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Abstract

Anthropogenic activities are rapidly changing the world. The ongoing climate change

(and its associated shifts in �owering phenologies), biological invasions and increased

fragmentation of ecosystems are all inducing rapid changes in structural characteristics

of plant communities. In communities, where many species depend on the service of

pollinators for their reproduction, changes in species composition, �oral densities and

spatial distribution will undoubtedly further a�ect plant-pollinator interactions.

Due to the interdependence of plant and pollinator species for their reproduction, plant-

pollinator interactions are central in the maintenance of both plant and pollinator species

and hence of biodiversity in many ecosystems. Therefore, understanding how structural

characteristics of plant communities are a�ecting plant-pollinator interactions, would en-

able a better anticipation of the ecological consequences of destructive human activities.

The present thesis investigated the impact of changing structural characteristics of Euro-

pean grassland plant communities on plant-pollinator interactions and on the outcome of

indirect plant-plant interactions mediated through shared pollinators. Firstly, a spatially

explicit model was used to theoretically examine the interplay between the densities and

the spatial distribution of two di�erently attractive species on the plant species survival.

Secondly, the results of the model were put to the test in a �eld experiment in which the

changes in plant-pollinator structure induced by changes in densities and spatial patterns

were tracked using a network approach. Finally, a common garden experiment allowed

us to test the importance of species identities on the role they play on the outcome of

indirect plant-plant interactions.

The overall �ndings clearly indicate that the small-scale spatial patterning in plant com-

munities is an important factor shaping the outcome of indirect plant-plant interactions

11



by manipulating the behaviour of pollinators. Spatial aggregation in plant species can

result in pollinators being trapped in mono-speci�c patches, substantially increasing the

quality and the quantity of pollinator services received by the aggregated plant species.

This spatial mechanism is especially strong when the aggregated species grows at high

density. This mechanism was shown to a�ect not only the survival of a less attractive

species in a theoretical model but also the structure of plant-pollinator interactions un-

der natural situation, by altering patterns of resource use by pollinators. Hence, spatial

distribution of plant species at small-scale and its impact on the pollinator behaviour

should be considered as an important process in shaping the general characteristics of

plant-pollinator networks.

Further, the identities of plant species and their associated set of �oral traits are un-

doubtedly in�uencing choices made by foraging pollinators and hence, shape the outcome

of indirect plant-plant interactions via shared pollinators. Our results showed that the

outcome of these indirect interactions is likely to be dictated by the di�erence in attrac-

tiveness among species rather than by the attractive character of only one species. The

occurrence and intensity of both intra- and interspeci�c density dependent responses in

the pollinator behaviour were shown to be conditioned not only by the identity of a focal

species but also by the identity of its neighbours.

Future research should try to incorporate the small-scale spatial distribution of species

and a characterisation of the attractiveness di�erential among �owering plant species in

the set of ecological factors important in shaping the outcome of indirect plant-plant

interactions. This would enable a better anticipation of the impact of anthropogenic

changes on plant-pollinator interactions and by extension on plant reproductive success

and as such on patterns of species coexistence shaping the structure of plant communities.
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Synopsis

Introduction

A vast majority of plant species rely on the services of pollinators for their reproduction

(Ollerton et al. 2012). Further, pollinator species are as well dependent on the �oral

reward o�ered by visited plant species for their survival and reproduction (Westrich

1989). As such, plant-pollinator interactions are crucial to the maintenance of both plant

and pollinator species, and hence of biodiversity in many ecosystems (Geber & Moeller

2006, Waser & Ollerton 2006, Mitchell et al. 2009), a central question in ecology (see

e.g. Loreau et al. 2001 for a recent review). Moreover, the insight that most pollinator

species are generalists in their use of �oral resources (Waser et al. 1996, Waser &

Ollerton 2006) induces a strong potential for indirect plant-plant interactions mediated

through shared pollinators (Rathcke 1983, Waser & Ollerton 2006, Sargent & Ackerly

2008, Hegland et al. 2009). In diverse plant communities dependent on the services of

pollinators for their reproduction, these indirect interactions may play an important role

in shaping patterns of species coexistence (Sargent & Ackerly 2008, Mitchell et al. 2009).

The outcome of such interactions can either be positive (i.e. facilitation, Rathcke 1983,

Laverty 1992, Johnson et al. 2003, Feldman et al. 2004, Moeller 2004, Moragues & Traveset

2005, Ghazoul 2006, Bartomeus et al. 2008, Muñoz & Cavieres 2008, Hegland et al. 2009),

negative (i.e. competition, Rathcke 1983, Grabas & Laverty 1999, Moragues & Traveset

2005, Bartomeus et al. 2008, Hegland et al. 2009) or neutral (no interactions, Grabas &

Laverty 1999, Moragues & Traveset 2005, Muñoz & Cavieres 2008, Hegland et al. 2009).

The major determinant of the nature of these indirect interactions is to be sought in
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the way pollinators will respond to what they perceive while foraging and the subsequent

choices made (Kunin & Iwasa 1996, Chittka & Thomson 2001, Feldman et al. 2004, Lãzaro

& Totland 2010). Hence, plant communities structural characteristics such as the identity,

density and spatial distribution of species in community are all likely to determine the

nature of the e�ects co-�owering species exert on each other (Rathcke 1983, Grabas &

Laverty 1999, Moragues & Traveset 2005, Muñoz & Cavieres 2008, Lãzaro & Totland

2010) as these factors are shaping the structure of the visual and olfactory landscape of

foraging pollinators.

