered by gauze cages to exclude insects.

At the beginning of July wild bees were released in 40 of the cages

until mid-August. Different combinations of five wild bee species

(Bombus terrestris, Osmia bicornis, Megachile centuncularis ⁄ versicolor, Heriades

truncorum, Hylaeus communis) were used with the same total abundance

per cage (Mean = 20.5 bee individuals). For this article, they will be

referred to as �bee cages� regardless of the species. Twelve cages
served as controls (without bees), and seven beds were left un-caged

or with open cages allowing access to pollinators from the

surrounding area (�open�). Among the 14 herb species that flowered
during the experiment one was a member of the subfamily

Cichorioideae within the Asteraceae: Crepis capillaris (L.) Wallr.,

which flowered primarily in July and August in each of two patches

per cage.

Circadian pattern of flower opening in different pollinator

treatments

On 2 August 2008, all cages were monitored for openness of

C. capillaris flower heads. Starting at 10:50 h, when almost all flower

heads had opened in all cages, the number of open flower heads

(opening angle > � 90�) were counted (to the nearest 10) from the

same relative position for each cage. Counting was repeated three

times, at 13:30 h, 17:00 h and 19:00 h. From these estimated numbers

of open flowers, the proportion of open flowers at a time relative to

the first count was calculated.

Hand pollination of flower heads

In a cage identical to the control cages, the relationship between

pollination and capitulum closure was tested by hand pollinating single

flower heads on 14 August 2008. All flying insects were removed from

the cage. Twenty-four flower heads of C. capillaris on several

individuals were marked with thread and numbered. Twelve flower

heads were assigned to the pollination treatment and 12 neighbouring

flower heads were left as controls (controls were always near to a

treatment flower head and on the same plant, Fig. 2a). At 11:00 h,

when all flower heads had opened, treatment flowers were hand-

pollinated with three flower heads from other C. capillaris individuals.

After hand pollination, the opening angle (Fig. 2b) of each flower

head was noted every 30–60 min until 19:10 h, when all flower heads

were closed. Flower heads were also assessed three times the next day.

Similar experiments were conducted for other sets of plants and

different species in 2008 and 2009: Crepis biennis L. (five naturally

growing plants), C. capillaris (a second set of 12 plants, sown into pots

in spring 2009), Leontodon autumnalis L. (six plants from a ruderal area

in Göttingen, planted into two 5 L pots) and Taraxacum officinale [(L.)

Weber] (naturally growing plants). Experiments in 2009 were

performed in a cage of the same type as in 2008. Further details on

all hand pollination experiments can be found in Table S1 of
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Figure 2 Closure of flower heads in hand pollination experiments. (a) A pair of

flower heads of C. capillaris, outer left = cross pollinated, outer right = control.

(b) Opening angle was used to quantify opening and closure of flower heads, the

photo shows a flower head with 98 � opening. Photo credit Kristian Peters, GNU
licence. (c) Logistic curve fitted to temporal flower opening data of one example

flower head of C. capillaris. This curve has the parameters b = 0.0736 and t0 = 138.9

(see Material and methods for explanations, see Table S2 for fitted parameters for

all flower heads). Note that the y-axis indicates proportional opening in relation to

maximum opening degree.

Figure 1 A floral clock drawn after the Horologium florae by Carl von Linné, where

he listed opening and closing times for a number of plant species and proposed that

these could be used to accurately predict the time of the day. Drawing by Ursula

Schleicher-Benz. From: Lindauer Bilderbogen (Series 1, No. 5) ed by Friedrich Böer
� Jan Thorbecke Verlag, Lindau ⁄Reutlingen, 1948.
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Supporting Information. To check whether the measured response to

pollination was just a response to mechanical stimulation, additional

controls were used in two of the experiments: for C. biennis, three

flower heads were touched with flower heads of another species (Picris

hieracioides L.) in the same manner as in the pollination treatments, and

for C. capillaris in 2009, six flower heads were self-pollinated with

flower heads from the same plant individual.

Data analysis Part 1 – flower closure

All analyses were performed using R 2.11.1 (R Development Core

Team 2010). To analyse the effects of hand pollination on capitulum

closure, we first fitted a logistic function (Fig. 2c) with non-linear least

squares regression:

y ¼ 1� 1

1þ e�b�ðt�t0Þ

where y is standardised opening degree (opening angle divided by the

initial estimate of opening angle, which sometimes slightly deviated

from 180�), t is time after pollination treatment and b and t0 are the

fitted parameters. Parameter b measures the �slope� (i.e. speed of

closure after initiation), while parameter t0 represents the inflection

point of the curve (i.e. the time until the flower is half closed). This

function described the temporal process of flower closure generally

very well (Fig. 2c). In a few cases in which flower heads were still fully

open at the end of the observations (opening angle > 150�, five
controls in C. biennis), curves could not be fitted and we used a

conservative estimate of 600 min for t0 (which would represent

immediate closure after the last measurement). The effect of hand

pollination was tested by comparing the parameter t0 (relative time of

closure) between flower heads of the different treatment groups.

All hand pollination experiments were analysed using ANOVA with

treatment, experimental set and their interaction as explanatory variables.

Part 2: Effects of early flower closure in interaction network data –

data and analysis

We explored the evidence for effects of Cichorioideae flower closure

on community-wide plant-pollinator interactions with a dataset of

quantitative plant flower-visitor networks from 27 meadow sites in

southern Germany. Details of the study can be found in Fründ et al.

(2010). Flower visitation data were collected in transects and

observation plots on single day, between 8:30 h and 19:00 h (all

webs have data before 12:00 h and after 13:00 h). The number of

flowers or flower heads was counted for each of ten 2 m2

observation plots per network. All flower visitors on all plants were

noted to family and morphotype, and bees and hoverflies were

captured and determined to species level. In contrast to the original

article, here we used both captured and non-captured flower visitors

and we included two different single-day networks for five of the

sites (resulting in a total of 32 webs). For these five sites, resamples

were at least three weeks apart, when floral composition had already

changed. On average, these networks comprised 219 observed flower

visitors, of which 61 bees and hoverflies were determined to species

level. We used these data to characterise circadian patterns of flower

visitation.

Time of the day was noted for each observation plot (15 min) and

sub-transect (c. 30 min). For the analyses, we assigned the mean time

of each observational unit (i.e. observation plot or sub-transect) to all

interactions observed in the respective unit. Because we did not collect

temporally resolved data for actual flower opening in the field study,

we focussed on patterns of flower visitation in this part of the article

as an indirect measure of flower closure.

To analyse the temporal dynamics of plant – pollinator interac-

tions within a single day, we separated the networks into morning-

(AM) and afternoon- (PM) subwebs. For this purpose, �noon� was
defined as the time of solar zenith (13:00 h). Thus, AM-subwebs

include times until 12:59 h. Web plots were created with the R-

package bipartite 1.12 (Dormann et al. 2009). We compared the

identity of pollinators and the identity of links between the two

subwebs for each network using Bray – Curtis dissimilarity of

relative frequencies including only specimens determined to species

level. To account for the fact that dissimilarity values are sensitive to

sample size (see Appendix S1), we focussed on the difference to a

null model. This null model re-assigned observations among the two

subwebs (times of day), while fixing the total frequency per species

(or link) and subweb (function r2dtable in R, mean of N = 1000

replicates; see Appendix S1 for further details). Consequently,

species richness (or connectance) was constant for each web, but

variable for each subweb. The proportion of visits to Cichorioideae

among all visits was calculated to quantify the dominance of these

flowers in the network and their importance for the temporal

turnover of pollinators and interactions.

To check for the influence of Cichorioideae flower closure on

visitation to other plants, we calculated separately for morning and

afternoon (i.e. before and after 13:00 h) visitation rate to the two plant

species without closing mechanism observed in plots of more than

10 networks: Achillea millefolium L. (Asteraceae), a species with a visitor

spectrum overlapping with Cichorioideae, and Trifolium pratense L.

(Fabaceae), which attracts a very different pollinator spectrum.

Visitation rate was calculated as the number of observed flower

visitors in observation plots divided by the number of inflorescences

in observation plots for each of the two time periods. To quantify the

importance of afternoon visitation, the proportion of visits received

during the afternoon was calculated as the visitation rate during the

afternoon divided by the sum of morning and afternoon visitation

rates.

To check for evidence of pollinator-dependent flower closure in the

field, we compared the morning visitation rate by bees and the

temporal pattern of visitation to Cichorioideae, i.e. estimated time of

flower closure. The latter was expressed as the time from sunrise until

at least 90% of visits were observed, thereby adjusting for differences

in day length. In this case, the only web where Cichorium intybus L. was

the dominant Cichorioideae was excluded because this species was an

unusual Cichorioideae in the dataset (however, its inclusion would

only strengthen the observed pattern). Webs with < 2 observed visits

to Cichorioideae were also excluded. Using visitation rate by all flower

visitors instead of bees showed a similar pattern but with less

explanatory power (DAICc > 10, comparison of the two models, see
Burnham & Anderson 2001).

RESULTS

Circadian pattern of flower opening in different pollinator

treatments

On average, flower heads of Crepis capillaris closed first in the open

cages, second in the bee cages and last in the control cages. All flower
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heads were closed at night. Even in the control cages most had closed

by 19:00 h. In open cages and some of the bee cages, however, most

flower heads closed already 5 h earlier (Fig. 3). The proportion of

closed flower heads differed significantly among cage types (Kruskal –

Wallis tests: P < 0.001 for all three times after the reference count).

Differences in the number of observed bee visits to C. capillaris

flowers due to different bee community composition corresponded

well to the proportion of flower heads closed before 13:30 h

(correlation across 39 �bee cages�: P = 0.009, Pearson�s r = 0.41).

Among the control cages there were two different sub-treatments: in

eight of the cages, hoverflies were present and regularly visited

C. capillaris, while in four of the control cages, all flying insects were

regularly excluded. This difference in the presence of hoverflies

corresponded only to a minor difference in early closing flower heads

(significant difference only at 19:00 h, t = 2.9, P = 0.021,

Mean ± 1 SD = 9.0 ± 5.0% and 16.9 ± 4.1% with and without

hoverflies, respectively).

Hand pollination of flower heads

Cross pollination by hand strongly effected closing time in all species

except Taraxacum officinale (Fig. 4; interaction of treatment by

experimental set, F4,62 = 3.2, P = 0.019; excluding T. officinale:

interaction F3,48 = 1.1, P = 0.33, treatment effect F1,48 = 50.9,

P < 0.001). Capitulum closure was advanced by 3 h in Crepis capillaris

in 2008. In this case, the reaction started �137 min after pollination
(mean time to 90% openness according to fitted curves) and flowers

were closed after �209 min (10% openness).

Neither heterospecific pollination in C. biennis nor self pollination in

C. capillaris reproduced the closing reaction to intraspecific cross-

pollination: in both cases, the additional control closed significantly

later than cross pollinated flower heads, but did not differ from

un-pollinated flower heads (see Table S3). For flower heads, closure

was not necessarily permanent: younger flower heads opened again

the next day exposing fresh, previously immature florets. In C. biennis

we counted the number of seeds, which corresponded well with

pollination treatments and time of closure (see Table S4).

Effects of early flower closure in interaction network data

Plants of the subfamily Cichorioideae were important in the networks

dataset, comprised 17% of all observed interactions and > 10% of

interactions in 18 of 32 networks. Interactions with these plants

happened early within the day, mostly between 10 to 11:00 h, and

> 91% of visits were observed before 13:00 h (see Figure S1). This

predominance of interactions in the morning was not apparent for all

other plant species combined and could not be explained by sampling

effort which was relatively homogeneously distributed across the main

period of bee activity (9:00 h to 17:00 h). Cichorioideae in this dataset

were Picris hieracioides, Leontodon autumnalis, Hypochaeris radicata L., Crepis

biennis (all > 100 observed visits) and seven less frequently observed

species.

Strong differences between morning and afternoon subsets of

plant-pollinator interaction webs were found (Figs 5 and 6). These

differences were particularly dramatic for networks with a high

proportion of Cichorioideae. The dissimilarity between interactions of

the two subwebs increased with the proportion of Cichorioideae in

the network (F1,28 = 11.7 P = 0.002, response = difference to null

model, Fig. 6a; see Figure S3 for raw dissimilarity values). Likewise,

pollinator communities differed more strongly between morning and

afternoon in networks with higher proportions of Cichorioideae

(F1,28 = 14.4, P < 0.001, Fig. 6b, Figure S3). The intercept was

significant for interaction dissimilarity (P = 0.003), but not for the

difference in pollinator communities (P = 0.19).

Flower visitation to Achillea millefolium was reduced during the

morning in networks with a high proportion of Cichorioideae, and for

this plant species the relative contribution of visitation during the

afternoon increased with dominance of Cichorioideae (linear regres-

sion, F1,10 = 13.4, P = 0.004, Fig. 6c; see also Figure S3). This

relationship was also significant when the dominance of Cichorioideae

was defined by % of flower area rather than % of flower visits. The

same relationship was not significant for Trifolium pratense L.

Estimated time of Cichorioideae flower closure in the network

study was earlier in networks with high bee visitation rate to

Cichorioideae, and later in webs with low bee visitation rate: the time
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Figure 3 Pattern of flower opening in relation to time of the day for C. capillaris

under three different pollinator treatments (cage types). Number of open flower

heads is shown in relation to the first estimate. Mean ± SEM [calculated from

arcsine (square-root) -transformed data] are shown, and the mean number of visits

to C. capillaris per cage is indicated for each treatment in the legend.
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Figure 4 Effect of hand pollination on closure of flower heads in Asteraceae:

Cichorioideae. Time to closure (Mean ± SEM) refers to the time from treatment

until half closure estimated from a logistic curve fitted to flower closure dynamics

per flower head (see Fig. 2c).
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from sunrise until at least 90% of visits to Cichorioideae had been

observed decreased significantly with visitation rate by bees, while

weather had an additional influence with estimated flower closure on

sunny days being about half an hour earlier than on partly clouded

days (multiple regression; weather: F1,16 = 8.02, P = 0.01; log [bee

visitation rate + 0.05]: F1,16 = 51.8, P < 0.001, Fig. 6d; excluding

webs from overcast days to avoid intercorrelated independent

variables). This decrease was also significant when hour of day was

used as the response variable (ranging between 11:00 h and 15:00 h;

see Figure S3).

DISCUSSION

Our study clearly shows that plants within the subfamily Cichorioi-

deae of the Asteraceae close their flower heads shortly after

pollination and that this effect is fast enough to affect the circadian

pattern of flower opening and closure, the so called �floral clock�.
We further show that this early flower closure can be an important

component of plant-pollinator interaction webs influencing the

dynamics of interaction patterns within the course of a day. Both

parts of the article suggest that the �floral clock� is delayed when only
few pollinators are visiting.

Experimental approaches

Differences in flower closure among the cages reflect differences in

pollination. In the open cages and some of the bee cages, C. capillaris

was pollinated well and most flower heads had closed by noon,

suggesting that flowers were pollinated during the first two hours after

opening. Microclimatic conditions were identical at least in the closed

cages, such that only pollinator visitation differed. Early flower closure

in open cages can also be explained by pollination. The proportion of

open flower heads at intermediate times could thus be used to

estimate pollination success.

The hand pollination experiments strikingly confirmed that pollina-

tion caused advanced flower closure. Three of the four tested species

showed this effect, suggesting that it is widespread among Cichorioi-

deae. The only species that did not respond to pollination was

Taraxacum officinale, which is often apomictic (Collier & Rogstad 2004)

meaning that pollen application does not lead to pollination (presum-

ably also in the studied population, as seeds were produced also in the

non-pollinated flower heads). Observed differences in the closure time

of unpollinated flower heads may be explained by differences between

species and experimental conditions (e.g. weather conditions or the time

from the first measurement until sunset). The time from pollination to

closure is likely also influenced by pollen quality and quantity.

Correspondingly, visits by hoverflies had a much smaller effect on

opening patterns in the cages than visits by bees, probably reflecting

their lower rate of (conspecific) pollen deposition (Alarcón 2010).

Our findings suggest that the capitulum closure is controlled by a

combination of pollination and other factors. The time of flower

opening seems to be determined by light (Stoppel 1910), and light is

probably the reason that pollinated and unpollinated flowers will

eventually be closed at night. However, pollination is probably more

(a)

(c)

(b)

(d)

Figure 5 Flower-visitor interaction networks change between morning and afternoon. The graphs on the left show a quantitative plant-pollinator network (close to Gerbrunn,

Southern Germany; pooled across five sampling days on four sites). (a) Morning subweb (i.e. all interactions observed before 13:00 h), (c) afternoon subweb (after 13:00 h.).

(b and d) show part of the meadow complex where the web was compiled, both pictures were taken on the same day, but with a time-lag of 3 h, during which almost all of the

yellow flowers of Picris hieracioides had closed. In (a and c) width of the marginal rectangles is relative to a species� interaction frequency in the total network and interactions not
occurring during the focal time period are marked in green. In the network graphs, plants are sorted by family, and flower visitors by functional group. Full species names are

available in the Supporting Information (Figure S2, Tables S5, S6).
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important in determining the time of closure in typical field situations.

As many pollinator species are also influenced by light and weather

conditions (Kevan & Baker 1983; Fründ et al. 2010), it is difficult to

tease apart the different factors influencing flower closure in field

scenarios. Our controlled cage experiments showed that plants of the

Cichorioideae have the potential to visibly respond to pollination

within 1–2 h. This is by far the fastest known flower closure response

to pollination (van Doorn 1997) and combined with high pollinator

visitation it makes early flower closure on the population level

possible.

Our data suggest that many species within the Cichorioideae might

show such a response, given that capitula of probably all Cichorieae

perform closure movements. However the effect of pollinator-

mediated flower closure will not be found in all Cichorioideae. Several

species of Cichorioideae can produce seeds asexually or following self-

pollination (Fryxell 1957; Ferrer & Good-Avila 2007). The strength of

the closure response may be related to a species� breeding system, with
apomictic species not responding to deposition of cross pollen.

Furthermore, the lack of response after self pollination in C. capillaris

suggests that there is a very fast mechanism for detecting effective

pollination and for transferring this signal from the stigma to the

involucral bracts that perform the closure movement. The underlying

physiological mechanisms should be identified by future laboratory

experiments.

Compared to published examples of flower closure in response to

pollination, the example shown here differs because it refers to flower

heads that may re-open after closure (if immature flowers are still

present), and thus represents a plant movement rather than a simple

sign of senescence. It is particularly surprising because van Doorn

(1997, 2002) proposed that Asteraceae do not cease floral attraction in

response to pollination because they are not sensitive to ethylene.

Ethylene is considered to be the main signal in floral pollination

responses (O�Neill 1997; van Doorn 2002). Whether plants from

other taxa that also show flower opening and closure movements in a

roughly circadian pattern (e.g. Convolvulus, Legousia, Calendula, Cucur-

bita) also respond to pollination remains an important question for

future studies.

Early flower closure in the field and plant-pollinator interactions

Interactions between Cichorioideae and their flower visitors almost

exclusively happened during the morning, probably due to the

circadian pattern of flower opening and closure. As these plants were

also highly-visited and abundant components of plant communities,

early flower closure had a strong impact on plant-pollinator

interaction networks.