One of the �rst attempts to articulate a model predicting the outcome of these indirect

plant-plant interactions mediated through shared pollinators, is the visitation � density

relationship developed by Rathcke (1983). This graphical model states that a low �oral

density, visitation rate is very low and any small increase in density, created by either

the same species' individuals or by another species which shares pollinators, will have a

positive e�ect on the visitation rate and thus also on the reproductive success. However,

as the number of pollinators available at a given place and time is �nite, the outcome of

such indirect interactions would shift from facilitation to competition with further increase

in �oral density (Ratchke 1983). Another well-known example of (positive) indirect plant-

plant interactions, is the so called �magnet species e�ect� (Laverty 1992, Johnson et al.

2003, Moeller 2004). By locally increasing pollinator abundance, an attractive, highly

rewarding species can increase the pollination success of rewardless or less attractive

neighbouring species (e.g. Laverty 1992, Johnson et al. 2003, Molina-Montenegro et al.

2008). However, the close proximity with a highly attractive species could also result

in strong competition if pollinators focus their foraging e�orts more on the attractive

species (Chittka & Schürkens 2001, Muñoz & Cavieres 2008) or if the close vicinity of the

attractive species increases improper pollen transfer (e.g. Brown et al. 2002, Cariveau.

& Norton 2009).

However, choices made by pollinators while foraging in patches are not only de�ned by

the �oral density and attractiveness of species (Chittka & Thomson 2001). Even if some

pollinators species are known to travel substantial distances to �nd resources patch (Os-

borne et al. 1999, Pasquet et al. 2008, Hagen et al. 2011), they tend to �y short distances

between consecutive visits (Waser 1982) and have restricted maximum detection ranges

of visual and olfactory cues (Ne'eman & Kevan 2001). This implies that foraging bouts

in patches are conducted within a restricted spatial extent. Hence, the spatial patterning

of species can also a�ect the behaviour of pollinators (Goulson 1994, Morales & Vazquez

2008), by manipulating their foraging landscape. For example, a spatially clumped species

might o�er to a visiting pollinator a locally increased availability of that species in each

clump (Goulson 1994, Feldman et al. 2004). This will tend to increase the visit quan-
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tity (Rathcke 1983) in these clumps and increase the visit quality (by reducing improper

pollen transfer rates, Rathcke 1983). The inverse is expected when species are spatially

well mixed in communities, as pollinators will perceive a more heterogeneous foraging

landscape, potentially inducing a switching behaviour and as such a decrease in visitation

quality (Rathcke 1983, Brown et al. 2002). The potential e�ects of the spatial patterning

of species within community on the reproductive success of plant species becomes even

more complex when considering that they also depend on the ability of pollinators to dis-

cern among species (Chittka & Thomson 2001), on their innate preferences (Giurfa et al.

1995, Chittka et al. 1999, Chittka & Thomson 2001, Raine & Chittka 2007, Ings et al.

2009) and on change in preferences of pollinators with recent foraging experience (Dukas

& Real 1993, Keasar et al. 1996) or �oral resource availability (Goulson 1994, Kunin &

Iwasa 1996, Chittka & Thomson 2001).

Even if often acknowledged, the occurrence and intensity of such spatial processes were

never thoroughly investigated in pollination ecology (Goulson 1994, Feldman et al. 2004).

In order to �ll this gap, we used a spatially explicit individual based model to investigate

the role played by relative densities and spatial patterning on the survival of two species

di�ering only in their attractiveness to pollinators. Unlike many previous models (Bobisud

& Neuhaus 1975, Waser 1978, Goulson 1994, Feldman et al. 2004), the model incorporated

an elaborate pollinator behaviour which included innate preferences, the ability to dis-

criminate among species and changes in preferences according to the foraging experience,

re�ecting hence a more realistic pollinator behaviour.

In species rich natural communities such as temperate grasslands, the impact on polli-

nation patterns of the two above mentioned factors will be far more complex to predict

than when considering only two species (Dunne et al. 2002, Bascompte et al. 2003, Olesen

et al. 2007, Hegland et al. 2009). In such communities, plant-pollinator interactions are

forming highly complex networks of interactions, the so-called pollination networks (Jor-

dano 1987, Dunne et al. 2002, Bascompte et al. 2003, Blüthgen et al. 2008, Olesen et al.

2011). Due to the high interconnection between the two trophic levels in these networks,

changes in the plant community composition and structure and the subsequent adapta-

tion in the pollinator behaviour will propagate along the many network connections and

can substantially a�ect the plant reproductive success of species in these communities

(Bascompte et al. 2003, Waser & Ollerton 2006, Blüthgen et al. 2008, Olesen et al. 2011).

The use of networks in pollination ecology is relatively new (Jordano 1987) but the study

of general characteristics of pollination networks has known a rapid development (Jordano

1987, Dunne et al. 2002, Bascompte et al. 2003, Blüthgen et al. 2006, Olesen et al. 2007,

Blüthgen et al. 2008, Dormann et al. 2009, Olesen et al. 2011). The development of this

branch of pollination ecology is fortunate as it allows to tackle highly complex problems
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with a relatively simple methodological approach. As such, we now have a large set of

network describers available (the so-called network metrics, Dormann et al. 2008, 2009)

allowing not only the characterisation of general network properties (Bascompte et al.