There was a strong difference between morning and afternoon

subwebs. This adds a new dimension to temporal dynamics of plant-
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Figure 6 Patterns in a set of flower-visitor networks, highlighting the consequences of early flower closure in the field. (a – c) show the influence of the proportion of

Cichorioideae (closing early during the day) in the web on community interactions, and (d) shows the influence of visitation rate on temporal patterns of Cichorioideae. (a,b)

Difference between morning and afternoon subsets of plant-pollinator interaction webs. (a) Differences in interactions, (b) differences in pollinator communities. Dissimilarity

is measured as Bray – Curtis distance subtracting the expected value for sampling from a homogeneous community (i.e. the null model mean). (c) �Importance� of afternoon
visitation to Achillea millefolium (in % of AM + PM visitation) increases with the proportion of Cichorioideae. (d) Negative feedback – relative time to flower closure of

Cichorioideae (estimated by visitation) in relation to bee visitation rate. The y-axis reflects estimated closure time relative to sunrise, i.e. controlling for seasonal differences in

day length. Dashed line and triangles = sunny days, solid line and filled circles = partly clouded, open circles = overcast days (not included in regression).
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pollinator networks. The temporal turnover within single day was

mainly driven by the presence of Cichorioideae closing their flowers

around noon. In networks with a relevant proportion of Cichorioi-

deae, morning subwebs included a number of pollinators specialised

on this subfamily of Asteraceae, e.g. Lasioglossum villosulum and

Panurgus calcaratus (Westrich 1989). These and other pollinators were

absent from the afternoon subwebs. It is difficult to separate how

much of the declining foraging activity of this subset of pollinators

can be explained by a preference for Cichorioideae or by a circadian

activity pattern (i.e. peak activity during the morning). Circadian

patterns of pollinator activity due to abiotic or biotic reasons have

already been recognised (Willmer & Corbet 1981; Stone et al. 1999;

Lienhard et al. 2010). The non-significant intercept of community

difference suggests that in our system there was only a limited

turnover of pollinator species within a day other than the decrease

in �Cichorioideae specialists�. However, as the intercept for

interaction dissimilarity was significant, a certain amount of circadian

dynamics independent of Cichorioideae flower closure also seem to

be present.

Despite the absence of some pollinators from the afternoon

networks, there was also evidence that some generalist pollinators

switched from Cichorioideae to other plant species offering floral

resources also in the afternoon. Correspondingly, Achillea millefolium

was mainly visited during the afternoon in networks with high

proportion of Cichorioideae, while visitation rate was higher during

the morning in networks with a low proportion of Cichorioideae.

This result suggests that visitation rate to A. millefolium is reduced

during the morning due to competition for pollinators from

Cichorioideae, but it receives more visits in the afternoon by

pollinators that remain active. It is unknown whether this adds up to

a net facilitation or competition effect, as pollinator abundance might

also vary between networks and the outcome for the plant (i.e. seed

set) also depends on the receptivity of the flowers throughout the

day. Similar dynamics of competition can be expected for other plant

species if they share a sufficient part of their pollinator community

(see also Lázaro et al. 2009; Mitchell et al. 2009), which was not the

case for Trifolium pratense. These observations show temporal

dynamics in mutualistic and competitive interactions similar to

patterns suggested for larger temporal scales (phenology: Mosquin

1971): competition for pollinators (Mitchell et al. 2009) seems to be

more important in the morning, while pollination facilitation

(Ghazoul 2006) and competition between pollinators are probably

more pronounced during the afternoon. While optimal flower

opening times can be predicted by models (Miyake & Yahara

1999), models on the consequences of pollination driven flower

closure for community and network dynamics are lacking.

Current theory on mutualistic networks suggests that generalist

core species make the network stable and tolerant to extinctions

(Memmott et al. 2004; Bascompte & Jordano 2007). Our findings

show that different links are not equivalent, questioning the

assumption of functional redundancy. For example, pollinators with

a long activity period may need different plant species providing

resources at different times of day. However, pollination-induced

flower closure also suggests a flexible link structure, enabling plants

to establish new links when pollinator communities change.

Furthermore, our findings caution against homogeneous assump-

tions when considering the relationship between pollinator special-

isation and pollination success. Intraday turnover of interactions

should particularly be considered in the interpretation of networks

without whole-day sampling: important interactions may be missed

in studies with sampling restricted to either morning or afternoon,

and interday turnover may be overestimated in studies with variable

sampling times. This is of general importance as many plant-

pollinator communities include species of Cichorioideae (see

Table S7: 22 of 37 studies), and similar circadian patterns of

interactions may be expected also for systems without Cichorioideae:

many plant species show intraday patterns of flower opening, nectar

and pollen availability (Ewusie & Quaye 1977; Pleasants & Chaplin

1983; Stone et al. 1998; Hoehn et al. 2008). However, it is yet

unknown whether those patterns are also driven by pollination

responses.

The network data suggest that pollination advances flower closure

in the field similar to the experimental results. The negative

relationship between bee visitation rate and estimated time of flower

closure suggests a delay in flower closing time by several hours on

sites or days with low pollination, with limited additional influence of

day length and weather conditions. However, this pattern must be

interpreted with caution, because it is only indirect evidence of

advanced closure and also plant species composition differed between

networks. The correlation between closing time and visitation rate

suggests that the observed closure response to pollination is not

restricted to the species tested in our experiments, but rather

widespread among Cichorioideae.

Temporal dynamics within plant-pollinator networks might enhance

biodiversity maintenance through temporal niche partitioning

(Mosquin 1971; Abdala-Roberts et al. 2007), which is also possible

on a daily basis (Stone et al. 1996, 1998). Diverse plant communities in

particular should benefit from this pattern due to reduced hetero-

specific pollen delivery. The finding that flowers are quickly closed in

response to pollination introduces also a flexible component to

circadian niche partitioning. This probably contributes to the selective

advantages that might have led to this �plant behaviour�: on the one
hand, it might lead to improved pollinator behaviour by guiding

pollinators to flowers that still require pollination and on the other

hand, rapid flower closure might help to reduce costs of open flowers

such as increased water loss and susceptibility to antagonists (Ashman

& Schoen 1994). Plasticity in the timing of flower closure combines

the benefits of short flower opening and temporal specialisation while

avoiding the cost of pollination failure.

CONCLUSIONS: CONSEQUENCES FOR FLOWER AND POLLINATOR

SURVEYS

The circadian dynamics of flower opening and plant-pollinator

interactions that we demonstrated here need to be considered when

designing field surveys on pollinators, flower availability and plant-

pollinator interactions. If sampling is only performed in the

afternoon, it will systematically miss parts of the pollinator

community and interactions, and this bias will increase with the

dominance of plants with early flower closure. Flower availability

and pollinator diversity will probably be most strongly underesti-

mated on sites or dates with highest pollination service (to plants

responding with rapid closure). Apart from helping to avoid bias in

field studies, our findings are also promising for multiple applica-

tions: flower closure may be used as a fast and effective proxy for

estimating pollination success in field and laboratory experiments

and assessments. Literally speaking, we show that Linné�s floral clock
needs to be adjusted in times of pollinator declines – flowers

902 J. Fründ, C. F. Dormann and T. Tscharntke Letter

� 2011 Blackwell Publishing Ltd/CNRS

Chapter 3: Flower closure and plant-pollinator interactions

Dissertation J Fründ 84



  

 

 

originally closing at 15:00 h. (such as Leontodon autumnalis) may

remain open until 18:00 h without pollination.
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others. We further thank Nico Blüthgen and Karl-Eduard Linsenmair

for help in designing the study underlying the network dataset and for

kindly allowing us to use these data for this study. J. Husse,

N. Williams, K. Ullmann, D. Vázquez, M. Vellend and one

anonymous reviewer provided helpful comments on earlier drafts of

the manuscript. Bernd Gruber helped with data analysis. JF

acknowledges funding by a scholarship of the DBU (German Federal

Environmental Foundation), TT by the DFG (Deutsche Forschungs-

gemeinschaft) and CFD by the Helmholtz Association (VH-NG 247).

REFERENCES

Abdala-Roberts, L., Parra-Tabla, V. & Navarro, J. (2007). Is floral longevity

influenced by reproductive costs and pollination success in Cohniella ascendens

(Orchidaceae)? Ann. Bot. – London, 100, 1367–1371.

Alarcón, R. (2010). Congruence between visitation and pollen-transport networks in

a California plant – pollinator community. Oikos, 119, 35–44.

Alarcón, R., Waser, N.M. & Ollerton, J. (2008). Year-to-year variation in the

topology of a plant – pollinator interaction network. Oikos, 117, 1796–

1807.

Alexander, J.M., Naylor, B., Poll, M., Edwards, P.J. & Dietz, H. (2009). Plant

invasions along mountain roads: the altitudinal amplitude of alien Asteraceae

forbs in their native and introduced ranges. Ecography, 32, 334–344.

Ashman, T.L. & Schoen, D.J. (1994). How long should flowers live?. Nature, 371,

788–791.

Bascompte, J. & Jordano, P. (2007). Plant-animal mutualistic networks: the archi-

tecture of biodiversity. Annu. Rev. Ecol. Evol. S., 38, 567–593.

Burgerstein, A.. (1901). A. v. Kerner�s Beobachtungen über die Zeit des Oeffnens
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 2 

 31 

Table S1: Experimental details of hand pollination experiments 32 

Species Date Time (start - end)
1
 No. replicates

2
 No. times

3
 No. donors

4
  33 

Crepis biennis 29 July 2009 10:15 am - 7:30 pm 5 / 5 / 0 / 3 8 2 34 

Crepis capillaris 14 Aug 2008 11:00 am - 7:10 pm 12 / 12 / 0 / 0  12 3 35 

C.  capillaris 06 Aug 2009 11:30 am - 8:15 pm 5 / 5 / 6 / 0 8 1 36 

Leontodon autumnalis 14 Aug 2008  1:20 pm - 8:05 pm 6 / 6 / 0 / 0 10 2 37 

Taraxacum officinale 07 May 2009 12:15 pm - 8:50 pm 8 / 8 / 0 / 0 11 2 38 

1 
from hand pollination = first measurement until last measurement 39 

2
 the number of flower heads per treatment (cross pollination / no poll. / self poll. / heterospecific poll.) 40 

3
 the number of opening degree measurements per flower head 41 

4
 the number of pollen donor flower heads used for hand pollination in the cross pollination treatment 42 

 43 

 44 

Table S2: Fitted parameters (mean ± sd) for closure curves of all flower heads 45 

in hand pollination experiments 46 

  Cross pollination  Control 47 

Species Year b t0 b t0 48 

Crepis biennis 2009 0.041 ± 0.022 262 ± 121           — 
1
 487 ± 123

1
 49 

Crepis capillaris 2008 0.065 ± 0.018 173 ± 59 0.054 ± 0.016 349 ± 74 50 

C.  capillaris 2009 0.031 ± 0.016 335 ± 114 0.016 ± 0.004 490 ± 65 51 

Leontodon autumnalis 2008 0.053 ± 0.025 150 ± 45 0.036 ± 0.016 243 ± 103 52 

Taraxacum officinale 2009 0.077 ±  0.064 395 ± 140 0.058 ± 0.024 376 ± 138 53 

1 
in this group, some curves could not be fitted, but a conservative estimate of t0 was used (see 54 

Methods) 55 

56 

Chapter 3: Flower closure and plant-pollinator interactions

Dissertation J Fründ 88



  

 

 Appendix of Fründ et al.: Flower closure in response to pollination 

 3 

Table S3: ANOVA contrast results for additional hand pollination 57 

controls 58 

Species     comparison
1
   t   p   mean t0 (min) 59 

                   groupA  groupB 60 

C. biennis   hetero
2
 vs. cross  -4.23  0.002  600   262 61 

      hetero vs. none  -1.41  0.18  600   487 62 

 63 

C. capillaris
3
  self vs. cross   -2.64  0.021  468   335 64 

      self vs. none   0.43  0.64  468   447 65 
1
 refers to the type of flower head used for hand pollination 66 

2
 hetero-specific hand pollination with flower heads of Picris hieracioides 67 

3  
Plant set tested in 2009 68 

 69 

Table S4: Number of seeds produced by flower heads of Crepis biennis 70 

of different flower closure after pollination treatments 71 

Group of flower heads
1
         Closure time (t0)    No. of seeds 72 

(treatments)            [mean ± 1 sd]     [mean ± 1 sd] 73 

all cross-pollinated and one non-pollinated  269 ± 110      41.0 ± 7.6 74 

 75 

all “hetero” and all but one “none”     561 ± 66      4.1 ± 4.6 76 
1
 flower heads could be clearly grouped into two groups with either mostly fertile seeds or mostly 77 

sterile seeds; the one non-pollinated flower head in the first group was probably unintentionally 78 

pollinated by the observer or insects in the exclusion cage  79 

 80 

 81 

82 
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Table S5:  Plant species codes for Fig S2 83 

Code  Plant Species       Family 84 

Asgl  Astragalus glycyphyllosL.   Fabaceae 85 

Cia  Cirsium arvense (L.) Scop.  Asteraceae 86 

Con  Convolvulus arvensis L.   Convolvulaceae 87 

Cor  Securigera varia (L.) Lassen  Fabaceae 88 

Crb  Crepis biennis L.      Asteraceae: Cichorioideae 89 

Dau  Daucus carota L.      Apiaceae 90 

Falc  Falcaria vulgaris Bernh.   Apiaceae 91 

Gv  Galium verum L.      Rubiaceae 92 

Her  Heracleum sphondylium L.  Apiaceae 93 

Kn  Knautia arvensis (L.) Coult.  Dipsacaceae 94 

Ltub  Lathyrus tuberosus L.    Fabaceae 95 

Melial Melilotus albus Med.    Fabaceae 96 

Mlup  Medicago lupulina L.    Fabaceae 97 

Myo  Myosotis cf. arvensis (L.) Hill. Boraginaceae 98 

Pas  Pastinaca sativa L.     Apiaceae 99 

Pic  Picris hieracioides L.    Asteraceae: Cichorioideae 100 

Pl   Plantago lanceolata L.    Plantaginaceae 101 

Pru  Prunella vulgaris L.     Lamiaceae 102 

Sen  Senecio jacobea L.     Asteraceae 103 

Tdu  Trifolium dubium Sibth.   Fabaceae  104 

Tp   Trifolium pratense L.    Fabaceae 105 

Trep  Trifolium repens L.     Fabaceae 106 

 107 

 108 

 109 

110 
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Table S6: Pollinator species codes for Fig S2 111 

 112 

Code  Pollinator Species        Family 113 

Abys  Anthidium byssinum (Panzer 1804)     Megachilidae 114 
Afla  Andrena flavipes Panzer 1799      Andrenidae 115 
Amla  Andrena minutula (Kirby 1802)     Andrenidae 116 
Amloi  Andrena minutuloides Perkins 1914    Andrenidae 117 
Bhum  Bombus humilis Illiger 1806      Apidae 118 
Bhyp  Bombus hypnorum (Linnaeus 1758)    Apidae 119 
Blap  Bombus lapidarius (Linnaeus 1758)    Apidae 120 
Bluc  Bombus cf. lucorum s.l. (Linnaeus 1758)   Apidae 121 
Bpas  Bombus pascuorum (Scopoli 1763)    Apidae 122 
Bsyl  Bombus sylvarum (Linnaeus 1761)    Apidae 123 
Bter  Bombus cf. terrestris (Linnaeus 1758)    Apidae 124 
Clatif  Cheilosia latifrons (Zetterstedt 1843)   Syrphidae 125 
Csor  Cheilosia soror (Zetterstedt 1843)    Syrphidae 126 
Cvul  Cheilosia vulpina (Meigen 1822)     Syrphidae 127 
Ebal  Episyrphus balteatus (Degeer 1776)    Syrphidae 128 
Eten  Eristalis tenax (Linnaeus 1758)     Syrphidae 129 
Hdif  Hylaeus difformis (Eversmann 1852)   Colletidae 130 
Hgre  Hylaeus cf. gredleri  Förster 1871    Colletidae 131 
Hpen  Helophilus pendulus (Linnaeus 1758)    Syrphidae 132 
Hsim  Halictus cf. simplex Blüthgen 1923    Halictidae 133 
Htum  Halictus tumulorum (Linnaeus 1758)    Halictidae 134 
Hvar  Hylaeus variegatus (Fabricius 1798)    Colletidae 135 
Lcal  Lasioglossum calceatum (Scopoli 1763)   Halictidae 136 
Lglab  Lasioglossum glabriusculum (Morawitz 1872)  Halictidae 137 
Llatic  Lasioglossum laticeps (Schenck 1868)    Halictidae 138 
Llativ  Lasioglossum lativentre (Schenck 1853)   Halictidae 139 
Lleu  Lasioglossum leucozonium (Schrank 1781)  Halictidae 140 
Lmal  Lasioglossum malachurum (Kirby 1802)   Halictidae 141 
Lmor  Lasioglossum morio (Fabricius 1793)    Halictidae 142 
Lpaux  Lasioglossum pauxillum (Schenck 1853)   Halictidae 143 
Lpol  Lasioglossum politum (Schenck 1853)    Halictidae 144 
Lspec  Lasioglossum sp.          Halictidae 145 
Lvil  Lasioglossum villosulum (Kirby 1802)    Halictidae 146 
Mflo  Myathropa florea (Linnaeus 1758)     Syrphidae 147 
Mlep  Melitta leporina (Panzer 1799)      Melittidae 148 
Mmel  Melanostoma mellinum (Linnaeus 1758)   Syrphidae 149 
Mver  Megachile versicolor Smith 1844    Megachilidae 150 
Mwil  Megachile willughbiella (Kirby 1802)    Megachilidae 151 
Nfla  Nomada flavopicta (Kirby 1802)     Anthophoridae 152 
Oleu  Osmia leucomelana (Kirby 1802)     Megachilidae 153 
Ospi  Osmia spinulosa (Kirby 1802)      Megachilidae 154 
Pcal  Panurgus calcaratus (Scopoli 1763)    Andrenidae 155 
Phaem  Paragus haemorrhous Meigen 1822    Syrphidae 156 
Pvid  Pipizella viduata (Linnaeus 1758)     Syrphidae 157 
Spyr  Scaeva pyrastri (Linnaeus 1758)     Syrphidae 158 
Sscr  Sphaerophoria scripta (Linnaeus 1758)   Syrphidae 159 
Svit  Syrphus vitripennis Meigen 1822     Syrphidae 160 