2003, Vazquez & Aizen 2004, Olesen et al. 2007) but also allowing to track changes in

pollination patterns induced by changes in structural characteristics of plant communities

(Lopezaraiza-Mikel et al. 2007, Tylianakis et al. 2007, Bartomeus et al. 2008, Morales &

Vazquez 2008) and to relate them to the occurrence of biological processes (Santamaría

& Rodríguez-Gironéz 2007, Blüthgen et al. 2008, Vazquez et al. 2009).

In the second part of the present thesis, a network approach was used in order to evaluate

the ecological consequences of introducing a highly attractive plant species in a species

rich grassland community. By manipulating the density and the spatial patterns of the

introduced species, we aimed at investigating changes in the network structure induced by

our experimental manipulations and hence put the results of the model developed in the

�rst chapter, to the test. We focussed on the analysis of ecological relevant indices related

to the general organisation of interactions within these networks, to diversity and evenness

of the interactions, to patterns of resource use by pollinators and �nally to specialisation

in pollinator behaviour.

Further, in the results of studies investigating the outcome of indirect plant-plant inter-

actions, all types of interactions were found: positive, negative or neutral (see above for

relevant references). This discrepancy in the results of such studies re�ects that even

though we have acquired a good understanding of the possible mechanisms shaping these

indirect interactions (Rathcke 1983, Laverty 1992, Feldman et al. 2004, Seifan et al. 2014),

we are still unable to predict their outcome. The e�ects of that a species exerts on its

neighbours are undoubtedly species speci�c as it will depend on both its �oral traits and

the cognitive ecology of the visiting pollinators. As such, it seems logical to think that

an attractive species will be more likely to a�ect its neighbours than a �less� attractive

species (Laverty 1992). However, the concept �attractiveness� itself is relative and is only

de�ned in a given ecological context. A species' attractiveness will not only be determined

by its �oral traits but also by the identity (and hence �oral traits) of its neighbours, i.e.

the �attractiveness di�erential� and not the absolute attractiveness will be important.

This may explain why the above mentioned results are not conclusive.

Hence in the last part of this thesis, we aimed at investigating how changes in the species

identities would a�ect the behavioural responses of pollinators to changing relative densi-

ties of two plant species. We conducted a common garden experiment in which we created

arti�cial communities composed of two species, along a gradient of their relative densities.

By systematically exchanging the identity of the species in our communities, we aimed

at investigating the role played by the �oral traits of both a focal species and the �oral
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traits of its di�erent neighbours.

In summary, the present study aimed at disentangling the e�ects the �oral density, the

spatial patterns and the identity of plant species on the outcome of indirect plant-plant

interactions mediated through shared pollinators in species rich grasslands. This thesis

presents a unique combination of theoretical, observational and experimental approaches

whose aim was to investigate largely understudied aspects of pollination ecology. The

importance of this work goes beyond the sole investigation of the impact of unexplored

structural community characteristics on the outcome of indirect plant-plant interactions.

Indeed, the recent decline in pollinator populations and diversity (Kearns et al. 1998,

Biesmeijer et al. 2006, Potts et al. 2010) could have severe impacts on these interac-

tions and cascades of extinctions are to be expected if the trend in species loss continues

(Waser & Ollerton 2006, Olesen et al. 2007). Additionally to species loss, anthropogenic

changes such as biological invasions (Traveset & Richardson 2006, Morales & Traveset

2009), landscape fragmentation (see Aguilar et al. 2006 for a recent review) and shifts in

�owering phenologies due to global warming (Visser & Both 2005, Elzinga et al. 2007,

Miller-Rushing et al. 2010, González-Varo et al. 2013), have brought substantial changes

in structural characteristics of plant communities. Furthermore changes in species iden-

tities, densities and spatial distribution of species in communities undoubtedly a�ect the

foraging experience of pollinators and hence their behaviour (Schemske 1981, Rathcke

1983, Dukas & Real 1993, Keasar et al. 1996, Chittka & Thomson 2001, Lãzaro & Tot-

land 2010). Alterations in the pollinator behaviour will have repercussions on the plant-

pollinator interactions and by extension on both plant and pollinator species reproduction

and survival. Hence, it is capital to understand how pollinators adapt their behaviour to

the di�erent structural characteristics of plant communities in order to be able to better

anticipate further anthropogenic changes.

Thesis objectives and organisation

The present thesis is organised in three distinct chapters. The overall aim of this thesis was

to investigate the e�ects of structural plant community characteristics on the outcome of

indirect plant-plant interactions through shared pollinators. Hence, each chapter re�ects

a separate investigation of the combination of the �oral density with such a structural

aspect. Explicitly, the objectives of the individual chapters were as follows.

Chapter 1: This chapter aimed at theoretically investigating the impact of spatial

patterning and its interplay with relative �oral density on the reproductive success of
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two species di�ering only in their attractiveness for pollinators. This was done using a

spatially explicit individual based model coupled with an agent based model allowing the

modelling of a complex pollinator behaviour.