 161 

  162 
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Table S7: Prevalence of Cichorioideae in published plant-pollinator 164 

interaction network studies 165 

Continent  Country Citation # Cichorieae 
species 

% of 
species 

Europe Azores Olesen et al. 2002 Divers. Distrib. 8: 181-192 0 0 

 Canary Islands Dupont et al. 2003 Ecography 26: 301-310 1 9 

 England Memmott 1999 Ecol. Lett. 2: 276-280 5 15 

 England Carvalheiro et al. 2008 J. Appl. Ecol. 45: 1419–1427 5 6 

 England Dicks et al. 2002 J. Animal. Ecol. 71: 32-43 3 9 

 England Forup & Memmott 2005 Restoration Ecol. 13:265-274 4 10 

 Germany this study 11 7 

 Germany Weiner et al. Basic Appl. Ecol. doi:10.1016/j.baae.2010.08.006 5 6 

 Germany Kratochwil et al. 2009 Apidologie 40: 634-650 4 10 

 Norway Hegland & Totland 2005 Oecologia 145: 586–594 0 0 

 Norway Lázaro et al. 2009 Oikos 118: 691-702 5 16 

 Spain Stang et al. 2006 Oikos 112: 111-121 2 8 

 Spain Bosch et al. 1996 Oecologia 109:583–591 3 18 

 Switzerland Albrecht et al. 2010 Oikos 119: 1610–1624 4 7 

America Argentina Morales & Aizen 2006 J. Ecol. 94: 171–180 1 3 

 Argentina Medan et al. 2002 Arc. Antarct. Alp. Res. 34:233-241 1 2 

 Argentina Vazquez & Simberloff 2002 Am. Nat. 159:606-623 0 0 

 Canada Barrett & Helenurm 1987 Can. J. Bot. 65:2036-2046 0 0 

 Canada Hocking 1968 Oikos 19:359-388 1 3 

 Canada Kevan 1970 Ph.D. thesis, University of Alberta 1 3 

 Canada Mosquin & Martin 1967 Can. Field Nat. 81:201-205 1 9 

 Canada Small 1976 Can. Field Nat. 90:22-28 0 0 

 Chile Arroyo et al. 1982 Am. J. Bot. 69:82-97 0 0 

 Chile Smith-Ramirez et al. 2005 Bot. J. Linn. Soc. 147: 399–416 0 0 

 USA Clements & Long 1923 Washington, D.C., USA, Carnegie 
Institute of Washington 

1 1 

 USA Motten 1986 Ecol. Monogr. 56:21-42 0 0 

 USA Robertson 1929 Carlinville, IL, USA, C. Robertson 5 1 

 USA Schemske et al. 1978 Ecology 59: 351-366 0 0 

 USA Alarcon et al. 2008 Oikos 117: 1796-1807 0 0 

  Venezuela Ramirez & Brito 1992 Bot. J. Linn. Soc. 110:277-302 0 0 

others Australia Inouye & Pyke 1988 Aust. J. Ecol. 13:191-210 2 5 

 Galapagos McCullen 1993 Pan-Pac. Entomol. 69:95-106 1 1 

 Greenland Olesen et al. 2008 Ecology 89: 1573–1582 1 3 

 Japan Kato et al. 1990 Contr. Biol. Lab. Kyoto Univ. 27:309-375 0 0 

 Kenya Hagen & Kraemer 2010 Biol. Cons. 143: 1654–1663 0 0 

 Mauritius Kaiser-Bunbury et al. 2009 Perspect. Plant Ecol. Evol. Syst. 11: 
241–254 

0 0 

 Mauritius Olesen et al. 2002 Divers. Distrib. 8: 181-192 0 0 

 Mongolia Yoshihara et al. 2008 Biol. Cons. 141: 2376-2386 2 5 
1Studies on plant-pollinator communities compiled by an extensive literature search (all studies included for which data of 166 
sufficient resolution were available, excluding studies restricted to small taxonomic subsets of the whole network, avoiding 167 
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multiple studies of the same network). Thanks to the interaction web database (http://www.nceas.ucsb.edu/interactionweb/) 168 
for providing access to some of the data. 169 
2 The number of plant species of the tribe Cichorieae within the family Asteraceae being part of the interactions analysed  170 

171 
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Fig. S1. Circadian pattern of flower visitation to (a) Cichorioideae and (b) all plants, in a set 174 

of 32 single-day networks from different meadow sites. (c) shows the sampling effort in hours 175 

(estimated from average times of transect and plot observations). Most visits to Cichoriods 176 

occurred well before 13:00. This small-scale temporal pattern reflects early flower closure and 177 

is not caused by the temporal distribution of sampling nor is it a consequence of overall 178 

pollinator activity or nectar availability (as many plants were also visited in the afternoon). 179 

 180 

 181 

(a) 

(b) 

(c) 
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 189 
 190 

Fig. S3. Plots showing alternative (raw) response variables for the relationships shown in 191 

Fig. 6  (a-d)of the main article presenting patterns in plant-pollinator interaction webs from 192 

grasslands. In all cases, the same trends can be found. (a) Interaction dissimilarities (Bray-193 

Curtis) without controlling for null model, F1,28 = 4.1, p = 0. 053. (b) Pollinator community 194 

dissimilarities (Bray-Curtis) without controlling for null model, F1,28 = 4.2, p = 0. 049. (c) 195 

Visitation rate (visits per inflorescence and 15 min) of morning and afternoon, showing the 196 

shift to afternoon visitation in webs with a high percentage of early closing Cichorioideae. 197 

This was indicated by a significant interaction between time of day and proportion of 198 

Cichorioideae (F1,12 = 11.1, p = 0.006) in a linear mixed effects model with “web” as random 199 

grouping factor. Note the log-sclae of the y-axis. (d) Time of day when > 90% of visits 200 

received, here without controlling for differences in day length / time of year. Times are given 201 

according to the 24h-clock. Weather: F1,16 = 17.0, p < 0.001; log[bee visitation rate + 0.05]: 202 

F1,16 = 52.9, p < 0.001. 203 

204 
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Appendix S1: Additional information about randomization procedures 205 

used for dissimilarity analyses 206 

Dissimilarity indices are sensitive to sample size and do not reach the theoretical minimum of 207 

zero with discrete samples of identical communities (Wolda 1981; Fig. S1.1). We tried to 208 

account for this problem by substracting the expected value estimated by a randomization 209 

(null model) procedure that redistributes observations among the two community (or network) 210 

subsets (i.e., times-of-day) keeping total frequencies per species (or link) and subset by using 211 

function r2dtable, an implementation of Patefield’s (1981) algorithm (see Fig. S1.2 a-b for 212 

expected values). This simulates sampling from identical communities (or networks,  213 

respectively). Note that the null model approach applied here did not randomize the 214 

interaction web matrices, but only re-assigned observations among the two subwebs. 215 

  To evaluate the robustness of our results and conclusions to the choice of randomization 216 

procedure, we also performed an alternative null model analysis in addition to the one 217 

presented in the main article. In this alternative approach, total frequencies per species (or 218 

link) were not fixed per network, but used as probability for the sampling of community-219 

subsets of the same size (number of observations) as the original subsets. Here we sampled 220 

with replacement, therefore it is a ‘bootstrap’ approach (similar to Fig. S1.1; see Fig. S1.2 c-d 221 

for expected values). This alternative procedure produced very similar results (Fig. S1.3), but 222 

expected values were slightly lower than for the preferred randomization approach, which 223 

keeps the same number of species as in the observed sample. 224 
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 225 

Fig. S1.1. Sampling from a virtual community of 10 species with equal abundance (sampling 226 

probability), showing the dissimilarity between two samples estimated by different indices. 227 

Points represent the mean index value of 100 random draws for a given sample size, and 228 

different colors indicate different sample size ratios between the different subsamples: for the 229 

black dots, both subsamples had the same number of individuals, the red dots represent a 230 

sample size ratio of 3:1 and the blue dots a ratio of 9:1 - i.e., in the case of 100 total 231 

individuals, one subsample had 50 (25, 10) and the other 50 (75, 90) individuals. This figure 232 

shows that all these indices, including those said to be insensitive to sampling effects, indicate 233 

larger than zero dissimilarity even though samples from the same community are compared. 234 

The bias depends nonlinearly on sample size, has a different relationship for each index, and 235 

is stronger with unequal sizes of subsamples. Method: Ten ‘species’ were sampled with 236 

replacement (function sample in R), and the dissimilarity between two resulting 237 

‘communities’ (frequency tables) for each sample size was calculated using the function 238 

vegdist in the ‘vegan’ R package (Oksanen et al. 2010) for all indices except Bray-Curtis. The 239 

package documentation should also be consulted for further information on the different 240 

indices. 241 
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a)  interactions – r2dtable        b) pollinator communities – r2dtable 242 
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c) interactions – bootstrap        d) pollinator communities – bootstrap 244 
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Fig. S1.2. Expected dissimilarity values for randomization of the data according to the null 246 

hypothesis of no difference between a.m.- and p.m.-subweb, mean and 95%-confidence 247 

interval of 1000 replicates of the null model. (a) and (b) show expected values for the null 248 

model used in the main manuscript (fixing marginal totals), and (c) and (d) show expected 249 

values for an alternative randomization procedure (see Fig. S1.3). Confidence limits for the 250 

slopes of the regression lines of null model values are a) -0.154 to +0.128, and b) -0.145 to 251 

+0.167, compared to slopes of observed values of +0.258 and +0.327, respectively. This 252 

confirms that the increase of dissimilarity with % Cichoirioideae visits can not be expected by 253 

the null model. 254 

255 
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 256 

Fig. S1.3. Alternative versions of the relationships shown in Fig. 6 of the main article, but 257 

here the expected values are estimated by a bootstrap approach. Showing the relationship 258 

between within-day turnover of interactions or pollinator assemblies and the proportion of 259 

early-closing Cichorioideae plants in a network. obs.-exp. indicates that expected values 260 

(mean of 1000 replicates) were substracted from the observed dissimilarity values to get the 261 

response variable. (a) Dissimilarity of interactions between morning and afternoon subwebs, 262 

regression line: p = 0.011. (b) Dissimilarity in pollinator species composition between 263 

morning and afternoon subwebs, regression line: p = 0.002. 264 
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Abstract  

Species-rich tropical communities are expected to be more specialized than their 

temperate counterparts. Several studies have reported increasing biotic specialization 

toward the tropics, whereas others have not found latitudinal trends once accounting for 

sampling bias or differences in plant diversity. Thus, the direction of the latitudinal 

specialization gradient remains contentious. With an unprecedented global data set, we 

investigated how biotic specialization between plants and animal pollinators or seed 

dispersers is associated with latitude, past and contemporary climate, and plant diversity. 

We show that in contrast to expectation, biotic specialization of mutualistic networks is 

significantly lower at tropical than at temperate latitudes. Specialization was more closely 

related to contemporary climate than to past climate stability, suggesting that current 

conditions have a stronger effect on biotic specialization than historical community 

stability. Biotic specialization decreased with increasing local and regional plant diversity. 

This suggests that high specialization of mutualistic interactions is a response of 

pollinators and seed dispersers to low plant diversity. This could explain why the 

latitudinal specialization gradient is reversed relative to the latitudinal diversity gradient. 

Low mutualistic network specialization in the tropics suggests higher tolerance against 

extinctions in tropical than in temperate communities. 
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Summary

Species-rich tropical communities are expected to be more

specialized than their temperate counterparts [1–3]. Several

studies have reported increasing biotic specialization
toward the tropics [4–7], whereas others have not found

latitudinal trends once accounting for sampling bias [8, 9]
or differences in plant diversity [10, 11]. Thus, the direction

of the latitudinal specialization gradient remains conten-
tious. With an unprecedented global data set, we investi-

gated how biotic specialization between plants and animal
pollinators or seed dispersers is associated with latitude,

past and contemporary climate, and plant diversity. We
show that in contrast to expectation, biotic specialization

of mutualistic networks is significantly lower at tropical
than at temperate latitudes. Specialization was more closely

related to contemporary climate than to past climate
stability, suggesting that current conditions have a stronger

effect on biotic specialization than historical community
stability. Biotic specialization decreased with increasing

local and regional plant diversity. This suggests that high
specialization of mutualistic interactions is a response of

pollinators and seed dispersers to low plant diversity. This
could explain why the latitudinal specialization gradient is

reversed relative to the latitudinal diversity gradient. Low
mutualistic network specialization in the tropics suggests

higher tolerance against extinctions in tropical than in
temperate communities.

Results and Discussion

Latitudinal Specialization Gradient

In order to test the direction of the latitudinal specialization
gradient, we gathered a global data set comprising a total of

28These authors contributed equally to this work

*Correspondence: matthias.schleuning@senckenberg.de
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282 quantitative pollination and seed dispersal networks from
80 sampling regions (58 for pollination, 22 for seed dispersal)
ranging in absolute latitude from 0� to 82� (Figures 1A and
1B; see also Table S1 available online). Original studies
reported the number of pollinator or seed disperser individuals
feeding on a plant species or the number of individuals of a
consumer species carrying pollen or seeds of a plant species.
Although pollinator and seed disperser species differ in the
efficiency of mutualistic services provided to plant species

[12, 13], because original studies did not report interaction
efficiencies, we relied on estimates of interaction strength as
a surrogate for the mutualistic importance of a consumer
species for a plant species [12].
We estimated specialization of the interacting species by

assessing patterns of niche partitioning and resource overlap
among pollinator or seed disperser species [14–16]. We
exploited recent advances in the analysis of quantitative inter-
action networks that facilitate the comparison of network-wide
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Figure 1. Latitudinal Trends in Specialization of Pollination and Seed Dispersal Networks

(A) Global distribution of pollination (red) and seed dispersal (blue) networks. Color intensities of triangles reflect mean network specialization (DH2
0) in each

study region: color intensity increases with DH2
0.

(B) Examples of a generalized pollination network with functionally redundant pollinators (top: DH2
0 = 0.18, 13�S) and a specialized network with functionally

distinct pollinators (bottom: DH2
0 = 0.51, 51�N). Pollinators are shown at top and plants at bottom of the networks.

(C) The relationship between DH2
0 and latitude. Symbol size corresponds to weights by sampling intensity in each region.

(D and E) The difference in DH2
0 between tropical (%23.5�) and nontropical (>23.5�) regions. Thick horizontal lines are medians, boxes indicate 25th and 75th

percentiles, whiskers indicate the data range, and the circle is an outlier. See Figure S1 for consistent latitudinal trends in alternative indices of biotic special-

ization and Table S1 for an overview of the data set.
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specialization among communities differing in species rich-
ness [16]. This approach aims at integrating specialization
across individual species to the community level, providing
information about functional complementarity and redun-
dancy among species [17]. The specialization metric gives
more weight to frequently observed rather than rarely
observed species and is weighted by interaction frequencies
[16]. This mitigates potential biases in estimates of specializa-
tion by giving low weights to accidental observations of
consumers on plants with which they are rarely associated.

We found that specialization of both pollination and seed
dispersal networks decreased significantly toward tropical
latitudes (Figure 1C; Table 1). The same pattern was found
in a categorical approach: specialization of both network
types was significantly lower in the tropics than in temperate
regions (Figures 1D and 1E); this pattern was also found
when we restricted the analysis to the New World (F1,44 =
4.2, p = 0.047) or the Old World (F1,29 = 11.0, p = 0.002).
We emphasize that alternative indices of biotic specialization
(i.e., connectance, unweighted and weighted generality),
as well as guild-specific analyses for plants and animals,
showed corresponding latitudinal trends, all confirming a
lower degree of specialization in the tropics (Figure S1). This
finding contradicts the long-standing assumption that biotic

interactions are more specialized in species-rich tropical
communities [1–7], which appears to be reversed for mutual-
istic interactions involving mobile pollinators and seed
dispersers.

Effects of Climate and Plant Diversity

In order to identify climatic factors that may determine the
latitudinal specialization gradient, we tested for effects of
past climate stability (i.e., climate-change velocity [18]) and
contemporary climate on network specialization. To describe
the latitudinal gradient in contemporary climate, we focused
on cumulative annual temperature [19], which was closely
associated with potential and actual evapotranspiration (Fig-
ure S2). Both past climate stability and contemporary climate
have been postulated to influence biotic specialization [3, 5].
Past climate stability reflects the temporal stability of local
communities and the available time for coevolution [20].
Effects of contemporary climate on network specialization
might be mediated by an increase in plant diversity in warm
climates [21] because high plant diversity reduces relative
abundances and densities of resource species. Consistent
with optimal foraging theory, reduced densities of resource
plants lead to longer search times [22] and constrain the
specialization of consumer species [23].
Specialization of seed dispersal networks increased with

increasing climate-change velocity (Figure 2A), suggesting
that coevolutionary processes have led to more generalized
seed dispersal systems in regions with stable climates. This
is in line with recent ideas that diffuse coevolutionary
processes in mutualistic networks favor trait convergence
[24]. On the other hand, specialization of pollination networks
was unaffected by climate-change velocity (Figure 2A),
possibly due to multiple trade-offs between the benefits of
low and high degrees of specialization for the fitness of
plants and pollinators that preclude general specialization
trends over evolutionary timescales [25]. In contrast, increas-
ing specialization with increasing past climate stability has
been shown for plant-hummingbird networks [5]. Reasons
for these divergent findings may include strong direct compe-
tition between hummingbirds [26] and tight coadaptations
between hummingbirds and their food plants [27], leading to
increased network specialization where species composition
is relatively stable. Effects of past climate fluctuations on
hummingbird range-size dynamics may have caused the
breakup of coadapting plant-hummingbird species pairs in
areaswith low past climate stability [5, 20]. Other types of polli-
natorsmay bemore flexibly linked to their resource plants [28],
resulting in weak effects of community stability on network
specialization.
Specialization of both pollination and seed dispersal

networks consistently decreased with increasing cumulative
annual temperature (Figure 2B; Table 1). The effect of contem-
porary climate on network specialization was much stronger
than that of past climate stability (cf. R2 values in Table 1
and Akaike weights from multipredictor models in Table S2),
showing that current conditions, rather than historical pro-
cesses, have influenced associations among consumer and
resource species in mutualistic networks. Consistent with
the effect of contemporary climate, network specialization
also decreased with increasing plant diversity both regionally
and locally (Figures 3A and 3B; Table 1). Differences in plant
diversity and associated changes in relative resource abun-
dances provide a generic explanation for decreasing network
specialization with decreasing latitude because both regional

Table 1. Minimal Adequate Linear Models for Relationships between

Network Specialization DH2
0 and Predictor Variables

Predictor b t p

Absolute Latitude (n = 80, R2 = 0.24, p < 0.001)

Network type (pollination) 0.122 2.70 0.009

Absolute latitude 0.696 3.40 0.001

Network type (pollination) 3 absolute latitude 20.408 21.67 0.098

Past Climate Stability (n = 80, R2 = 0.19, p = 0.003)

Network type (pollination) 0.160 3.09 0.003

Glaciated during LGM 0.072 1.95 0.055

Climate-change velocity 0.555 2.59 0.012

Network type (pollination) 3 climate-change

velocity

20.564 22.36 0.021

Contemporary Climate (n = 80, R2 = 0.27, p < 0.001)

Network type (pollination) 0.464 1.93 0.057

Growing degree days 20.456 24.54 <0.001

Regional Plant Diversity (n = 78, R2 = 0.13, p = 0.004)

Network type (pollination) 0.065 2.50 0.015

Regional plant diversity 20.250 22.13 0.036

Local Plant Diversity (n = 232, R2 and p values not applicable for mixed

effects models)

Network type (pollination) 0.058 1.96 0.052

Local plant diversity 20.233 22.49 0.014

Models correspond to relationships in Figures 1C, 2, and 3. See Figure S4

for spatial autocorrelation inmodel residuals and Table S3 for independence

of DH2
0 from sampling effort and network size. For analyses of latitude, past

climate stability, contemporary climate, and regional plant diversity, least

squares of linear models were weighted according to the sampling intensity

within a region. For analysis of local plant diversity, we accounted for the

spatial structure in the data by fitting mixed-effects models with region as

random effect. For analyses of latitude, contemporary climate, and regional

and local plant diversity, we compared fivemodels (includingmain and inter-

action effects of the respective predictor variable and network type), and for

analysis of past climate stability, we compared nine models (including main

and interaction effects of climate-change velocity and network type plus the

additional covariate glaciated during last glacial maximum [LGM]). Minimal

adequate models were those with the lowest Akaike information criterion,

corrected for small sample size, AICc.
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and local plant species richness decreased with latitude (Fig-
ure S3). The latitudinal gradient in the diversity of animal-polli-
nated flowers and animal-dispersed fruits is even stronger
than the overall plant diversity gradient [29]. Previous studies
have shown that increasing plant diversity in the tropics is
also associated with both a wider range of resource traits
[4, 30] and a larger number of distinct pollination systems
[11]. In response to high functional resource diversity, gener-
alist consumer species may evolve traits [28, 30] that enable
them to use resources fromawide trait spectrum [24], whereas
consumer species associated with a specific pollination or
seed dispersal syndrome may utilize various plant species
within that syndrome [28, 30]. Consistent with previous work
at the local scale [23], our findings suggest that high resource
diversity may represent a key driver of generalization of
consumer species in mutualistic networks.