Chapter 2: This chapter aimed at assessing changes in the structure of plant-pollinator

interactions induced by the introduction of an attractive species in semi-natural grass-

lands, via the analysis of pollination networks. The impacts of the spatial distribution and

the density of the attractive species were tested by analysing a large set of network indices

related to ecologically relevant aspects of the structure of plant-pollinator interactions.

Chapter 3: This chapter aimed at testing whether the density responses in the be-

haviour of pollinators foraging in arti�cial two species plant communities is altered by

changes in plant species identities. Systematically changing the identities of the two

species allowed us to investigate the e�ects of both species on both intra- an interspeci�c

density dependence in the pollinator behavioural responses.

Key Results

Chapter 1:

E�ects of spatial patterns on the pollination success of a less at-

tractive species

By using a spatially explicit individual based model coupled with an agent based model

allowing the modelling of a complex pollinator behaviour, we evaluated the e�ects of the

relative densities and spatial distribution of two species di�erently attractive to

pollinators on the survival of the less attractive species.

We found that, at low relative density, the less attractive species had a higher survival

when spatially uniformly distributed than when spatially aggregated. On the other hand,

when the less attractive species was more abundant (i.e. at high relative density), its sur-

vival was higher when spatially aggregated in mono-speci�c patches than when uniformly

distributed. These results indicate that spatially aggregated species can trap pollinators

in mono-speci�c patches. These results were consistent as long as the scale of the plant

spatial aggregation was similar to or larger than the pollinators' detection range. Finally,

a certain degree of generalisation in the pollinator behaviour was the necessary condition

for the e�ect of spatial patterns to emerge.
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Chapter 2:

Density and spatial distribution of an attractive species alter plant-

pollinator interaction structure in grasslands.

In order to put the predictions of the theoretical model developed in the �rst chapter of

this thesis, to the test, we introduced an attractive species into semi-natural grasslands

and manipulated its density and spatial distribution in a full factorial way. A large set

of network indices re�ecting important ecological processes in plant-pollinator

interactions were analysed in order to track the changes in network structure following

the introduction of the attractive species and the manipulation of its density and spatial

distribution.

Our results suggest that the neutrality hypothesis can explain the changes in diversity

and evenness of plant-pollinator interactions following the introduction of the attractive

species and its density manipulation. However, it fails to explain the observed impact

of spatial patterns. Indeed, we found that a regular spacing of the attractive species

induced a higher exclusivity and lower similarity in resource use by pollinators than when

the attractive species was spatially clumped. We have proven that small-scale spatial

mechanisms are at work in pollination patterns and con�rmed the predictions of the

previous chapter. Our results further suggest that the introduced species act as a strong

competitor for the services of pollinators, especially at high density.

Chapter3:

Identity of neighbouring species alters the response of pollinators

to �oral density in arti�cial plant communities

We created arti�cial communities composed of two di�erently attractive species and

built a gradient of their relative �oral densities. By systematically exchanging the two

species, we aimed at investigating the e�ects of their identities (i.e. of both the focal

species and of its neighbour) on both intra- and interspeci�c density dependent

responses in the behaviour of several important pollinator groups.

We found that the identity of neighbouring species can induce and/or alter both intra-

and interspeci�c density dependent response in quantitative aspects of the pollinator

behaviour. Both positive and negative interspeci�c interactions among plant species were

found and always enabled by the main shared pollinators and conditioned by the identity

of the neighbouring species. Changing the identity of the neighbouring species can hence
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alter the outcome of indirect plant-plant interactions. These results were explained in the

light of the di�erence in attractiveness among plant species for pollinator, leading to the

brief introduction of the concept of �attractiveness di�erential�.
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CHAPTER 1

E�ects of spatial patterns on the pollination success of a less

attractive species

Abstract

Plant individuals rely on pollinator services for their reproduction and often have to share

these services with co-occurring neighbours, creating complex indirect plant-plant inter-

actions. Many current theoretical models focus on the e�ect of �oral resources' density

on the net outcome of these indirect plant-plant interactions, often neglecting the identity

of plant species in the communities and especially the species' spatial pattern. To �ll this

gap, we created a spatially explicit model whose goal was to study the interplay between

relative densities and spatial distribution patterns of two plant species di�ering in their

attractiveness for pollinators. Since theory predicts that pollinator behaviour strongly

governs the outcome of pollination, we allowed the pollinators to systematically change

their plant preferences based on their foraging experience. Thus the interplay between

density and spatial pattern of plants was tested over a continuum of behaviours from spe-

cialists to generalists. Our most striking �nding was that reproductive success of the less

attractive was a�ected in an opposite way by spatial patterns depending on whether the

species had relatively low or high densities. Namely, when the less attractive species was

highly abundant, its survival was higher when aggregated in large monospeci�c patches

than when uniformly distributed. On the other hand, when the attractive species was

more abundant, the less attractive species survived better when uniformly distributed.
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These results were consistent as long as the scale of the plant spatial aggregation was

similar to or larger than the pollinators' detection range. Our results suggest that ag-

gregated plant spatial patterns manipulate pollinator behaviour by trapping them within

monospeci�c patches. This e�ect was su�ciently strong to enhance the survival of a com-

petitively inferior species and hence to act in a way similar to the more familiar niche or

temporal separation among plant species.

Introduction

Reproduction of many plant species is subject to pollination success and often pollinator

services are shared among co-�owering species (Campbell & Motten 1985, Feinsinger 1987,

Geber & Moeller 2006, Mitchell et al. 2009). Therefore, community composition and the

identity of neighbouring plants are likely to a�ect individual reproductive success. For

example, the preferences and foraging patterns of pollinators (and hence plant reproduc-

tive success) are not merely the outcome of species-speci�c �oral traits, but are greatly

a�ected by the �oral composition of the entire plant community (Kunin 1997, Chittka &

Thomson 2001, Ghazoul 2006, Lãzaro & Totland 2010). In particular, pollinator foraging

patterns may be strongly a�ected by the identity of the neighbouring plants because of

di�erential attractiveness of �oral display (Clegg & Durbin 2000), variation in reward

content and quality (Dukas & Real 1993a, Klinkhamer & van der Lugt 2004), or because

of inherent preferences and foraging behaviour of di�erent pollinator groups (Sih & Baltus

1987, Lãzaro & Totland 2010). The intensity by which plants a�ect reproductive success

of their neighbours is obviously a�ected by their relative attractiveness, i.e. the impact of

attractive species on 'unattractive' ones is most likely much larger than vice-versa. There-

fore, a useful approach to study the impact of neighbourhood community structure on the

outcome of shared pollinator services is to focus on less attractive species, and determine

their reproductive success as a function of modi�ed features of their neighbouring plant

species.

The factors enhancing the success of less attractive species in a community with attractive

plants may be theoretically classi�ed into two groups: the �rst is composed of factors

which act against the negative e�ect of attractive neighbours. Since attractive plants are,

by de�nition, preferred by pollinators, any factor that reduces the pollinator's ability to

choose among species and forces it to visit the less attractive species will increase the

less attractive species's reproductive success. One such factor is the relative density of

the species in the community (Sih & Baltus 1987). If a species's density is relatively

high, visitation rate may be increased simply due to the functional and/or numerical
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response of pollinators, irrespective of its attractiveness (see e.g. Klinkhamer & van der

Lugt 2004). The second group of factors is connected to the potential ability of the more

attractive species to facilitate reproductive success of its neighbours. In these cases, the

attractive species serves as a magnet species, increasing local pollinator activity and thus

actively increasing not only its own reproductive success but also that of its less attractive

neighbours (Laverty 1992, Johnson et al. 2003, Moeller 2004, Juillet et al. 2007).

Previous studies attempted to generate a robust theoretical background for predicting the

outcome of both processes and hence to unravel the prevailing factors acting when plants

share pollinators. One of the earliest models predicted that pollinator visitation rate

per �ower will increase with increasing plant density until pollinator visits are saturated

and competition for pollinator visits starts dominating (Rathcke 1983). At low densities,

visitation rate is very low and any small increase in density, created by either the same

species' individuals or by another species which shares pollinators, will have a positive

e�ect on the visitation rate and thus will increase reproductive success. However, as

density increases further, competition for pollinators will become increasingly important.

Kunin & Iwasa (1996) found similar results, but showed that the relative disadvantage

of the low density species can be reduced by a manipulation of the pollinator's foraging

choices, namely a specialisation of some pollinators on the low density species. A positive

e�ect of a heterogeneous species composition at low plant densities was supported by an

analytical model by Feldman et al. (2004) which showed that if the pollinator visitation

rate is an initially accelerating function of total �ower density, plant species showed higher

reproductive success and longer survival time in the presence of another species relative

to monocultures.

Next to the identity and density of neighbours, an important but largely understudied

factor that may determine reproductive success of unattractive species is spatial arrange-

ment of plant individuals. For example, within a plant community, a spatially clumped

distribution of a certain species may o�er a locally increased resource availability within

each clump of that particular species. This will tend to increase pollinator visits in these

clumps (increased visit quantity, Rathcke 1983), and in addition reduces the negative ef-

fects of improper pollen transfer (increased visit quality, Rathcke 1983). When the species

are spatially well-mixed within a community, this tendency is expected to be reversed be-

cause the pollinator may perceive a more heterogeneous foraging landscape which may

reduce visitation quality. Therefore, spatial segregation of �oral resources could be ben-

e�cial for species due to lower interspeci�c competition (Goulson 1994, Jakobsson et al.

2009), similar to the positive e�ects of intraspeci�c clumping related to other resources

(Stoll & Prati 2001).