Influence of Guild Structure and Network Sampling

Latitudinal trends in guild structure could also influence latitu-
dinal differences in specialization. Whereasmost tropical seed
dispersers feed on fruits throughout the year, most seed
dispersers in temperate systems switch diet between fruits
and invertebrates [31]. Frugivore species appear to be more
generalized than omnivores in seed dispersal networks [32].
In our data set, frugivores were more numerous in tropical
than in temperate systems (ANOVA: F1,20 = 7.0, p = 0.015),
and network specialization was negatively associated with
their proportion in the network (Pearson correlation: r =20.60,
p = 0.003). Pollinator communities also differed between
tropical and temperate latitudes: the proportion of long-lived
pollinator species (vertebrate pollinators and social insects
with perennial colonies, such as honeybees, stingless bees,
and ants) was higher in tropical than in temperate systems
(ANOVA: F1,51 = 79.7, p < 0.001). Long-lived species might
use more different resources during their life span than short-
lived species. The latitudinal difference in longevity, however,

could not be assigned unequivocally to network specialization
(Pearson correlation: r = –0.26, p = 0.056). Differences in guild
structure among tropical and temperate consumer communi-
ties may supplement effects of climate and plant diversity on
network specialization, and future studies should aim at sepa-
rating the relative role of changes in consumer communities
from that of climate and plant diversity.
Despite the fact that we compiled the most comprehensive

global database of quantitative mutualistic networks thus far,
we are aware that the data set is heterogeneous, combining
interaction data from different studies. We assessed the
sensitivity of our results to potentially confounding latitudinal
differences in network sampling. Specifically, we tested the
effects of time span of observation (number of observation
days), habitat type (forest versus nonforest habitats), and
taxonomic completeness of sampling (entire species commu-
nity versus single plant and/or animal family) together with
the effects of past climate stability and contemporary climate
on network specialization. This multipredictor analysis sup-
ported our conclusion that contemporary climate was the
best predictor to explain the latitudinal specialization gradient
(Table S2).

Conclusions

We found that specialization of pollination and seed dispersal
networks decreases toward tropical latitudes. This finding
calls for a careful rethinking of the role of specialized biotic
interactions as a cause of high tropical diversity. Furthermore,
we showed that past climate stability is related to specializa-
tion only in seed dispersal networks, whereas specialization
in both pollination and seed dispersal networks is associated
with contemporary climate and plant diversity. We propose
that the latitudinal specialization gradient is to a large extent
mediated by the latitudinal gradient in plant diversity because
high resource diversity requires consumer species to gener-
alize their diet.
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Figure 2. Effects of Past Climate Stability and Contemporary Climate on Specialization of Pollination and Seed Dispersal Networks

(A) Relationship between network specialization DH2
0 and climate-change velocity (m/year; log scale), i.e., climate stability from the LGM to contemporary

climate. Open triangles indicate glaciated regions during the LGM.

(B) Relationship between network specialization DH2
0 and growing degree days (�C), i.e., current cumulative annual temperature.

See Figure S2 for correlations between cumulative annual temperature and other climatic predictor variables and Table S2 for multiple predictor models

including past climate stability and contemporary climate.
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Our findings also have important implications for the robust-
ness of pollination and seed dispersal functions to disturbance
in tropical and temperate ecosystems. Low specialization of
tropical plant-animal communities is likely to increase their
functional redundancy and resistance against secondary
extinctions [33], whereas high diversity and functional comple-
mentarity of consumer species may be crucial for maintaining
ecosystem functions in the more specialized temperate
communities [17].

Experimental Procedures

Network Metrics

For each of the 282 networks, interactions among animal and plant species

were summarized in a bipartite interaction matrix between I animal species

in rows and J plant species in columns (data collection is described in the

Supplemental Experimental Procedures). Species represent the nodes of

the network, and interaction strength per link is given by the number of inter-

action events between an animal and a plant species. All network analyses

were performed with the software R [34] and the bipartite 1.17 package [35].

To quantify specialization for a weighted network, we first calculated

interaction diversity (Shannon entropy) H2 across all I animal and J plant

species [36]. In order to disentangle different degrees of specialization

from differences in species frequencies, a standardized network specializa-

tion metric has been proposed, in which the actual H2 value is compared

with the range (H2min to H2max) of possible H2 from any distribution of inter-

action events with the same number of events per species [36]. H2
0 ranges

from 0.0 for the most generalized (i.e., maximum niche overlap) to 1.0 for

the most specialized network (i.e., maximum niche divergence). In poorly

sampled networks, higher values of H2
0 can be reached by chance as

expected values of nonselective foraging deviate more strongly from

0 and may get closer to 1 [36]. Because we aimed at comparing the

most unbiased estimates of network specialization, we used a modified

specialization index DH2
0 = H2

0 – H2ran, where H2ran represents the mean

H2
0 from 1,000 randomized networks. Randomizations were performed

with the Patefield algorithm, which randomly redistributes interaction

events among all cells of the network while constraining total interaction

strength per species. DH2
0 differs only slightly from H2

0, and the latitudinal

trends in both metrics were qualitatively identical (compare Figures 1C

and S1A).

We also examined latitudinal trends in biotic specialization with other

specialization indices. We calculated two alternative indices for binary

networks: connectance, i.e., the realized proportion of possible links, and

unweighted generality, i.e., the average number of links (species degree)

per consumer species. We also determined weighted generality, i.e., the

average effective number of links per consumer species, accounting for

interaction strength [35]. Furthermore, we tested specialization trends

separately for plants and animals by calculating weighted and unweighted

means of species-level specialization d0 [36]. Because network asymmetry,

i.e., the balance between plant and animal diversity in a network, strongly

affects guild-level specialization [16], we accounted for differences in

network asymmetry, i.e., we included network asymmetry as a covariate

in guild-level analyses. In the main manuscript, we focus on DH2
0 because

it integrates specialization across the entire community [16] and was the

only metric that was affected by neither the number of interaction events

nor the number of species in the network (Table S3).

Predictor Variables

For each network location, we obtained climate-change velocity since the

last glacial maximum (LGM, 21,000 years ago) as an estimate of past climate

stability [18]. The measure describes the rate at which temperature condi-

tions have moved over the Earth’s surface since the LGM (here in m/year),

based on 2.5 min resolution maps of contemporary climate [37] and paleo-

climate projections (CCSM3 model in [38]). The spatial pattern of climate-

change velocity since the LGM is representative of the last several hundred

thousand years [39]. We also identified locations that were glaciated at the

LGM with maps of glacial extent [40]. We additionally obtained information

on contemporary climate (monthly temperatures, annual precipitation) for

each network location at a 2.5 min resolution [37]. We calculated estimates

of the cumulative annual temperature above 5�C (i.e., growing degree days)

as a measure of available thermal energy during the growing season [19].

The regional plant diversity for each network location was derived from

spatial interpolation of global plant richness data at a spatial resolution

of z12,100 km2 [21]. The local plant diversity was derived from each

network as the Shannon index of the plant species marginal totals. This

takes into account the number of observed plant species in a network
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Figure 3. Effects of Regional and Local Plant Diversity on Specialization of Pollination and Seed Dispersal Networks

(A) Relationship between network specialization DH2
0 and regional plant diversity, i.e., the number of vascular plant species (log scale) in equal-area grids of

z12,100 km2.

(B) Relationship between network specialization DH2
0 and local plant diversity, i.e., the effective number of plant species (log scale) in each network (e to the

power of Shannon diversity of plant species interaction frequencies).

Regional diversity of vascular plant species and average local plant diversity were not correlated (n = 78, r = 0.077, p = 0.505). Regional plant diversity could

not be derived for small islands (<2,000 km2, i.e., Seychelles andMauritius were excluded from this part of the analysis) andwas set to the species pool of the

entire Canadian Arctic Archipelago (340 species) for the northernmost point (Ellesmere Island). See Figure S3 for negative latitudinal trends in regional and

local plant diversity.
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and the evenness of their abundance distribution. Local plant diversity was

averaged over networks from the same location (n = 232 locations).

Statistical Analyses

Each of the 282 networks was assigned to a sampling region (n = 80

regions). Regions were defined by the original studies that focused on

a particular habitat type in a given area (see Supplemental Experimental

Procedures). Region-level analyses were conservative because they pre-

vented pseudoreplication of networks with almost identical climatic condi-

tions and overrepresentation of regions with many replicate networks.

At the global scale, we related network specialization DH2
0 to absolute

latitude, past climate stability, contemporary climate, and regional plant

diversity in linear models. We used the sampling region as the unit of repli-

cation and calculated mean DH2
0 of all networks within a region. At the local

scale, we tested the effect of local plant diversity on DH2
0 with a random-

intercept model with sampling region as random factor. For each predictor,

we fitted reduced and full models (including main effects and interaction

effects with network type) and identified the minimal adequate model

according to the lowest Akaike information criterion, corrected for small

sample size, AICc (Table 1).

In analyses at the global scale, we accounted for differences in sampling

intensities among regions with least squares weighted by sampling

intensity,

Intensityweb =

ffiffiffiffiffi
Ni

p
ffiffiffiffiffiffiffiffiffiffi
sizei

p ;

Intensityregion = log10

�
Intensityweb mean 3

ffiffiffi
n

p
+1

�
;

where Ni is the number of interactions in network i and sizei is the product of

the number of plant species and the number of animal species in network i.

Intensityweb reflects the number of interactions observed per species.

Sampling intensity per region (Intensityregion) combines mean network

sampling intensity in a region (Intensityweb_mean) with the number of

networks sampled per region (n). Analyses of the relationship between

DH2
0 and latitude with each network as a replicate (b = 0.262, p < 0.001)

and with unweighted least squares at the regional scale (b = 0.326,

p = 0.003) resulted in the same latitudinal trend as the weighted regional

analysis.We visually examined spatial dependences (Moran’s I) in the resid-

uals of all minimal adequate models. Spatial autocorrelation was negligibly

small in all cases (Figure S4).

Supplemental Information

Supplemental Information includes four figures, three tables, and Supple-

mental Experimental Procedures and can be found with this article online

at http://dx.doi.org/10.1016/j.cub.2012.08.015.
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24. Guimarães, P.R., Jr., Jordano, P., and Thompson, J.N. (2011). Evolution

and coevolution in mutualistic networks. Ecol. Lett. 14, 877–885.

25. Johnson, S.D., and Steiner, K.E. (2000). Generalization versus speciali-

zation in plant pollination systems. Trends Ecol. Evol. 15, 140–143.

26. Graham, C.H., Parra, J.L., Rahbek, C., and McGuire, J.A. (2009).

Phylogenetic structure in tropical hummingbird communities. Proc.

Natl. Acad. Sci. USA 106 (Suppl 2 ), 19673–19678.

27. Temeles, E.J., and Kress, W.J. (2003). Adaptation in a plant-humming-

bird association. Science 300, 630–633.

Current Biology Vol 22 No 20
1930

Chapter 4: Specialization and latitude

Dissertation J Fründ 109



  

 

 

28. Waser, N.M., Chittka, L., Price, M.V., Williams, N.M., and Ollerton, J.

(1996). Generalization in pollination systems, and why it matters.

Ecology 77, 1043–1060.

29. Schemske, D.W., Mittelbach, G.G., Cornell, H.V., Sobel, J.M., and Roy,

K. (2009). Is there a latitudinal gradient in the importance of biotic inter-

actions? Annu. Rev. Ecol. Syst. 40, 245–269.

30. Wheelwright, N.T. (1988). Fruit-eating birds and bird-dispersed plants in

the tropics and temperate zone. Trends Ecol. Evol. 3, 270–274.
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Figure S1, Related to Figure 1. Latitudinal Specialization Trends in Standardized and 
Unstandardized Network Metrics 
(A) Network specialization H2', i.e., standardized Shannon entropy, (B) connectance, i.e., the 
realized proportion of possible links, (C) unweighted generality, i.e., the average number of links 
(the number of observed resource plant species) per consumer species, (D) weighted generality, 
i.e., the average effective number of links per consumer species (accounting for interaction 
strength), (E) plant specialization di', and (F) animal specialization dj'. For (E) and (F) partial 
residuals are shown because regression models were adjusted for the effects of mean web 
asymmetry on plant and animal specialization in each region; web asymmetry was given as the 
difference between the effective number of plant and animal species standardized by the sum of 
the effective number of plant and animal species. Results for (E) and (F) were qualitatively 
identical for weighted and unweighted means of d', shown are weighted means across species. 
Symbol size corresponds to weights by sampling intensity in each region. We focus on a null-
model adjusted version of (A) in the main text because it was the only metric that was 
independent of sampling effort and network size (Table S3). All network metrics showed the 
same trend: Tropical communities were more generalized than temperate communities. 
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Figure S2, Related to Figure 2. Relationships between Cumulative Annual Temperature 
(Growing Degree Days) and Other Climatic Variables 
(A) Climate-change velocity (log10-scale), (B) annual precipitation, (C) potential 
evapotranspiration (PET) and (D) actual evapotranspiration (AET). Red triangles indicate 
regions with pollination networks, blue triangles regions with seed dispersal networks. Filled 
triangles indicate tropical regions, open triangles indicate non-tropical regions. Cumulative 
annual temperature is closely related to gradients in annual precipitation, AET and PET, 
probably because climates in most study regions were not limited by water availability. Values 
for potential (PET) and actual evapotranspiration (AET) were taken from a global aridity 
database (http://www.cgiar-csi.org/data/item/51-global-aridity-and-pet-database). 
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Figure S3, Related to Figure 3. Relationship between Plant Diversity and Latitude in the 80 
Study Regions 
(A) Regional plant diversity, i.e., the number of vascular plant species (log10-scale) in equal area 
grids of ≈ 12,100 km².  
(B) Mean local plant diversity, i.e., the effective number of plant species in each network (e to 
the power of Shannon diversity of plant species interaction frequencies), averaged over multiple 
networks from the same region. Red triangles indicate regions with pollination networks, blue 
triangles those with seed dispersal networks. Note that the estimates of regional plant species 
richness are likely to underestimate the latitudinal gradient in the diversity of animal-pollinated 
and animal-dispersed plants: while the proportions of animal-pollinated and animal-dispersed 
plants increase in the tropics [29], we relied on overall estimates of vascular plant species 
richness for this analysis. Regional and average local plant diversity were not correlated (n = 78, 
r = 0.077, p = 0.505). 
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Figure S4, Related to Table 1. Spatial Autocorrelation in the Residuals of Minimal 
Adequate Linear Models 
(A) Absolute latitude, (B) past climate stability, (C) contemporary climate, (D) regional plant 
diversity, and (E) local plant diversity. Minimal adequate linear models are provided in Table 1. 
Note that similarity in the residuals of all models did not decrease with increasing distance of 
discrete distance classes of 500 km, i.e., spatial autocorrelation was negligibly small in all 
minimal adequate models. Red dots indicate Moran's I similarities significantly different from 0 
(two-sided permutation test, p < 0.025). 
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Table S1, Related to Figure 1. Detailed Information about Location and Sampling Intensity 
for Each of the 80 Sampling Regions 
For each sampling region, we provide the name of the data holders, network type (pollination or 
seed dispersal), latitude and longitude [decimal degrees], country, altitude [m above sea level], 
glaciation at last glacial maximum (21,000 years ago), predominant habitat type (forest or non-
forest), completeness of sampling (full species communities or restricted to specific plant and/or 
animal families), sampling focus (plant or animal) and sampling design (sampling time 
representative for species abundance or standardized per species). We further provide the 
number of networks per region and means across all networks from a region for sampling 
duration [observation days], number of animal and plant species, number of observed interaction 
events as well as network specialization ΔH2'.  
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Table S2, Related to Figure 2. Minimal Adequate Linear Models of the Effects of Multiple 
Predictor Variables on Network Specialization (ΔH2') in 80 Study Regions 
  
(A) All minimal adequate linear models with ΔAICc < 2 

  Predictor β t p 

Best model, R² = 0.32, p < 0.001    

 Network type (pollination) 0.058 2.46 0.016 

 Growing degree days –0.594 –5.29 < 0.001 

 Habitat type (forest) 0.065 2.47 0.016 

Alternative model, ΔAICc = 0.94, R² = 0.34, p < 0.001   

 Network type (pollination) 0.068 2.71 0.008 

 Growing degree days –0.563 –4.89 < 0.001 

 Habitat type (forest) 0.071 2.65 0.010 

 Taxonomic focus (full) 0.028 1.15 0.253 

Alternative model, ΔAICc = 1.62, R² = 0.35, p < 0.001   

 Network type (pollination) 0.127 2.66 0.010 

 Growing degree days –0.552 –4.74 < 0.001 

 Habitat type (forest) 0.067 2.50 0.015 

 Climate-change velocity 0.331 1.69 0.096 

 Network type x Climate-change velocity –0.351 –1.60 0.113 

Alternative model, ΔAICc = 1.63, R² = 0.33, p < 0.001   

 Network type (pollination) 0.052 2.09 0.040 

 Growing degree days –0.572 –4.96 < 0.001 

 Habitat type (forest) 0.068 2.56 0.013 

 Observation time span –0.087 –0.82 0.418 
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Predictors were past climate stability (glaciation during LGM, climate-change velocity), 
contemporary climate (growing degree days), and potential confounding factors (time span of 
observation, habitat type, taxonomic sampling focus); network type (pollination, seed dispersal) 
was included in all models. Based on the results of univariate models, we included the 
interaction term between climate-change velocity and network type (pollination, seed dispersal) 
in all models with climate-change velocity. 
 
(B) Akaike weights for all predictor variables across all 63 model combinations. 