The e�ects of spatial patterns on reproductive success become even more complex when
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considering that they depend also on pollinator traits, i.e. their ability to di�erentiate

between plant species and to respond to the perceived vegetation patterns. Unfortunately,

many previous models used relatively simple rules for pollinator foraging behaviour (Bo-

bisud & Neuhaus 1975, Waser 1978, Goulson 1994, Feldman et al. 2004), and there is a

lack of studies combining the recipient and provisioning part of pollination in determining

plant community structure. This discrepancy between the two aspects of pollination ecol-

ogy is unfortunate, because there are clear indications that pollinator decision-making

plays a signi�cant role in the outcome of such systems (Kunin & Iwasa 1996, Chittka

& Thomson 2001). For example, pollinators are known to �y shorter distances between

two consecutive successful visits (Waser 1982) which reduces the spatial extent of the

foraging bout. This observation, coupled with restricted maximum detection ranges of

visual and olfactory cues (Ne'eman & Kevan 2001), indicates the importance of plant

community composition and structure. Furthermore, many pollinator groups have cer-

tain innate preferences for �owering traits such as colours (Giurfa et al. 1995, Chittka

et al. 1999, Chittka & Thomson 2001, Raine & Chittka 2007, Ings et al. 2009). However,

these preferences can change during foraging activity depending on the availability of �o-

ral resources (Goulson 1994, Chittka & Thomson 2001) and recent foraging experiences

(Dukas & Real 1993b, Keasar et al. 1996). This implies that constancy may change ac-

cording to the relative density and the identity of species found during a foraging bout

(Grindeland et al. 2005, Hegland & Totland 2005, Cariveau. & Norton 2009). Plant com-

munity spatial distribution can therefore alter pollinator behaviour (and thus constancy)

by changing the available (i.e. detectable) resources, inducing di�erent foraging experi-

ences and hence a�ecting pollination success. Taking these considerations into account,

the reproductive success of species should depend on their attractiveness, abundance and

spatial distribution relative to the other species in the community.

In this study, we used an individual based simulation model to study the e�ect of plant

community spatial pattern and pollinator characteristics on the probability of a less at-

tractive species to survive. We employed a model where pollinators were foraging in a

plant community composed of two species with di�erent attractiveness to the pollinators.

We varied the size of monospeci�c patches within the community and the relative densities

of the two plant species in order to conduct an analysis of the interplay between density

and spatial patterns. Since we assume that pollinator decision-making plays an impor-

tant role, we tested the e�ect of three components: pollinator constancy (i.e. generalist

vs. specialist behaviour), reward variation among plants, and pollinator detection range

(Field Of View). Finally, we conducted a sensitivity analysis to test for the e�ects of

di�erent pollinator population sizes and plant dispersal distance on the model outcomes.

We used this combined approach (i.e. considering pollinators and plant individuals explic-
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itly) in order to test the following hypotheses: (i) in a community dominated by attractive

species, less attractive individuals will be avoided if they grow in clumps, due to the high

availability of preferred �oral resources. However, (ii) if the less attractive species is

randomly dispersed among attractive ones, pollinators will be more homogeneously dis-

tributed in space, increasing the number of chance visits to the less attractive species. On

the other hand, (iii) if the community is mainly composed of less attractive individuals, a

spatial aggregation of the less attractive species may manipulate the pollinators' foraging

landscape by reducing their choices over large areas of the plant community. This should

increase the reproductive success of the less attractive species relative to a random distri-

bution, where the attractive species can be detected and visited by pollinators from any

position in the plant community.

Model

In order to investigate the e�ects of spatial patterns on the survival probability of a less

attractive species, we developed a spatially explicit and time discrete model with a two-

species plant community and a pollinator population. We used a grid based Individual

Based Model (IBM) to model two self-incompatible �owering plant species. In this model,

plant species reproductive success, and thus their ability to survive in the community, was

governed by pollinator behaviour. To achieve that, pollinators were modelled as agents

which interacted with plant individuals during their foraging bouts. The spatial aspects

of the vegetation model combined with an interactive model, explicitly considering plants

and pollinators separately but interacting with each other, allowed us to test the in�uence

of spatial characteristics of both plants and their pollinators (initial spatial distribution of

plant species and spatial movement of pollinators) in addition to the e�ects of non-spatial

characteristics (e.g. densities of plant species, number of pollinators, �oral constancy

between visits).

The model contained a grid of 100 Ö 100 cells. Each cell represented a site in which a

single plant can establish, �ower, reproduce and die. We let the plants and pollinator

interact with each other for 50 years and used the number of cells occupied by each plant

species as a measure for its success. To avoid edge e�ects, the grid was designed as

a torus. In the following, we brie�y describe our model assumptions concerning plant

species traits, pollinator traits, and the interactions among the two trophic levels.
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Plant community

Plant species

The plant community was composed of two annual plant species, which di�er only in their

attractiveness to pollinators (A; A ∈{0.1 , 0.9} ; where higher A values indicate higher

attractiveness; see Appendix 3 for the motivation for choosing attractiveness values). At

the beginning of each model generation (i.e. one plant year), plant individuals of the two

species were introduced to the grid as adult �owering individuals. Each individual �ower,

regardless of its identity, could contain reward with a probability PR. As a default, both

plant species had a reward probability of 0.5 (i.e. pollinator landing on a �ower had 50%

chances to be rewarded). However, as part of the model sensitivity test, we also studied

situations in which both species had di�erent reward probabilities (see section Simulation

experiments). For simplicity, plants did not re�ll their reward during a generation. If a

plant individual was pollinated, it produced NSeed seeds that were then dispersed among

the surrounding grid cells at the end of the generation. Dispersal distance was based

on a normal distribution with mean 0 and standard deviation ddisp. The direction of

dispersal was de�ned as an angle drawn from a uniform distribution ([0-360°[) (details

see Appendix 4). At the end of each generation, all plant individuals died and the grid

occupancy for the next generation was determined, taking into account the relative seed

number of each species (weighted lottery; Warner & Chesson 1985; Appendix 4). For

simplicity, no further competitive interactions between species were incorporated in the

model (Straw 1972, Bobisud & Neuhaus 1975). Each plant individual could also die before

reproducing with a probability PDeath = 0.05 and each cell had a probability PEmpty =

0.05 to stay empty during a generation.