Predictor variable Akaike weight 

Growing degree days 0.999 

Habitat type 0.898 

Taxonomic focus 0.343 

Climate-change velocity 0.323 

Sampling period 0.308 

Glaciated during LGM 0.245 

We fitted linear models for all combinations of predictor variables (n = 63 models) and 
calculated the Akaike weights for each fitted model. The Akaike weight gives the likelihood that 
a model is the best available model, and thus the summed Akaike weight for each predictor 
variable measures the relative importance of each variable in contributing to the best model. 
Note that none of the potentially confounding variables (habitat type, taxonomic focus, sampling 
period) significantly affected ΔH2' in univariate models (p > 0.05 in all cases).
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Table S3, Related to Table 1. Correlations between Different Specialization Metrics and 
Sampling Effort and Network Size 

 (A) Sampling effort  (B) Network size 

 r p  r p 

Specialization ΔH2' –0.015 0.898  0.075 0.507 

Specialization H2' –0.361 0.001  0.093 0.413 

Connectance 0.027 0.810  –0.700 <0.001 

Unweighted Generality 0.446 <0.001  0.088 0.438 

Weighted Generality 0.313 0.005  0.076 0.501 

Plant specialization di' –0.237 0.035  0.320 0.004 

Animal specialization dj' –0.268 0.017  0.167 0.138 

(A) Sampling effort is estimated by the number of observed interactions events (log10-scale), 
and (B) network size equals the sum of plant and animal species in a network (log10-scale). 
Pearson correlation coefficients r and p-values are given; significant correlations are printed 
bold. Pearson correlations r were calculated with region as the unit of replication (n = 80 in all 
cases). ΔH2' is the only index that is neither related to sampling effort nor to network size and 
was therefore the preferred metric in the main manuscript. 
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2. Supplemental Experimental Procedures 
 
Data Set Description 
We compiled a dataset of quantitative interaction networks between plants and their animal 
pollinators or seed dispersers from original sources, accessible databases [41, 42] and co-authors. 
Each network matrix in the dataset describes the community-wide pattern of interactions among 
plants and flower visitors (called ‘pollination networks’) or plants and fruit-eating animals 
(called ‘seed dispersal networks’). Most networks were recorded by observing consumer visits to 
plant individuals, either in transect walks or in focal plant observations. Studies based on pollen 
or fecal samples from consumer species were also included but were less numerous (cf. 
‘sampling focus’ in Table S1). Most network studies used representative sampling designs, i.e., 
distributed observation times per plant species proportional to their abundance, while few studies 
standardized observation times per species (‘sampling design’ in Table S1). All network studies 
provided an estimate of the number of interaction events (interaction strength) between a plant 
and an animal species, e.g., the number of pollinator or seed-disperser individuals observed 
feeding on a plant species or the number of individuals of a consumer species carrying pollen or 
seeds of a particular plant species. Estimates of interaction strength are a meaningful surrogate 
for the mutualistic importance of a consumer species for a plant species and vice versa because 
interaction frequencies have a stronger effect on mutualist species than interaction efficiencies 
per visit [12, 43]. 

We only included networks in our meta-analysis that comprised at least 50 interaction 
events and more than four plant and four consumer species (i.e., adequately sampled networks), 
that were limited to a single community, and that were dominated by native plants or animals 
(threshold: > 80% of interactions from native species). We excluded 71 networks that did not 
meet these criteria, and the final dataset comprised 282 quantitative networks. For each of these 
networks, we recorded the location of sampling (latitude, longitude, altitude), the predominant 
habitat type (forest vs. non-forest habitats), the taxonomic completeness of sampling (entire 
species community vs. single plant and/or animal family) and the duration of sampling (the 
maximum duration was defined to be an entire year, i.e., 365 days). 

The number of networks strongly varied among the original studies. To avoid over-
representation of particular studies in the analysis, we assigned each network to a sampling 
region. These regions were defined by the original studies that focused on a particular type of 
habitat in a given area. However, networks from the same study that were more than 100 km 
apart were assigned to distinct regions; this criterion applied to four of the original studies. 
Moreover, different studies that were conducted at the same location were assigned to belong to 
the same sampling region; this was the case for two regions: La Selva (Costa Rica) and Santa 
Genebra Reserve (Brazil).  
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Abstract  

Habitat modification and human-induced climate change are having a severe impact on 

ecosystems. Plant-insect interactions in particular might become disrupted due to species-

specific responses of plants and insects towards these changes. We investigated how 

environmental change affects flower visitation and pollination with a field study 

simulating pollinator habitat loss (distance to semi-natural habitat), phenological shift 

(anticipated flowering) and environmentally induced growth (enhanced flower height). We 

established 16 habitat islands of potted plants of Sinapis arvensis L., recorded all flower 

visitors (mainly bees, flies and pollen beetles) and quantified the seed set. Experimentally 

elevated flowers were less often visited by flies, while visitation by bees was not affected. 

Further, plants distant from calcareous grassland were less often visited by bees but 

visitation by flies did not decrease. Anticipated flowering reduced the number of both 

pollinators and herbivorous pollen beetles and increased the reproductive success (seeds 

per plant) of S. arvensis, showing that the loss of mutualists was compensated by an 

escape from antagonists. During the natural flowering period more seeds were produced 

close to grasslands, especially by plants of natural height, presumably due to the higher 

bee visitation rate. However, seed production appeared to be relatively tolerant to multiple 

environmental changes due to complementary patterns among the different flower visitor 

guilds. Our results suggest complex interactions of environmental change with responses 

of mutualists and antagonists, making general predictions difficult.  
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a b s t r a c t

Habitat modification and human-induced climate change are having a severe impact on ecosystems.
Plant–insect interactions in particular might become disrupted due to species-specific responses of plants
and insects towards these changes. We investigated how environmental change affects flower visitation
and pollination with a field study simulating pollinator habitat loss (distance to semi-natural habitat),
phenological shift (anticipated flowering) and environmentally induced growth (enhanced flower height).
We established 16 habitat islands of potted plants of Sinapis arvensis L., recorded all flower visitors (mainly
bees, flies and pollen beetles) and quantified the seed set. Experimentally elevated flowers were less often
visited by flies, while visitation by bees was not affected. Further, plants distant from calcareous grassland
were less often visited by bees but visitation by flies did not decrease. Anticipated flowering reduced
the number of both pollinators and herbivorous pollen beetles and increased the reproductive success
(seeds per plant) of S. arvensis, showing that the loss of mutualists was compensated by an escape from
antagonists. During the natural flowering period more seeds were produced close to grasslands, especially
by plants of natural height, presumably due to the higher bee visitation rate. However, seed production
appeared to be relatively tolerant to multiple environmental changes due to complementary patterns
among the different flower visitor guilds. Our results suggest complex interactions of environmental
change with responses of mutualists and antagonists, making general predictions difficult.

© 2011 Elsevier GmbH. All rights reserved.

Introduction

Earth’s current state is characterized by an unprecedented over-
exploitation of natural resources (Vitousek, 1994; Baur and Erhardt,
1995; Luck, 2007; IPCC, 2008) and associated decrease in global
biodiversity (e.g. Foley et al., 2005; IPCC, 2008). The main drivers
of biodiversity loss are land use change, climate change, nitro-
gen deposition, biotic exchange and an increasing concentration
of carbon dioxide with habitat modification as a global key factor
(Sala et al., 2000; Laurance and Cochrane, 2001; Foley et al., 2005).
In spite of rising knowledge about the complexity of global envi-
ronmental change, many recent studies and models still consider
each driver separately, ignoring potential interactions (Laurance
and Cochrane, 2001; Hare, 2003; Didham et al., 2007). Discontinu-
ities and synergistic interactions among these drivers create huge
uncertainty with regard to prospective conditions (Myers, 1996;

∗ Corresponding author. Tel.: +49 0551 39 22359; fax: +49 0551 39 8806.
E-mail address: jfruend@uni-goettingen.de (J. Fründ).

1 Present address: Molecular Ecology, Institute of Zoology, Martin-Luther-
University Halle-Wittenberg, Hoher Weg 4, 06099 Halle (Saale), Germany.

Sala et al., 2000; Ewers and Didham, 2006; Darling and Côté, 2008;
Tylianakis et al., 2008). For example, today’s highly fragmented
landscapes prevent habitat specialists from tracking climate
change (Walther et al., 2002), potentially affecting mutualists and
antagonists (Tylianakis et al., 2008). Hence, there is an urgent
demand for more realistic approaches, as possible negative syner-
gism is likely to be the most important but least understood issue of
the ongoing environmental crisis (Laurance and Cochrane, 2001).

Animal-mediated pollination is a key ecosystem service crucial
to human welfare (e.g. Daily, 1997). Bees and hoverflies are among
the most important pollinators of both wild and cultivated plants
(e.g. Kearns et al., 1998; Klein et al., 2007; Jauker and Wolters,
2008). Such mutualisms, but also antagonisms, are often affected
by environmental change such as conversion and loss of natu-
ral or semi-natural habitats (Rathcke and Jules, 1993; Cane, 2001;
Tylianakis et al., 2008; Winfree et al., 2009).

Habitat fragmentation is known to affect pollinator commu-
nities and to potentially disrupt plant–pollinator interactions,
reducing seed set (e.g. Rathcke and Jules, 1993; Steffan-Dewenter
and Tscharntke, 1999; Murren, 2002; Öckinger and Smith, 2007).
In addition to such changes, different responses towards climate
change may lead to an increasing asynchrony in the life cycles

1433-8319/$ – see front matter © 2011 Elsevier GmbH. All rights reserved.
doi:10.1016/j.ppees.2010.12.001
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Table 1
Overview of the three aspects of global environmental change simulated in this study.

Global change driver Disrupting process Experimental simulation

Land use change Habitat loss/fragmentation 500–1000 m distance from semi-natural habitat
Climate change Phenological shift causing asynchrony in life cycles

of interacting species
Anticipation of flowering by greenhouse cultivation

Enhanced nutrients, temperature or CO2 Increasing flower height due to enhanced growth Elevation via platforms (0.5 m)

of insect pollinators and flowering plants, potentially disrupting
their interactions (Parmesan, 2006, 2007; Memmott et al., 2007).
Simulating phenological shift of different magnitude for individual
species within a plant–pollinator network, Memmott et al. (2007)
predict a shortage in floral food supply for a substantial proportion
of all pollinators. Another potential consequence of global change
is enhanced plant growth, e.g. caused by increased nitrogen levels,
enhanced temperature or higher CO2 partial pressure (Morecroft
et al., 1994, Tylianakis et al., 2008). Some pollinators are known to
prefer certain flower heights while foraging (Dafni and Potts, 2004;
Engel and Irwin, 2003; Hoehn et al., 2008), so enhanced growth
might influence the reproductive success of plants.

In order to test how three major global change drivers affect
plant–pollinator interactions we carried out a field study using a
full factorial design. Potted plants were established near calcareous
grasslands which are among the most species-rich semi-natural
habitats in Europe (Poschlod and WallisDeVries, 2002) but also
particularly sensitive to environmental change (Baur and Erhardt,
1995). Wild mustard (Sinapis arvensis L.) served as model plant
because it is pollinator-dependent, attracting a variety of bee
and hoverfly species, and its flowers can be heavily destroyed
by pollen beetles (Kunin, 1993; Steffan-Dewenter and Tscharntke,
1999). We examined potential differences in flower visitation and
reproductive success in response to three experimental treat-
ments: (i) pollinator habitat loss (close to versus distant from
calcareous grassland), (ii) phenological shift of plants (natural vs.
experimentally anticipated flowering period) and (iii) environmen-
tally enhanced plant growth (natural vs. experimentally enhanced
height of flowers). We tested the hypothesis that the abundance
and community composition of flower visitors differ between
treatments, thereby changing reproductive success of S. arvensis.
Further, interactions between different changes might lead to syn-
ergistic effects (as proposed by Laurance and Cochrane, 2001).

Methods

Study sites and study plants

The field study was carried out in proximity to calcareous
grasslands in southern Lower Saxony (Germany), around Göttin-
gen in 2008. This region is dominated by intensively managed
agricultural landscapes but also comprises forest fragments and
scattered remnants of semi-natural habitats like calcareous grass-
lands (Steffan-Dewenter and Tscharntke, 1999; Steffan-Dewenter
et al., 2001; Meyer et al., 2009).

Eight calcareous grasslands within heterogeneous landscapes
(>20% non-crop habitat; Tscharntke et al., 2005) have been cho-
sen. Calcareous grasslands have evolved by extensive grazing
over a long period of time (Poschlod and WallisDeVries, 2002).
They represent a retreat for thermophile and endangered special-
ists and harbour species-rich bee communities (Westrich, 1989;
Steffan-Dewenter and Tscharntke, 2000; Meyer, 2007). Nowadays,
the remaining fragments are highly endangered and therefore
protected by law in Germany (Westrich, 1989). Bees inhabiting
fragments of calcareous grassland may forage several hundred
metres (Gathmann and Tscharntke, 2002) around these habitats
and provide pollination service to plants of the agricultural matrix.

Wild mustard (Brassicaceae: Sinapis arvensis L.) is an annual,
self-incompatible plant that is native to Europe (Kunin, 1993).
It reaches a height of about 20–60 cm and flowering peaks in
June/July (Jäger and Werner, 2000). Offering easily accessible floral
resources it attracts a great variety of bees and hoverflies (Kunin,
1993; Steffan-Dewenter and Tscharntke, 1999). This plant species
naturally occurs in the agricultural matrix and not on calcareous
grassland, but profits from pollinator-rich habitats in the surround-
ing (Steffan-Dewenter and Tscharntke, 1999).

Seeds of wild mustard were sown in a greenhouse in Göttin-
gen. For the first flowering period, seeds were sown on 4 March
2008 and plants were raised under artificial long-day conditions
(15 h day length at 23/14 ◦C day/night temperature), thereby exper-
imentally anticipating flowering. For the natural flowering period,
seeds were sown on 14 April and plants were raised without heat-
ing or artificial light. Seedlings were planted into single 3.5 l pots as
soon as the first leaves emerged. All pots were filled with a mixture
of commercial garden soil (Fruhstorfer Einheitserde T25, HAWITA,
Vechta, Germany) with standardized high levels of nutrients and a
water storing granulate (BROADLEAF® P4, BOSSE, Costa Mesa, USA)
to prevent rapid dehydration of the plants. Afterwards S. arvensis
was adapted to outdoor weather conditions and positioned at the
field sites shortly before flowering.

Experimental design

To experimentally simulate environmental change (Table 1)
we established 16 artificial flower patches of S. arvensis (“habitat
islands”) within eight landscapes. In each landscape, one habitat
island was placed close to (0–5 m), and one at 500–1000 m dis-
tance from the calcareous grasslands (on a field margin), thereby
exceeding the foraging ranges of most wild bees (Gathmann and
Tscharntke, 2002; Westphal et al., 2006; Greenleaf et al., 2007).
We selected heterogeneous landscapes to safeguard a certain level
of flower visitors even at distant sites. Each of the 16 experimen-
tal habitat islands consisted of two plots, which were separated
with a distance of 1 m: four plants were put at ground level (nat-
ural height) and four plants on wooden platforms of 0.5 m height,
simulating environmentally enhanced growth caused by nutrient,
temperature or CO2 levels (Fig. 1). Per habitat island, one additional
plant covered with gauze (1.35 mm mesh size), was set up, again at
a distance of 1 m, to test the degree of pollinator dependence. The
habitat islands were monitored during two different periods. A first
set of plants was established in the field on 20 and 21 April, and a
second set on 23 and 24 May 2008, representing anticipated and
natural flowering respectively. In summary the simulated environ-
mental change factors were proximity (n = 16 replicates), flowering
period (32) and flower height (64). Including the controls, 288 potted
plants were used. All plants were protected by wire netting boxes
against herbivores and wind damage, and regularly watered during
dry weather.

Flower visitors and reproductive success

Insects visiting flowers of S. arvensis were observed during
both flowering periods. Four surveys per flowering period were
conducted, between 26 April and 12 May, and between 6 and
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Fig. 1. Design of the experimental habitat islands simulating three aspects of environmental change: (1) habitat loss (close to vs. distant from calcareous grassland within an
agricultural matrix), (2) phenological shift (anticipated vs. natural flowering period), and (3) environmentally induced growth (natural vs. enhanced height of flowers). First
observation of flower visitors was conducted in April/May, the second one in June. A different set of Sinapis arvensis plants was used in each observation period. (a) Example
photo of an experimental habitat island including plots of enhanced and natural height, representing a distant site during anticipated flowering. (b) Schematic sketch.

24 June 2008, respectively. Monitoring of flower visitors took
place mainly between 08.30 and 19.00 during sunny weather
(max. 30% cloud cover), low wind and at least 16 ◦C. Observa-
tions were performed in random order and time of day to gain
unbiased data. Matching pairs within a landscape (close to and
distant from calcareous grassland) were surveyed directly one
after the other on the same day. Each plot within a habitat island
was observed for 15 min per survey, recording all flower-visiting
insects (pollinators and herbivores) and collecting wild bees and
hoverflies with a sweep net. These 15 min were subdivided into
5-min subunits alternating between the two plots of different
flower height. Hence, each plot was monitored for one hour per
flowering period. All captured bees and hoverflies were identi-
fied to species level. Non-syrphid flies were neither caught nor
determined to species level but were included in the analyses
due to their abundance and their potential contribution to pol-
lination (see e.g. Escaravage and Wagner, 2004; Clement et al.,
2007).

After pollinator surveys were finished, potted plants were
removed from the field sites back to the cultivation site in Göt-
tingen. There the plants were placed under gauze (cage of 8 m2) to
prevent remaining flowers from being pollinated by local insects,
allowing the fruits to ripen under standardized conditions. To quan-
tify the fruit and seed set, all pods per plant were counted at
full ripeness. Afterwards 30 pods per plant were taken randomly
to count the number of seeds per fruit. The following measures
of reproductive success of S. arvensis were calculated: (a) num-
ber of seeds per pod, (b) number of seeds per plant (the number
of seeds per pod multiplied by the number of pods per plant)
and (c) dry weight per seed (calculated from the seeds of 30
pods per plant, dried for 24 h at 60 ◦C). In total, 61,458 seeds
from 8521 pods were counted. A few plants (four in the first
and 20 in the second flowering period) died due to weather con-
ditions or herbivore attacks and could not be used for analysis,
but in each flowering period at least two plants per plot sur-
vived.

Statistics

Statistical analyses were performed using R 2.11.1 for Windows
(R Development Core Team, 2010). Linear mixed-effects models
(with package “nlme”-Pinheiro et al., 2009) were used to test the
effects of the simulated environmental change treatments on the
frequency of flower visitors as well as on the reproductive suc-
cess of S. arvensis. Full models, including treatment main effects
and all interactions, were simplified by removing non-significant
terms (according to a likelihood ratio test) to obtain the final model
(Crawley, 2007).

A multiple-nested error structure was used, representing the
experimental design and its spatial arrangement: factor height
(enhanced vs. natural) was nested in flowering period (anticipated
vs. natural), which was nested in proximity (close to vs. distant from
calcareous grassland), which finally was nested in landscape (the
eight study landscapes). Landscape was only modelled as random
effect. Residuals were checked for the model assumptions (normal-
ity and homogeneity of variances). If required, response variables
were transformed (Table 2) and variance functions were used to
model heteroscedasticity.

Regarding the number of flower visitors, the visitation rate
per plot (number of flower visitors per hour and per 100 flow-
ers) was calculated to control for attraction effects of flower
abundance on visitor abundance. There was no significant differ-
ence in the number of open flowers during monitoring between
the two flowering periods (t = −0.50, p = 0.6180, means: 308.7
and 325.8 during anticipated and natural flowering, respectively).
Multiple visits by the same insect individual within one obser-
vation interval were not considered. Note that this measure of
visitation rate is not directly proportional to the number of vis-
its received by each individual flower. Only flower-visiting bees
(Hymenoptera: Apoidea) and flies (Diptera: Brachycera; hoverflies
and non-syrphid flies separately) were considered as pollinators
in the analyses. Pollen beetles (Nitidulidae: Meligethes spp.) are
major antagonists, reducing the reproductive success by destroy-
ing buds and flowers (Steffan-Dewenter and Tscharntke, 1999;
Thies and Tscharntke, 1999) and were analysed in the same way
as visitation by the three groups of potential pollinators. Other
insect groups were only observed in very low numbers except
for ants, which were excluded because they are usually regarded
as inefficient pollinators (Beattie et al., 1984; Peakall and Beattie,
1991).

The reproductive success of wild mustard was analysed in two
steps. First a comparison between open (n = 233) and enclosed
(n = 30) plants was conducted to obtain information on the extent
of pollinator dependence. Afterwards only the open plants were
used for further analyses with mixed-effects models considering
the environmental change simulations.

Species might react differently to environmental change, so
it is particularly interesting to investigate the effects of simu-
lated change on species diversity and community composition.
This was analysed only including specimens identified to species
level. Community composition could not be reliably measured
on the plot level, because for several plots there were only a
few observed individuals. Therefore we used a more reliable
approach to compare pollinator communities between the differ-
ent treatments, asking whether different species visit S. arvensis
under different conditions: For each of the three treatments,
we pooled all data for flower visitors to construct a commu-
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Table 2
Summary statistics of linear mixed-effects models testing the effect of the three simulation treatments on the number of pollinators visiting Sinapis arvensis, the number of
pollen beetles visiting S. arvensis and the reproductive success of S. arvensis. Values from the minimal adequate models are shown.

Factora Visitation rate of mutualistic and antagonistic flower visitorsb Reproductive success of
S. arvensisc

Bees Hoverflies Non-syrphid flies Pollen beetles Seeds per plant

df F p df F p df F p df F p df F p

Proximity 1, 7 14.08 0.0071** n.s. n.s. n.s. 1, 7 3.27 0.1136
Flowering 1, 14 7.25 0.0175* 1, 15 24.66 0.0002*** n.s. 1, 15 756.16 <0.0001*** 1, 14 92.36 <0.0001***
Height n.s. n.s. 1, 31 8.47 0.0066** n.s. 1, 28 5.58 0.0254*
Prox:Flow 1, 14 4.75 0.0469* n.s. n.s. n.s. 1, 14 2.19 0.1611
Prox:Height n.s. n.s. n.s. n.s. 1, 28 0.46 0.5048
Flow:Height n.s. n.s. n.s. n.s. 1, 28 1.82 0.1883
Prox:Flow:Height n.s. n.s. n.s. n.s. 1, 28 4.00 0.0553(*)

Significance levels: ***p < 0.001; **p < 0.01; *p < 0.05; (*)p < 0.1; n.s.: not significant, terms removed according to likelihood ratio tests.
a Prox(imity) = close vs. distant proximity to calcareous grassland; Flow(ering) = anticipated vs. natural flowering period; Height = natural vs. experimentally enhanced

flower height.
b log-transformed, adding a small value z, which was chosen so that the assumptions of homogeneous variance and normally distributed residuals were met most accurately

(z = 2.6 for bees, 1.7 for hoverflies, 0.4 for non-syrphid flies and 1.5 for pollen beetles). For hoverflies, a variance function was used to model an exponential variance-mean
relationship.

c Square-root transformed.

nity matrix with two rows, one for each factor level – the first
row representing species abundances under “natural conditions”,
the second row “changed conditions” (experimentally enhanced
height, anticipated flowering and distance to calcareous grass-
land, respectively). These two “communities” were compared by
calculating the Bray-Curtis dissimilarity, indicating how strongly
the flower visitor community changes with the respective fac-
tor. We then tested whether these dissimilarity values are larger
than one could explain by chance, given the observed difference
in abundance. This was done by constructing 10,000 replicates of
contingency tables with the same marginal totals as the commu-
nity matrix (command “r2dtable” in R), and using those to calculate
the (expected) confidence intervals of Bray-Curtis distance for each
factor, under the null hypothesis of no difference in species com-
position.

Results

Abundance and species richness of flower visitors

We recorded a great variety of flower visitors. Apart from the
pollen beetles, bees (30%), non-syrphid flies (22%) and hover-
flies (18%) were most abundant (see Table A1 for a summary of
all flower-visiting taxa). In total, 196 bees and 89 hoverflies (of
297 and 173 observed individuals, respectively) were caught. We
identified 30 bee species of eight genera and 23 hoverfly species
representing 14 genera (Tables A2 and A3, respectively). The most
species-rich bee genera were Andrena (ten species), Lasioglossum
(six) and Hylaeus (four). Eristalis (four species) represented the most
species-rich genus among the hoverflies, followed by Syrphus and
Platycheirus (three each). Twenty wild bee species were exclusively
found close to, but two species only distant from calcareous grass-
lands. Hoverflies showed a different pattern: Six hoverfly species
were exclusive to experimental habitat islands next to calcareous
grasslands, while eight species were observed only in the distant
sites.

Effect of treatments on flower visitation

Simulated habitat loss and phenological shift had a significant
effect on the visitation by bees (Fig. 2a, Table 2). The number of
bees visiting the model plants was significantly higher close to cal-
careous grassland as well as during the natural flowering period of

S. arvensis. A significant interaction term indicates that this increase
in bee visitation during the natural flowering period mainly hap-
pened close to calcareous grasslands and that there was almost no
effect for plots distant from the calcareous grassland.

Experimentally anticipated flowering also had a significant,
strongly negative effect on the visitation by hoverflies (Fig. 2b,
Table 2). Non-syrphid flies showed a preference for natural height
of flowers (Fig. 2c, Table 2). In contrast to the bees, visitation by
the two groups of flies was not reduced in the absence of cal-
careous grasslands, and no interactions between treatments could
be identified for them. In summary, each pollinator group reacted
differently towards the experimental treatments.

The number of pollen beetles observed on the flowers of
S. arvensis increased by more than two orders of magnitude from
the anticipated to the natural flowering period (Fig. 2d, Table 2).
Only very few pollen beetles were observed during anticipated
flowering. The other environmental change treatments did not
have significant effects on the visitation by pollen beetles.

Pollinator community composition

The species composition of the pollinator community differed
between our experimental treatments (Fig. 3). Striking differ-
ences occurred between the two flowering periods (p < 0.001) and
between close and distant habitat islands (p < 0.001). In contrast,
plants of varying flower height were visited by a more similar
community (p = 0.089). Generally, dissimilarity measures can be
influenced by differences in abundance. However, the compari-
son to the null model showed that the differences in community
dissimilarity are not predominantly explained by abundance differ-
ences. During the anticipated flowering period many flower visitor
species specific to spring and a high proportion of Andrena bees
were recorded, while during natural flowering higher numbers of
hoverflies (especially aphidophagous species) occurred, and plants
close to calcareous grasslands attracted numerous bees of the gen-
era Lasioglossum and Hylaeus (Tables A2 and A3). On average, the
bees active in spring were larger than those most abundant in sum-
mer (t = 2.53, p = 0.0144, means: 8.10 mm and 6.97 mm, n = 36/147).

Pollinator dependence

Wild mustard covered with gauze to exclude pollinating
insects differed significantly from those plants accessible to
flower visitors in two of the three parameters of reproduc-
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Fig. 2. Visitation rate (number of visitors/100 open flowers/hour) of (a) bees, (b) hoverflies, (c) non-syrphid flies and (d) pollen beetles visiting flowers of Sinapis arvensis.
Means ± SE are shown (n = 64 plots, not accounting for random effects). y-Axes are log(x + z)-transformed (see Table 2 for z-values).

tive success. In detail, open plants produced 1448 seeds per
plant and enclosed ones 573 (medians, Wilcoxon rank sum test:
W = 1626, p < 0.0001; n = 233/30), and 7.34 vs. 3.83 seeds per pod
have been found (W = 162, p < 0.0001; n = 233/30). In contrast,
dry weight per seed did not differ significantly between open
and control plants (medians: 1.93 and 1.98, W = 3376, p = 0.791;
n = 233/30).
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Fig. 3. Changes in community composition (wild bee and hoverfly species com-
bined) caused by the different simulation treatments. Filled circles represent the
observed value, open circles show medians and upper confidence limits of com-
munity dissimilarity (due to the treatment) from a permutation test randomly
redistributing individuals. See Methods for further details.

Effect of treatments on the reproductive success

Almost twice as many seeds were produced during anticipated
flowering compared to the natural flowering period, indicating a
significant response of S. arvensis towards phenological shift (Fig. 4,
Table 2). Enhanced flower height had a negative impact on the num-
ber of seeds. The minimal adequate model for seed output included
a three-way interaction between the environmental change treat-
ments: Proximity to calcareous grassland had a positive effect on
seed production only during the natural flowering period, and this
was stronger for plants of natural height. Experimental elevation
of S. arvensis had a stronger negative effect on the seed set dur-
ing anticipated flowering. Both the number of seeds per pod and
the dry weight per seed did not differ with respect to simulated
environmental change.

When flowering periods were analysed separately, the total
number of seeds per plant was higher in plants of natural flower
height in the anticipated flowering period (F1,15 = 7.89, p = 0.0132).
During natural flowering more seeds were produced in those plots
next to calcareous grasslands (F1,7 = 6.75, p = 0.0356), with an inter-
action (F1,14 = 3.18, p = 0.0960) indicating that the positive effect
of calcareous grassland was mainly present for plants of natural
height but not for plants of enhanced height. Plants of the first
flowering period were also larger (mean final heights: 0.87 m in
April/May and 0.54 m in June respectively, t = 17.56, p < 0.0001).
When the number of seeds was divided by plant height to con-
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Fig. 4. Reproductive success of Sinapis arvensis (number of seeds per plant = number
of seeds per pod multiplied by the number of pods per plant) in relation to three
treatments simulating environmental change. Means ± SE are shown (n = 233 plants,
not accounting for random effects). y-Axis is square-root transformed.

trol for differences in plants’ reproductive potential, the difference
in seed production between the flowering periods was smaller
but still significant, while the patterns within flowering periods
remained similar (Fig. A1, Table A4).

Discussion

In this study we simulated three aspects of human-induced
environmental change, investigating the impact on mutualistic and
antagonistic flower visitation and reproductive success of Sinapis
arvensis.

Simulated pollinator habitat loss resulted in a significant decline
of wild bees, which is in accordance with the findings of a recently
published meta-analysis: Winfree et al. (2009) also found a signif-
icant decline in the abundance and species richness of unmanaged
bees due to habitat loss. Steffan-Dewenter and Tscharntke (1999)
also demonstrated a decreasing number in both bee individuals and
species with increasing habitat isolation, whereas the abundance of
hoverflies did not change. In our study flower visitor communities
were strongly different in close compared to distant sites, proba-
bly because several bee species depend on calcareous grasslands.
Most of the bees abundant in the vicinity of calcareous grasslands
were not observed before the natural flowering time of S. arvensis
(in June), the importance of these grasslands as a pollinator habi-
tat was much lower in spring (April/May). Plants produced more
seeds close to the grassland compared to distant habitat islands, but
only during natural flowering. This supports the results of Steffan-
Dewenter and Tscharntke (1999), who found a significant decline
in the number of seeds with increasing isolation from calcareous
grassland: The mean seed set per plant was twice as high close to
grassland compared to a distance of 1000 m. Our study confirmed
that calcareous grasslands are an important source of bee pollina-
tors, but their importance for plants in surrounding habitats may
vary with environmental change.

Simulating phenological shift of S. arvensis, anticipated flower-
ing entailed a significant decrease in the visitation by wild bees
and hoverflies. According to a recent simulation, up to 50% of
all pollinators will suffer from a shortage in floral food supply
when the phenology of plants changes (Memmott et al., 2007). In
turn, a considerable proportion of plants is supposed to lose all
or some pollinators (Memmott et al., 2007), resulting in a decline

of fruit and seed set, especially in bee-pollinated plants (Kudo
et al., 2004). Another aspect is the avoidance of unfamiliar flow-
ers, especially rare ones, observed in bumble bees (Forrest and
Thomson, 2009). Nevertheless, in our study Sinapis-flowers were
successfully pollinated several weeks before the natural flower-
ing time and, although most of the original pollinators were not
present at that time, some generalist pollinators visited the flow-
ers even though they were rare and unfamiliar at the time. The
fact that reproductive success (number of seeds per plant) was
actually higher during anticipated flowering appeared to derive
from counterbalancing effects of herbivory and pollination, while
weather conditions (stress by alternating heavy rain and drought
impaired plant performance during the natural flowering period)
may have also played a role. Herbivorous pollen beetles can
greatly reduce the reproductive success of wild mustard (Steffan-
Dewenter and Tscharntke, 1999; Thies and Tscharntke, 1999). The
anticipation of flowering released S. arvensis from pollen beetle
pressure and appeared to compensate the bee pollinator losses.
Similarly, Steffan-Dewenter et al. (2001) found counterbalancing
effects of seed set and seed predation, which were both enhanced
along a gradient of landscape complexity. Notably, the spring pol-
linator community provided sufficient pollination service to allow
for a positive effect of enemy release. Despite their low numbers,
spring pollinators may have been more efficient due to their larger
body size (Kandori, 2002; Sahli and Conner, 2007). Seed produc-
tion responded to phenological shift in an unexpected way because
the interactions with the whole community of flower visitors were
disrupted.

The elevation of flower height had a strong negative impact on
the visitation by non-syrphid flies. However, we did not find pref-
erences of flower heights in bees or hoverflies. In other published
studies, bees responded strongly towards varying heights of flow-
ers, for example offered by pumpkins (Cucurbita moschata) (Hoehn
et al., 2008). Dafni and Potts (2004) found height preferences of
pollinating beetles (Glaphyridae: Amphicoma): Model plants with
elevated flowers obtained less visitors compared to those of natu-
ral and lowered flowers. In contrast, taller individuals of Ipomopsis
aggregata (Polemoniaceae) experienced higher visitation rates of
hummingbirds (Engel and Irwin, 2003). In our study, changes in
plant height, which may be caused by increased nutrient levels,
enhanced temperature or higher CO2 partial pressure (Tylianakis
et al., 2008), appeared to have a limited effect on plant–pollinator
interactions. Nonetheless, changes on larger scales may cause
stronger effects than in our experiment. However, despite effects
only on non-syrphid flies as flower visitors, plants of enhanced
height produced fewer seeds, but only during anticipated flower-
ing (when the difference to the surrounding vegetation height was
largest). This suggests that there were more subtle differences in
community composition or pollinator behaviour with respect to
flower height.

When several drivers of global environmental change act simul-
taneously, their effects might be non-additive, making predictions
more difficult. This is also highlighted by our study, one of the
first studies considering the joint effects of three different global
change aspects on a major ecosystem function. In two cases, we
found significant interactions between treatments simulating envi-
ronmental change (Table 2). However, combined effects in this
study were usually smaller than the sum of single change effects,
contrasting to our expectation of synergistic effects. While some
species such as specialized bees appeared to be particularly vul-
nerable, other pollinators apparently provide baseline services or
an insurance (e.g. McNaughton, 1977; Elmqvist et al., 2003) even
under changing conditions – for example the complementary pat-
terns of different flower visitor groups with respect to the three
simulated changes. A similar pattern was found for seed produc-
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tion: The negative effect of habitat loss (absence of calcareous
grassland) was strongest under the most natural conditions (natu-
ral height and natural flowering period), and no negative synergism
occurred. These results suggest that generalist plants, such as S.
arvensis, can be tolerant to moderate changes, because different
pollinator groups with different habitat requirements, behaviour
and phenology can step in to provide pollination. Other plant
species might show similar responses, as many plant species in
human-dominated landscapes share the same pollinators (e.g.,
Gibson et al., 2006). However, specialized plant species depend-
ing on specific pollinators might be much more vulnerable (but
see Ashworth et al., 2004). Understanding the complexity of envi-
ronmental change drivers affecting interspecific interactions and
ecosystem functioning still remains a huge challenge for future
research.
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Appendix A.

Table A1
Overall abundance and proportion of flower-visiting insects observed on Sinapis
arvensis.

Species group Number of
Individuals

Proportiona [%]

All bees (Hymenoptera: Apoidea) 297 30.2
Wild bees (except Bombus) 283 28.8
Bumble bees (Bombus spp.) 9 0.9
Honeybees (Apis mellifera) 5 0.5

Ants (Formicidae) 198 20.2
Stem sawflies (Cephidae) 19 1.9
Beetles (Coleoptera except M. spp.) 15 1.5
Meligethes spp. ∼26,500
Flies (Diptera except Syrphidae) 213 21.7
Hoverflies (Syrphidae) 173 17.6
Bugs (Heteroptera) 57 5.8
Butterflies (Lepidoptera) 10 1.0
All flower visitors (except M. spp.) 982

aExcept Meligethes spp.

Table A2
Captured wild bee species visiting S. arvensis. Frequency and breeding strategy. Proximity: c = close to / d = distant from calcareous grassland, flowering: n = natural /
a = anticipated flowering period, height: n = natural / e = enhanced flower height. o = oligolectic (Brassicaceae); red list-status: 3 = endangered, G = threat of unknown magnitude
(Westrich, 1989).

Bee species Frequency

Total (♂/♀) Proximity c/d Flowering n/a Height n/e Breeding strategy

Andrena agilissima (SCOPOLI 1770) o 3 6 (2/4) 2/4 5/1 4/2 Communal
A. chrysosceles (KIRBY 1802) 2 (1/1) 0/2 1/1 1/1 Solitary
A. cineraria (LINNAEUS 1758) 1 (0/1) 1/0 0/1 1/0 Solitary
A. flavipes (PANZER 1799) 2 (2/0) 2/0 1/1 1/1 Solitary
A. fucata (SMITH 1847) 1 (1/0) 0/1 0/1 1/0 Solitary
A. haemorrhoa (FABRICIUS 1781) 6 (0/6) 2/4 1/5 1/5 Solitary
A. cf. minutula (KIRBY 1802) 14 (9/5) 14/0 13/1 8/6 Solitary
A. nigroaenea (KIRBY 1802) 4 (0/4) 2/2 4/0 2/2 Solitary
A. strohmella (E. STÖCKHERT 1928) 1 (0/1) 1/0 0/1 0/1 Solitary
A. subopaca (NYLANDER 1848) 4 (0/4) 2/2 4/0 4/0 Solitary
Andrena spp. sum 41 (15/26) 26/15 29/12 23/18
Bombus hortorum (LINNAEUS 1761) 1 (0/1) 1/0 1/0 0/1 Social
B. pascuorum (SCOPOLI 1763) 1 (0/1) 1/0 1/0 0/1 social
B. pratorum (LINNAEUS 1761) 1 (0/1) 1/0 1/0 0/1 Social
Bombus spp. sum 3 (0/3) 3/0 3/0 0/3
Chelostoma rapunculi (LEPELETIER 1841) 1 (1/0) 1/0 1/0 1/0 Solitary
Halictus tumulorum (LINNAEUS 1758) 10 (2/8) 8/2 6/4 7/3 Social
Hylaeus annularis (KIRBY 1802) 1 (1/0) 1/0 1/0 1/0 Solitary
H. communis (NYLANDER 1852) 15 (6/9) 15/0 15/0 6/9 Solitary
H. confusus/gibbus 1 (0/1) 1/0 1/0 1/0 Solitary
(Nylander 1852/Saunders 1850)
H. hyalinatus (SMITH 1842) 1 (1/0) 1/0 1/0 1/0 No information
Hylaeus spp. sum 18 (8/10) 18/0 18/0 9/9
Lasioglossum calceatum (SCOPOLI 1763) 7 (1/6) 5/2 4/3 3/4 Social
L. fulvicorne (KIRBY 1802) 3 (2/1) 3/0 3/0 3/0 Solitary
L. laticeps (SCHENCK 1868) 2 (0/2) 2/0 2/0 0/2 Social
L. minutulum (SCHENCK 1853) 3 1 (0/1) 1/0 0/1 0/1 Solitary
L. morio (FABRICIUS 1793) 36 (14/22) 36/0 28/8 13/23 Social
L. pauxillum (SCHENCK 1853) 50 (14/36) 45/5 47/3 23/27 Social
Lasioglossum spp. sum 99 (31/68) 92/7 84/15 42/57
Nomada flavoguttata (KIRBY 1802) 2 (0/2) 2/0 1/1 1/1 Cuckoo
N. melanopyga (SCHMIEDEKNECHT 1882) 1 (0/1) 1/0 0/1 0/1 Cuckoo
Osmia bicolor (SCHRANK 1781) 19 (NA) 12/7 4/15 11/8 Solitary
O. brevicornis (FABRICIUS 1798) o G 1 (0/1) 1/0 1/0 1/0 Solitary
O. rufa (LINNAEUS 1758) 1 (0/1) 1/0 1/0 0/1 Solitary
Osmia spp. sum 21 (NA) 14/7 6/15 12/9
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Table A3
Captured hoverfly species visiting S. arvensis. Frequency and larval feeding group. Proximity: c = close to / d = distant from calcareous grassland, Flowering: n = natural /
a = anticipated flowering period, height: n = natural / e = enhanced flower height.