Community structure: spatial patterns

To systematically study the e�ects of spatial patterns on the outcome of plant-pollinator

interactions, we manipulated the level of intraspeci�c spatial aggregation of plant com-

munities. An example may be seen in Figure 1. The �rst pattern generated was a ran-

dom pattern (S1), where each cell was randomly assigned to one of the two species with

0.5 probability. This random pattern can be seen as the random distribution of square

monospeci�c patches with a one cell edge. To create more aggregated spatial patterns, we

increased intra-speci�c aggregation by randomly assigning a square monospeci�c patch

with an edge length of �ve (S5) or ten (S10) cells (i.e. patches of 25 and 100 conspeci�c

individuals, respectively) to one of the two species. As a control we also generated a

regular arrangement of the two species among the grid (Reg; see details below).
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Figure 1: Example of initial spatial patterns and relative species densities combinations used in
this study. Black cells represent areas occupied by the attractive species and white cells represent
areas occupied by the less attractive species. For simplicity, empty cells are not represented
although they were present with a probability of PEmpty< 0.05.
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Community structure: plant density

Because previous studied indicated that species density may have a strong e�ect on repro-

ductive success, we tested the spatial patterns with three di�erent population densities,

de�ned by the relative abundance of the attractive species (D = 10, 50 or 90 percent

of the non-empty cells were occupied by the attractive species). To create intraspeci�c

aggregated patterns (S1, S5, and S10) with di�erent species' densities, we divided the

grid into the appropriate number of square patches which were then assigned randomly

to a species according to its density: 10%, 50% or 90% of the patches were assigned to

the attractive species, respectively. The remaining patches were then �lled by the less

attractive species. During this process, we took into account that a cell had a PEmpty

probability to be unsuitable for plant growth. To generate a regular pattern (Reg) for

each density level, we used a more elaborate algorithm: when the two species densities

were equally abundant (D = 50), the pattern was easily generated using a �checkerboard�

pattern with alternate occupation of cells by the two species. During this process, each

cell had a probability of PEmpty to remain empty. This resulted in an alternating pattern

in which the direct neighbours (four nearest cells) of each cell were either empty or occu-

pied by individuals of the other species. When the attractive and less attractive species'

densities were not equal (D = 90 or D = 10), we divided each grid row into arrays of 10

cells. In each array, one cell was randomly assigned to either the less attractive species

(D = 90) or to the attractive one (D = 10). The remaining cells were �lled with the

other species or stayed empty with a probability PEmpty . We repeated this process ten

times in each row before �lling the remaining rows in the same fashion. An example for

the generated spatial patterns for the three density levels is shown in Figure 1.

Pollinators

The pollinator population represented one pollinator species with N individuals. The

pollinators could distinguish between the two �ower species (unlike, for example, Straw

1972, Bobisud & Neuhaus 1975, Feldman et al. 2004) and were inherently more attracted

to one of the plant species, i.e. at the beginning of each model generation, pollinators

had a higher preference for the attractive species. During each generation, pollinators

could change their preference according to their foraging experience (see section Pollinator

foraging rules). While foraging, pollinators had a restricted detection range, called here

Field Of View (FOV). The FOV was de�ned by a Moore neighbourhood with a radius of

RFOV cells (Wolfram 1983) which did not change across simulations, i.e. the number of

cells in the neighbourhood was equal to (2 Ö RFOV + 1)². We assumed that pollinators

were only attracted by �owering individuals within their FOV. They had no information
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about total reward distribution and there was no information exchange among pollinators

(Pasquale & Jacobi 1998). We chose a pollinator population size that was smaller than

the number of �owers in the �eld to ensure that there was a potential for competition

among �owers for pollinator visits (Straw 1972, Bobisud & Neuhaus 1975).

Pollinator foraging rules

To prevent arti�cial aggregation of pollinators, each pollinator was randomly positioned

in the plant community grid at the beginning of each model generation. From this random

point, pollinators started their foraging bout using a speci�c decision rule. First, pollina-

tors needed to decide about the �rst �ower sampled in the �eld. This decision is usually

assumed to be based on the inherent preferences of the pollinators. However, the initial

choice may also be a�ected by a more general perception of the �oral resources, because

pollinators have a restricted ability to discern among �oral resources at long distances

(Ne'eman & Kevan 2001). Therefore, pollinators created a �rescaled attractiveness� land-

scape of the �owers in their �eld of view (FOV), i.e. a landscape of attractiveness values

which depended not only on the speci�c �ower species in the cell, but also on the species

growing in neighbour cells of increasing distances, as described in Equation 1:

A
′

ij =

 i+RFOV∑
k=i−RFOV

k 6=i

j+RFOV∑
l=j−RFOV

l 6=j

Akl

d(ij),(kl)

+ Aij

A
′
ij,max

(1)

where A
′
ij is the rescaled attractiveness of cell (i, j), Aij is the attractiveness of the �ower

located in (i, j), d(ij),(kl) is the distance between a cell situated in (k, l) and the focal cell

in (i, j), and A
′
ij,max(RFOV ) is the maximum value of rescaled attractiveness for the plant

at position (i, j) (i.e. if all cells in the neighbourhood are occupied by �owers of maximum

attractiveness (A = 1)). It should be noted that A
′
ij,max(RFOV ) is a function of the size

of the pollinators' FOV. Empty cells had a (rescaled) attractiveness of zero.