Hoverfly species Frequency

Total (♂/♀) Proximity c/d Flowering n/a Height n/e Larval feeding group

Chrysotoxum bicinctum (LINNAEUS 1758) 2 (1/1) 2/0 2/0 2/0 Aphidophagous
Epistrophe eligans (HARRIS 1780) 1 (1/0) 1/0 0/1 0/1 Aphidophagous
Episyrphus balteatus (DEGEER 1776) 13 (0/13) 4/9 13/0 3/10 Aphidophagous
Eristalis cf. arbustorum (LINNAEUS 1758) 5 (1/4) 2/3 3/2 2/3 Saprophagous
E. cf. interrupta (PODA 1761) 2 (1/1) 2/0 2/0 1/1 Saprophagous
E. pertinax (SCOPOLI 1763) 2 (1/1) 1/1 1/1 0/2 Saprophagous
E. tenax (LINNAEUS 1758) 2 (0/2) 0/2 2/0 2/0 Saprophagous
Eupeodes corollae (FABRICIUS 1794) 2 (1/1) 0/2 2/0 2/0 Aphidophagous
E. lapponicus (ZETTERSTEDT 1838) 1 (1/0) 0/1 1/0 0/1 No information
Ferdinandea cuprea (SCOPOLI 1763) 2 (0/2) 2/0 2/0 1/1 Saprophagous
Myathropa florea (LINNAEUS 1758) 1 (1/0) 0/1 1/0 1/0 Saprophagous
Neoascia podagrica (FABRICIUS 1775) 2 (1/1) 2/0 1/1 1/1 No information
Pipizella spec. (RONDANI 1856) 1 (0/1) 0/1 0/1 1/0 No information
Platycheirus albimanus (FABRICIUS 1781) 10 (2/8) 6/4 2/8 8/2 No information
P. angustatus (ZETTERSTEDT 1843) 1 (1/0) 0/1 0/1 1/0 No information
P. peltatus (MEIGEN 1822) 1 (1/0) 0/1 0/1 0/1 Aphidophagous
Sphaerophoria scripta (LINNAEUS 1758) 10 (2/8) 5/5 9/1 3/7 Aphidophagous
Scaeva pyrastri (LINNAEUS 1758) 1 (0/1) 0/1 1/0 0/1 Aphidophagous
S. selenitica (MEIGEN 1822) 8 (4/4) 3/5 8/0 5/3 Aphidophagous
Syritta pipiens (LINNAEUS 1758) 2 (2/0) 2/0 2/0 0/2 Saprophagous
Syrphus ribesii (LINNAEUS 1758) 10 (5/5) 8/2 9/1 5/5 Aphidophagous
S. torvus (OSTEN SACKEN 1875) 8 (6/2) 6/2 8/0 5/3 Aphidophagous
S. vitripennis (MEIGEN 1822) 2 (1/1) 1/1 2/0 0/2 Aphidophagous
Aphidophagous spp. sum 58 (22/36) 30/28 54/4 25/33
Saprophagous spp. sum 16 (6/10) 9/7 13/3 7/9

Table A4
Summary statistics of linear mixed-effects models testing the effect of the three sim-
ulation treatments on the reproductive success of S. arvensis (number of seeds per
plant divided by final plant height). This measure controls for differences in plants’
vegetative performance (reproductive potential, approximated by plant height).
Values from the minimal adequate models are shown.

Factora Reproductive success of S. arvensisb

Seeds per plant/plant height

df F p

Proximity 1, 7 1.01 0.3492
Flowering 1, 14 8.54 0.0111*
Height 1, 28 2.39 0.1332
Prox:Flow 1, 14 3.43 0.0852(*)

Prox:Height 1, 28 0.32 0.5782
Flow:Height 1, 28 0.14 0.7104
Prox:Flow:Height 1, 28 4.77 0.0374*

Significance levels: ***p < 0.001; **p < 0.01; *p < 0.05; (*)p < 0.1; n.s. = not significant,
terms removed according to likelihood ratio tests.

a Prox(imity) = close vs. distant proximity to calcareous grassland;
Flow(ering) = anticipated vs. natural flowering period; Height = natural vs.
experimentally enhanced flower height.

b Square-root transformed.
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Fig. A1. Reproductive success of Sinapis arvensis (number of seeds per plant divided
by final plant height) in relation to three treatments simulating environmental
change. This measure controls for differences in plants’ vegetative performance
(reproductive potential, approximated by plant height). Means ± SE are shown
(n = 233 plants, not accounting for random effects). y-Axis is square-root trans-
formed.
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Abstract 

Biodiversity can provide insurance against environmental change, but only if species 

differ in their response to environmental conditions (response diversity). Wild bees 

provide pollination services to wild and crop plants, and response diversity might insure 

this function against changing climate. To experimentally test the hypothesis that bee 

species differ in their response to increasing winter temperature, we stored cocoons of 

nine bee species at different temperatures during the winter (1.5 °C to 9.5 °C). Bee species 

differed significantly in their responses (weight loss, weight at emergence and emergence 

date). The developmental stage during the winter explained some of these differences. Bee 

species overwintering as adults generally showed decreased weight and earlier emergence 

with increasing temperature, whereas bee species overwintering in pre-imaginal stages 

showed weaker or even opposite responses. This means that winter warming will likely 

affect some bee species negatively by increasing energy expenditure, while others are less 

sensitive presumably due to different physiology. Likewise, species phenologies will 

respond differently to winter warming, potentially affecting plant-pollinator interactions. 

Responses are not independent of current flight periods: bees active in spring will likely 

show the strongest phenological advances. Taken together, wild bee diversity provides 

response diversity and potential insurance against climate change. 
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Introduction 

The consequences of global climate change for natural ecosystems can be severe (Sala 

et al. 2000; Parmesan 2006) and may affect their functioning and services (Geyer et al. 

2011). Biodiversity is threatened by climate change (Thomas et al. 2004), but it may also 

provide an insurance against environmental variation (Naeem and Li 1997; Yachi and 

Loreau 1999) including climate change: if species respond differently to climate, the 

function performed by diverse communities should be more persistent across different 

climatic conditions than the function performed by species-poor communities. This 

property is generally called „response diversity‟ (Elmqvist et al. 2003; Hooper et al. 2005; 

Laliberte et al. 2010), but it has been rarely tested whether species within functional 

groups really differ in their response to environmental change. In contrast, many studies 

on insect physiology rely on single model species (but see Addo-Bediako et al. 2002; 

Janion et al. 2009; Diamond et al. 2012). Pollination is an essential component of both 

ecosystem functioning and services (Kearns et al. 1998; Klein et al. 2007), and bees are 

the most important taxon contributing to this process (Kearns et al. 1998).  

The phenology of many organisms is influenced by temperature. Increased temperature 

advances several phenological events (Fitter and Fitter 2002; Visser and Both 2005; 

Parmesan 2006), but the extent and direction of phenological shifts may vary between 

species (Fitter and Fitter 2002), potentially disrupting species interactions by phenological 

mismatch. While there are concerns about the integrity of plant-pollinator interactions 

(Memmott et al. 2007), field experiments show limited effects of phenological shifts on 

flower visitation (Parsche et al. 2011; Rafferty and Ives 2011). 

Temperatures are predicted to increase disproportionately during the winter at least in 

Europe (Christensen et al. 2007). Effects of temperature during hibernation are less 

studied than effects of temperature during periods of activity. Generally, metabolic rate 

increases with temperature (Brown et al. 2004), which might lead to increased loss of 

stored energy in overwintering animals. Negative effects of increasing winter temperature 

have been shown for a few insect groups (e.g. flies: Irwin and Lee 2003; butterflies: 

Fartmann and Hermann 2006). While dependence of bee activity on temperature during 

the vegetation period is well known (Corbet et al. 1993; Stone 1994; Vicens and Bosch 

2000), responses to winter temperature have only been studied in a few bee species with a 

focus on improving commercial management (Krunic and Hinks 1972; Richards et al. 

1987; Bosch et al. 2000; Bosch and Kemp 2004; Sgolastra et al. 2010; Pitts-Singer and 

Cane 2011). These studies have shown that overwintering temperature influences the time 
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of adult emergence and possibly survival and weight loss. Bee emergence time is also 

influenced by temperature during spring (Kemp and Bosch 2000; White et al. 2009; 

Forrest and Thomson 2011; Bartomeus et al. 2011). However, previous studies tested only 

a few contrasts of overwintering temperature, mostly outside the range of likely 

environmental change or natural interannual variation, and none of them tested multiple 

species within a single study. 

In this study, we experimentally investigated the effect of overwintering temperatures 

on different wild bee species, focusing on the potential effects on energy or weight loss 

and changes in phenology (date of emergence). Using a finely resolved temperature 

gradient, we test the hypothesis that there is response diversity in the reaction to 

temperature among bee species. 

Materials and methods 

Experiment 

We performed an experiment with overwintering cocoons or brood cells of nine species 

of solitary wild bees (Hymenoptera: Apiformes: Megachilidae and Colletidae) in climate 

chambers with a temperature gradient from 1.5 ° C to 9.5 °C. This gradient spans the 

whole range of temperature increases predicted by the IPCC (model projections for winter 

temperature increases in Northern Europe range between 2.6 to 8.2 °C under the A1B 

scenario; Christensen et al. 2007). Given that the recent average temperature in Göttingen 

for November to February is 2.5 °C, our experimental gradient mainly simulated different 

degrees of warming and only limited cooling. 

We used 17 climate chambers situated in different departments of the University of 

Göttingen. Climate chambers included true climatic chambers (or cabinets) of different 

types (12), but also cold storage rooms (2) and refrigerators (3); all cooling devices are 

considered as „climate chambers‟ in this paper. All were set to a constant mean 

temperature between 1.5 and 9.5 °C. To avoid bias by the different types of climate 

chambers, we choose temperature settings to create a temperature gradient also within 

each type and location of climate chamber. Apart from this constraint, temperatures were 

randomly assigned to climate chambers. One control set of bees was kept under outside 

conditions in Göttingen, Germany. Temperatures in each climate chamber were measured 

with iButton® data loggers every 90 minutes throughout the overwintering period. Mean 

temperatures across all measurements were used as explanatory variable in all analyses (= 
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“overwintering temperature”). The range of realized temperatures within a climate 

chamber was generally low, with slightly higher fluctuations in refrigerators. 

Bee nests were acquired from trap nests placed in 2009 in the field, mostly at the 

experimental field of the Agroecology group in Göttingen, Germany, and at an apple 

orchard close to Leipzig, Germany (see Gruber et al. 2011 for details of the study site). 

Before start of overwintering treatments, nests were stored in an unheated shed. Bee brood 

cells were isolated from the reed or bamboo internodes of the trap nests. Apparently intact 

brood cells were distributed in equal proportions to the different climate chambers. The 

same number of individuals and species proportion was used for all climate chambers (as 

far as possible). Individuals from the same nest were assigned to different climate 

chambers. Additionally, cocoons of two species (Osmia bicornis and Osmia cornuta) were 

purchased from the open rearing facilities of WAB Mauerbienenzucht in Konstanz, 

Germany. These cocoons were treated identically to the brood cells isolated from trap 

nests. Brood cells were individually placed in ID-labelled glass test tubes and sealed with 

cotton wool. Cocoons of Osmia were weighed before overwintering. Pre-winter weight 

could not be reliably measured for the other species, in which cocoons were not present or 

could not be feasibly separated from other nesting material. 

Overwintering was started on 5 November 2009, locating trays with bee test tubes in 

the climate chambers, and lasted until 1 March 2010, when all trays were brought to an 

incubation room with a temperature of 12 - 17 °C and 42 % relative humidity. Test tubes 

were checked at least daily for emerged bees. During the first five days from the start of 

incubation, cocoons of Osmia were weighed again on the same scales, successively taking 

sets of bees from all climate chambers to avoid imbalance or bias. Emerged bees were 

killed with ethyl acetate and stored at -18 °C. On 20 April 2010, remaining bees were 

moved to a different incubation room with a temperature of 17 – 23 °C until all bees had 

emerged (22 June 2010). 

In total, nine bee species were represented by at least 10 emerged individuals and 

considered in the analyses. They can be broadly separated in two groups according to the 

developmental stage during the winter: Osmia bicornis (Linnaeus 1758), Osmia cornuta 

(Latreille 1805) and Chelostoma florisomne (Linnaeus 1758) enter diapause after 

metamorphosis (incomplete in C. florisomne) and emerged earlier than 50 days after 

termination of wintering treatments, whereas Heriades truncorum (Linnaeus 1758), 

Megachile ligniseca (Kirby 1802), Megachile centuncularis (Linnaeus 1758), Megachile 

versicolor Smith 1844, Hylaeus communis Nylander 1852 and Coelioxys mandibularis 
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Nylander 1848 overwinter as larva or prepupa and emerged later than 50 days after end of 

wintering. The adult-overwintering species are naturally active in spring („spring bees‟), 

while the species that finish metamorphosis after winter are naturally active later in the 

year (late spring or summer, „summer bees‟). 

Dry weight was determined by drying specimens for 48 h (60 °C) and immediately 

weighing dried specimens (within 20 minutes after taking them from the drying oven, 

avoiding water absorption). Body size was measured for all specimens as maximum head 

width in mm, as this measure has been previously shown to be the best correlate of body 

mass among a number of morphometric variables (Bosch and Vicens 2002). 

Mortality during the winter was generally very low (less than 5 % in Osmia bicornis 

and Osmia cornuta, see Electronic Supplement), or it was difficult to separate from pre-

winter mortality (including damage caused by handling). This applied especially to 

species overwintering in pre-imaginal stages, which had the additional problem that only 

developed specimens (i.e. survivors) could be assigned unequivocally to a species in most 

cases. Therefore, we consider only surviving individuals in all analyses. 

Analyses 

Statistical analyses were performed using the statistical software R version 2.11.1 (R 

Development Core Team 2010) and the „nlme‟ package (Pinheiro et al. 2011). We used 

linear mixed effects models including a random effect of “chamber ID” to be able to test 

for the interaction between species and temperature without pseudoreplication for the 

temperature treatment. This approach is similar to the test for response diversity used in 

Winfree and Kremen (2009). A variance function (different standard deviation per 

species) was used to assure homogeneity of variances (Pinheiro et al. 2011). 

We used mean temperature as explanatory variable in all linear models. For more 

accurately predicting the metabolic effects of temperature, it might be argued that the non-

linear relationship between temperature and metabolism should be considered. To explore 

whether this nonlinearity might influence our results, we calculated the sum of estimated 

metabolic rate for each measured temperature (based on exponents given in Brown et al. 

2004). This measure was highly correlated to mean temperature (r = 0.995) showing that 

the temperature-metabolism relationship is approximately linear for the range of 

temperatures explored here, so we stick to mean temperature in the rest of the paper.  

All explanatory variables of the respective models (one for each response variable, i.e. 

weight loss, weight at emergence and time to emergence) are presented in Table 1. To 
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control for effects of body size on body weight, we used head width as a covariable in the 

models explaining dry weight. Body size might still change in bee species that have not 

completed metamorphosis before the winter. However, head width was not affected by 

temperature in our experiment (p > 0.5 for both the main effect of temperature and for the 

temperature by species interaction; mixed effects model with head width as explanatory 

variable, including only bees overwintering in pre-imaginal stages). In the dry weight 

model, we also included the factor “faeces”, indicating whether a bee had defecated after 

hatching and thereby lost some weight. 

In weight loss models (fresh weight) for Osmia species, relative humidity (not 

significantly correlated with temperature, r = -0.26, p = 0.31) and the number of days from 

beginning of incubation to weighing of cocoons were used as covariables. The response 

variable was the logarithm of weight loss during winter as per cent of pre-winter weight. 

No variance function was used in this model. 

Results 

Overwintering temperature did not influence mortality during winter, which was 

generally low (see Electronic Supplement). However, overwintering temperatures affected 

both the weight after winter and the date of emergence. Differences among bee species 

were found for both responses, indicated by the significant interactions between 

temperature and species (Table 1). 

The two species in which weight loss over the winter could be directly measured lost 

significantly more weight at higher overwintering temperatures (Fig. 1, Table 1). This 

effect was significantly stronger in Osmia cornuta, in which weight loss doubled over a 

temperature increase from 1.5 °C to 9.5 °C, reaching a mean of 8 % for the highest 

overwintering temperature. As weight loss could not be accurately measured for most 

species, we used post-winter weight as an indirect measure of weight loss, controlling for 

body size and concentrating on dry weight to isolate metabolic effects (decreasing energy 

storage) from water loss. For effects on post-winter weight there was a significant 

temperature by species interaction (Table 1). Negative effects of higher temperatures on 

weight at emergence were found predominantly for species flying in spring and 

overwintering as adults (Fig. 2, Table 1), but in different strength. For species flying in 

summer and overwintering in pre-imaginal stages, winter temperature had positive, 

negative or no effects on final dry weight (Fig. 2, Table 1).   
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Table 1: ANOVA tables of the linear mixed effects models of overwintering treatment effects on 
different bee species. Interactions among variables are indicated by „:‟. 
  num. DF den. DF F-value p-value 
a) response variable: bee weight loss. i.e. log(fresh weight change pre- to post-winter in %); data were 
available only for Osmia bicornis and Osmia cornuta. 
species 1 550 12.3 < 0.001 
temperature 1 14 51.9 < 0.001 
relative humidity 1 14 14.4 0.002 
incubation days 1 550 49.5 < 0.001 
species:temperature 1 550 4.9 0.027 
b) response variable: bee dry-weight after winter. i.e. log(weight in mg); includes nine bee species. 
species 8 775 4775.8 < 0.001 
log (head width) 1 775 12203.2 < 0.001 
sex 1 775 82.8 < 0.001 
faeces 1 775 192.0 < 0.001 
temperature 1 15 5.8 0.030 
species:log(head width) 8 775 4.6 < 0.001 
species:sex 8 775 6.4 < 0.001 
species:temperature 8 775 5.2 < 0.001 
c) response variable: bee phenology. i.e. days to adult emergence after winter; includes nine bee species.   
species 8 1050 15788.7 < 0.001 
sex 1 1050 1429.8 < 0.001 
temperature 1 15 163.1 < 0.001 
species:sex 8 1050 81.1 < 0.001 
species:temperature 8 1050 50.2 < 0.001 
sex:temperature 1 1050 27.9 < 0.001 
species:sex:temperature 8 1050 5.9 < 0.001 

 

 
Figure 1: Loss of fresh cocoon weight (relative to pre-winter weight) in relation to mean 
overwintering temperature for the two bee species for which it could be measured directly. Solid 
lines show regression predictions from the mixed effects model, controlling for confounding 
factors (see Table 1). In difference to Fig. 2, points show the raw data here. 
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Figure 2: Dry weight of bees after emergence in relation to overwintering temperature (in climate 
chambers). Confounding effects of other factors are controlled for in this plot: the y-axis shows 
partial residuals of a linear mixed-effects model including the additional factors sex, defecation 
and log(head width) [within species]. One model was fit for all species, including differences 
among species and other factors (see Table 1), and this was also used for the regression lines. Note 
the log-scale of y-axes. 

 

High overwintering temperature also had an effect on bee phenology (date of 

emergence), and this response differed significantly among species (Table 1): in some 

species, adults emerged earlier when they had been exposed to higher temperatures (Fig. 

3, Table 1). This also applied predominantly to „spring bees‟ (advance by ~ 1 to 2 days per 

°C), while „summer bees‟ showed delayed emergence or no response (shift by ~ - 1 to < + 

2 days per °C). There was also variation in the phenological response to temperature 

among species within a phenological group. Sexes also responded differently, to a 

different extent in different species (significant three-way interaction, Table 1). When 

emergence date responses to temperature differed between sexes within a species, males 

tended to show less pronounced advance or more pronounced delay than females. The 

control set of bees that overwintered under outside conditions (temperature: mean 0.76 °C, 
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range -18 to +16 °C, sd = 5.6 °C; humidity: mean 96%, range 25 to 100%) responded 

similarly to those under experimental conditions (Osmia bicornis and Osmia cornuta: 

weight loss slightly higher and emergence slightly earlier than predicted by our models). 

 

 
Figure 3: Effect of overwintering temperature on the time of emergence for nine bee species. 
Regression lines are shown for sexes separately (males: circles and dashed line, females: triangles 
and solid line) from a model fit for all species. Y-axis refers to the number of days from the 
beginning of incubation (1 March 2010). Points show the raw data. 

 

Discussion 

In this study, we found that temperature during overwintering affects weight at 

emergence and the time of emergence in a number of solitary bee species, and that these 

species differ in their responses to overwintering temperatures. Interspecific differences in 

temperature response could be explained partly, but not entirely, by the life history stage 

during overwintering.  
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The increase in weight loss found in a majority of bee species presumably reflects 

higher metabolic rates and loss of energy. There is a direct effect of temperature on 

metabolic rates in most organisms (Brown et al. 2004), although the relationship may be 

weaker in insects during diapause. Effects of overwintering temperature on respiration rate 

in a solitary bee have been found in a recent study (Sgolastra et al. 2010). This effect may 

vary with diapause intensity, which, in turn, is influenced by many factors including 

ontogeny and pre-wintering conditions (Kemp and Bosch 2000; Bosch et al. 2010; Pitts-

Singer and Cane 2011; Sgolastra et al. 2011). Differences in diapause intensity and 

resulting respiration rate could also explain some of the differences among species 

including differences in the response to temperature. While Megachile rotundata, a bee 

overwintering as prepupa and active in summer, decreases respiration to a minimum 

during winter, adult wintering bees probably have a less intensive diapause and increase 

respiration already by the end of winter (Kemp et al. 2004). This differential temperature 

sensitivity could explain the generally weaker response in „summer bees‟ and the strong 

effect in Osmia cornuta, the earliest emerging species in our data set. For this species, 

negative effects of higher overwintering temperatures have been suggested in a previous 

study (Bosch and Kemp 2004). Even without lethal effects of higher winter temperatures, 

weight loss during winter probably affects fitness and vigour (Leather et al. 1993). Bosch 

et al. (2010) have shown that weight loss and fat body depletion entails decreased bee 

longevity. 

It is surprising that the increase of weight loss with increasing temperature not only 

differently affected different bee species, but post-winter weight even appeared to be 

positively related to temperature in some species (e.g. Hylaeus communis and Heriades 

truncorum). This might be explained by adaptations to warmer winters, temperature-

induced changes in diapause intensity or up-regulation of cold-tolerance processes. For 

example, the production of metabolically costly cryoprotectants such as glycerol is 

independent of temperature in some insects, while it is a response to low temperatures in 

others (Leather et al. 1993). Although these issues cannot be resolved without better 

knowledge of the physiology of the species studied, it became clear that some bee species 

are more tolerant to increasing temperature than others and thus bee diversity provides 

response diversity to winter climate warming. 

High overwintering temperature also had an effect on bee phenology – in some species, 

bees emerged earlier when they had been exposed to higher temperatures, as generally 

predicted (Gordo and Sanz 2005; Memmott et al. 2007; Hegland et al. 2009), and reported 
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for a few bee species in experimental studies mainly focusing on post-wintering 

temperatures (Kemp and Bosch 2000; White et al. 2009; Sgolastra et al. 2011). As for 

weight loss, the generally predicted effect was predominantly found in „spring bees‟ 

(consistent with Bosch et al. 2000; Bosch and Kemp 2004; Sgolastra et al. 2010), while 

„summer bees‟ showed delayed emergence or no response. The importance of 

overwintering life-history stage for species‟ response to climate change has been stressed 

for other holometabolous insects such as butterflies (Wallisdevries and Van Swaay 2006), 

but previous studies on bees‟ response to climate change have barely considered species 

overwintering as larvae (Willmer 2012), which we found to respond differently than adult 

overwinterers. However, also species within each group responded differently to 

temperature treatments. Again, while the overall stronger effect on „spring bees‟ can be 

explained by their less pronounced diapause (Kemp et al. 2004), the tendency to delayed 

emergence in „summer bees‟ is difficult to explain. Although advanced mathematical 

models of emergence-response to temperature have been developed and the accumulation 

of degree-days is a useful concept to predict the time of emergence (White et al. 2009; 

Forrest and Thomson 2011), the underlying biological mechanisms are not really known. 

The degree-day concept implying that the time to completion of development depends on 

the temperature-dependent metabolic rate is less applicable for low temperatures and when 

diapause is involved. A possible, but unstudied, mechanism for delayed emergence after 

higher winter temperature in some species might be that stronger temperature contrasts at 

the end of winter cause accelerated diapause termination. This underscores the findings 

that the timing of climate warming is very relevant for phenological consequences (see 

also Fitter and Fitter 2002; Visser and Both 2005). 

Phenological shifts caused by climate change may have multiple effects on organisms. 

Interestingly, the degree of protandry (i.e. males emerging before females) was reduced 

for several bee species in our experiment. Effects of temperature on synchrony of 

emergence have been reported by previous studies (Krunic and Hinks 1972; Richards et 

al. 1987). While in Osmia cornuta, the observed effect might be influenced by some males 

emerging already during the winter under warmer treatments and thus being missed in our 

data, the effect was found also in other species. This change in the relative appearance of 

the different sexes might influence mating behaviour, which is related to territoriality, 

nesting behaviour and reproductive fitness in bees (Eickwort and Ginsberg 1980). 

Our findings also complicate the predictions about climate change consequences for 

plant-pollinator interaction networks and potential temporal mismatches (Memmott et al. 
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2007; Hegland et al. 2009; but see Bartomeus et al. 2011). While species responded 

differently in our study, species with a similar phenology showed also more similar 

phenological shifts in response to warming. This might lead to a temporal gap in bee 

activity. Phenological mismatches might be limited if early blooming plants also show 

stronger advances in flowering than late blooming species, which was found in some plant 

studies (Miller-Rushing and Primack 2008; Rafferty and Ives 2011; Bartomeus et al. 

2011). 

For accurate predictions, the timing of warming is important, and temperatures will 

probably change to different extents in different seasons (Christensen et al. 2007). This 

could also change winter duration, which can have severe consequences for bees (Bosch 

and Kemp 2004) aside from effects of winter temperature. Variable temperatures or 

realistic temperature curves might have different effects than constant temperatures 

(Leather et al. 1993). In this study, we focus on differences in mean temperatures in order 

to have a feasible number of replicates and to avoid confounding thresholds with 

variability or specific temperature histories. Weight loss and time of emergence of bees in 

the outside control did not deviate strongly from predictions based on mean temperature, 

suggesting that overwintering under experimental constant temperature can be used as a 

reasonable estimate of responses under natural conditions. A recent study by Bartomeus et 

al. (2011) used observational data and found larger phenological advances of spring bees 

per degree of temperature increase than our study. While they considered recent climate 

change across all seasons and found the strongest effects for April temperatures, we 

isolated the effect of winter temperature change. Our experimental approach has the 

further advantage that it is independent of field observations focusing on flowers, which 

might underestimate the degree of temporal mismatches (see also Forrest and Thomson 

2011). Compared to previous experimental studies considering temperature effects on 

bees, we used a more realistic temperature gradient within the range of climate change 

predictions. 

Our results show that bee diversity represents response diversity with respect to 

overwintering temperatures, confirming the precondition for an insurance effect (Thomas 

et al. 2004) of bee biodiversity for pollination (Winfree et al. 2007; Winfree and Kremen 

2009). These differences are obviously partly (but not completely) determined by the life 

stage during winter and likely corresponding differences in diapause intensity, which 

mediates differential temperature sensitivity. Therefore, future studies focusing on the 

relationship between temperature sensitivity and functional redundancy of different bee 
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species (including soil-nesting species, for which overwintering has not been studied yet) 

are needed to fully evaluate the insurance potential of bee diversity for pollination. The 

results on how winter temperature affects the time of emergence are also important for 

estimating the consequences of phenological shifts caused by warming. Future studies on 

this topic should consider that bee phenologies respond to (winter) warming, but these 

responses cannot be assumed to be independent of a species‟ original phenology. Our 

study shows that climate warming may affect bees also during the season when they are 

inactive and it highlights the need for deeper biological knowledge for predicting 

consequences of climate change. 
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Supplemental Material for Chapter 6 

 

Table S1a: number of individuals (brood cells / cocoons) per bee taxon 
Taxon(1) pre-winter(2) survivors 

Osmia bicornis 644 619 
Osmia cornuta 175 173 
Chelostoma 37 24 
Heriades 165 105 
Hylaeus 35 30 
Megachile 242 209 

(1) including parasitoids and cuckoo bees, but excl. Melittobia 
(2) individuals potentially alive before winter 
 
Table S1b: number of surviving individuals per bee taxon separated by sex 
Species(3) males females 

O. bicornis 362 251 
O. cornuta 80 91 
C. florisomne 11 9 
H. truncorum 52 20 
H. communis 18 4 
M. centuncularis 85 45 

M. ligniseca 11 3 
M. versicolor 22 25 
C. mandibularis 9 3 

(3) species with fewer individuals and parasitoids not included 
 
 

Survival rate was not significantly related to winter temperature for any of these taxa 

(glmm with binomial errors, neither a main effect of temperature nor a significant 

temperature by taxon interaction, p > 0.1). For the small bee species (Heriades, 

Chelostoma, Hylaeus), some mortality was probably related to handling. 

 

 



Chapter 7: Synthesis 
 

157 
 

Chapter 7 

 

Synthesis 

 

 

 

 
Photo by Jeroen Everaars 

 

  



Chapter 7: Synthesis 
 

158 
 

General Discussion 

In this thesis, I used different approaches to study pollination of wild plants and the 

importance of pollinator diversity for this ecosystem process. Most of my studies involved 

experimental treatments (chapters 2, 3, 5 and 6) and null model analyses of community 

and network patterns (chapters 2, 3, 4 and 5). With both I tried to minimize the influence 

of confounding factors, which are a pervasive problem in many ecological studies. 

Declines in pollinator biodiversity, which have been observed around the globe (Brown 

& Paxton 2009; Potts et al. 2010), may affect pollination and reproduction of plants. This 

might be the most important ecosystem process for which biodiversity-function 

relationships are poorly studied, as most biodiversity-ecosystem functioning research has 

primarily focused on primary productivity and consumptive interactions. Bees are among 

the most important and most declining groups of pollinators (Kearns et al. 1998; 

Biesmeijer et al. 2006; Westrich et al. 2008). Plant-pollinator interactions typically 

involve many different species, therefore a network approach is often most appropriate for 

understanding patterns and processes. 

Based on my results, I will try to answer the main questions (research objectives) being 

addressed in this thesis: 

a) Does pollinator diversity have a positive effect on pollination of wild plants? 

Yes, but the number of bee species has only limited predictive power for plant 

community seed set (chapter 2). This is consistent with the few previous studies trying to 

answer the question (Klein et al. 2003; Hoehn et al. 2008; but see Perfectti et al. 2009). 

Future studies are needed to assess the generality of this effect. Knowledge of functional 

traits and the underlying mechanisms (e.g. functional niche coverage) strongly improves 

predictions about pollination effects of specific bee communities (chapter 2). More species 

will probably be needed at larger scales and under multiple conditions (Bengtsson et al. 

2002; Isbell et al. 2011). Positive effects of pollinator diversity on larger spatio-temporal 

scales will likely also be found when environmental change is taken into account (chapters 

5 and 6). 

b) Are different pollinator species functionally complementary, i.e. do they have 

different functional niches in which they provide pollination? 

Yes, on average. This could be confirmed to some degree in all chapters (2-6) and it is 

in agreement also with previous studies (Hoehn et al. 2008; Tylianakis et al. 2008b) and 
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predictions (Blüthgen & Klein 2011). Functional niche coverage, a measure of functional 

diversity which incorporates the effects of niche breadth and complementarity, predicts 

plant community seed set very well (chapter 2). However, not all species combinations 

exhibit the same degree of functional complementarity: for some species combinations, 

there is a considerable degree of redundancy in temperature sensitivity (chapters 2 and 6), 

in the plant species visited (chapters 3 and 4) and in the dependence on certain habitats 

(calcareous grasslands, chapter 5). Pollinator species can be complementary in many 

different dimensions (Blüthgen & Klein 2011), not all of which could be considered in this 

thesis. Most importantly, parts of the realized complementarity effects are generated by 

interspecific interactions (probably competition) among bee species (chapter 2). 

c) How strong are daily temporal dynamics in plant-pollinator interactions and 

how are they related to daily patterns of flower opening and closure? 

In plant-pollinator networks, the identity of links among interacting species, flower 

availability and pollinator assemblies can drastically change between morning and 

afternoon (chapter 3), in line with findings from African savanna ecosystems (Stone et al. 

1996; Baldock et al. 2011). However, the strength of temporal dynamics can differ 

between sites or networks depending on community context. In a set of meadows, within-

day temporal patterns were mainly driven by rapid flower closure of the subfamily 

Cichorioideae within the Asteraceae. In a set of experiments, I showed for several species 

of this group that rapid closure of flower head is caused by successful pollination, while 

the timing of closure of flower heads had previously been attributed to abiotic or 

endogenous factors only (van Doorn & van Meeteren 2003). This finding gives new 

insights in how communities of plants and pollinators are structured, providing a 

mechanism enhancing plant species coexistence and temporal specialization. Regarding 

pollinator diversity effects on pollination of plant communities, new concepts should be 

developed to incorporate these complexities: for example, pollinator complementarity with 

regard to morning vs. afternoon activity might be less important for the plants already 

closing at noon, but this would first require to identify how much pollinator circadian 

patterns are driven by patterns of flower opening and closure. 
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d) Do tropical and temperate mutualistic interaction networks differ in the degree 

of functional complementarity, i.e. specialization of pollinators and seed 

dispersers? 

Yes. In contrast to traditional assumptions (Hutchinson 1959), our study (chapter 4) 

shows that mutualistic interactions in tropical latitudes are less specialized than those in 

temperate regions. Niche specialization has been put forward as an explanation of the 

well-studied latitudinal gradient in species richness, but this study shows that this is not 

plausible for plant-pollinator and plant-seed disperser networks. Strong complementary 

specialization, which is a precondition for strong complementarity effects of pollinator 

diversity on pollinationof plant communities, is probably more constrained in tropical 

regions in consequence of high plant diversity, and favoured in regions with colder 

climate. In seed-dispersal networks, the differences were even stronger and probably 

additionally driven by the high generalization of tropical obligate frugivores and a 

tendency towards generalization in stable climates (see also Blüthgen et al. 2007). 

e) Can pollinator diversity provide an insurance against environmental change, 

including climate change and habitat destruction? 

Probably yes. Different pollinator groups, such as bees and flies, responded differently 

to environmental change simulations in a factorial field experiment (chapter 5: the 

presence of calcareous grasslands, changing plant height and changing flowering time). In 

contrast to the expectation of possible synergistic effects (Tylianakis et al. 2008a), effects 

of environmental change interacted in the opposite way: despite its positive effect on 

pollination, the high bee diversity of calcareous grasslands did not provide insurance for 

pollination. Rather, generalist pollinators with different phenology and habitat preferences 

ensured pollination also when multiple changes occurred simultaneously. In combination 

with a positive effect of enemy-release, phenological shift did not have a negative effect 

on plant reproductive success despite decreased bee visitation rate and changes in 

community composition. However, the effectiveness of various flies as pollinators 

requires further study (chapter 2, cf. Jauker & Wolters 2008). Chapter 6 shows that bee 

diversity provides response diversity with respect to overwintering temperatures, 

confirming this precondition for an insurance effect of biodiversity. Winter temperature 

affected weight loss during diapause and the time of emergence of bees. These studies 

support the views that there is moderate potential for disruption of plant-pollinator 

interactions due to phenological shift (Hegland et al. 2009) and strong support for 

response diversity among pollinator species (Winfree & Kremen 2009).  
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General Conclusions 

Taken together, the five studies advance the understanding of community-wide 

interactions among plants and pollinators and confirm that bee diversity is relevant for 

pollination. They stress the complex dynamics and flexible nature of these interactions, 

and these dynamics are only beginning to be understood. The need for more detailed 

biological trait information of multiple species is shown, as a prerequisite for reliably 

estimating the pollination function of bee communities. The intermediate and variable 

degree of specialization of plant-pollinator interactions and of individual pollinator species 

is important in mediating pollinator diversity effects on various scales. The pollination 

effect of bee communities is determined by functional complementarity, response 

diversity and species identity. 

Wild bee diversity provides functional diversity on different scales, representing both a 

mechanism of direct pollinator biodiversity effects and an insurance against environmental 

change. However, there is some degree of redundancy both in response and effect traits of 

bee species, highlighting that diversity effects cannot be assumed for all cases with 

differing species composition. Rather, knowledge about biological traits (including life 

history, foraging behavior and temperature sensitivity) strongly improves the accuracy of 

predictions about the functional performance of bee communities (with respect to their 

role as pollinators). 

Plant-pollinator interactions were shown to be highly dynamic, stressing the need to 

improve current approaches to the analysis and modelling of pollination networks. 

Pollination network dynamics include the sensitivity of realized flower preferences to the 

presence of co-occurring species, daily temporal dynamics depending on the reactivity of 

the local plant community to successful pollination, and dependence of network 

specialization on plant diversity. 
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