Once the rescaled attractiveness (A
′
ij) was obtained for all plant individuals, we let the

pollinators move from their randomly assigned positions in the direction of the steepest

positive gradient of rescaled attractiveness within their speci�c FOV (i.e. in the direction

of the more attractive part of the community). Pollinators followed that gradient until

three conditions were met: (i) the chosen cell was not empty; (ii) no other pollinators were

present in the chosen cell; and (iii) the numeric value of the steepest gradient was lower

than a threshold value (T = 0.05). A threshold was chosen because otherwise, all polli-

nators were �nally aggregated in local (or global) maxima of the rescaled attractiveness

35



landscape (see Appendix 5). Therefore, the threshold parameter may be interpreted as

a measure of the �pickiness� of pollinators concerning the starting point of their foraging

bout. When two pollinators landed on the same grid cell, the later to arrive changed its

starting random position by �ying away for a distance of 25 cells in a randomly drawn

direction (angle in [0,360°[) and started its search again until all three conditions were

met.

After all pollinators chose their starting position, a second set of rules was applied. This

second phase in the pollinator movements re�ected the common foraging mode of most

pollinators, where short distances between consecutive visits are preferred (Waser 1982).

This implies that pollinators were able to distinguish between di�erent �oral resources by

detecting the individual attractiveness (Ne'eman & Kevan 2001). To create a short dis-

tance foraging rule, pollinators searched for the most attractive �ower within their FOV.

The decision was made by each pollinator by calculating a score for all the cells within

its FOV. This score was based on the distance between the location of the pollinator, the

location of the plant individual and the instantaneous pollinator preference G (which was

a�ected by its experience while foraging) as calculated in Equation 2:

S = G+
1

(d+ 1)
(2)

where S is the instantaneous score for a certain plant individual in a speci�c cell, G is the

instantaneous pollinator preference and d is the distance of the cell from the pollinator

(adapted from Ohashi & Thomson 2005).

The cell with the highest score value (S) in the pollinator's �eld of view was chosen as

the pollinator's next destination, as long as it was not occupied by another pollinator,

and it was not the pollinator's last visited �ower in this generation. If a pollinator was

already present in the chosen cell, the last arrived �ew 25 cells away in a randomly chosen

direction (angle in [0,360°[). If more than one �ower within the FOV met the conditions

and had an equal score, the next position was randomly chosen among these �owers. To

make sure that no bias was created during this step, pollinator order in this second phase

was random.

Reward collection and pollination

Once the choice of the next �ower was made (based on the second step of the pollinator

foraging rules described above), the pollinator landed in that cell. As described in section

Plant community, each plant individual had a PR probability to contain a reward. If the

�ower provided a reward, it was emptied by the visiting pollinator. Pollinators always took
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Table 1: Shift in preferences of pollinators depending on the last species visited (rows) and the
rewarding character of this last visit (columns). Numbers in brackets give the probability of the
events to happen. PShift is the constancy parameter of pollinators.

Rewarding character of last visit

Rewarding visit Non rewarding visit

Last species
attractive preference set to attractive: preference set to less attractive:

Stay (1) Shift (PShift )

visited
less attractive preference set to attractive: preference set to attractive:

Stay (1-PShift ) Shift (1)

pollen from the last visited �ower and carried it only until the next visit. If the species of

pollen carried matched the species of the currently visited �ower, pollination occurred. If

the species did not match, no pollination took place, but no additional negative e�ect was

applied, because the limitation put on the pollen carryover time is akin to strong negative

e�ects of heterospeci�c pollen transfer (Feldman et al. 2004). This foraging behaviour

was repeated 50 times for each pollinator. Hence, each pollinator had the possibility of

creating a maximum of 50 pollination events within one model generation (no pollen was

carried by the pollinators at the beginning of a new vegetation generation).

Changes in pollination preferences during a bout

Pollinators were modelled as having an innate preference, dictating an inclination towards

the attractive species at the beginning of each generation. However, within a genera-

tion, the pollinator preferences could shift according to a set of decision rules (Table 1).

Depending on the pollinator's constancy parameter (PShift) used in our �probabilistic

Win-Stay-Loose-Shift Behaviour� algorithm (Ohashi & Thomson 2005), we could model

a �constant� (i.e., specialist; PShift = 0) as well as a �shifting� behaviour (i.e. generalist;

PShift =1). Using this approach, the pollinator's past experience a�ected the attrac-

tiveness of species. Numerically, this was achieved by setting the pollinator preference

values equal to the adequate plant attractiveness values for each individual pollinator.

In this way, a pollinator that was not rewarded by an attractive species in a visit had

a PShift probability of changing its preference towards the less attractive species in its

next visit. For this speci�c pollinator, the instantaneous pollinator preference G for the

less attractive species changed its value to equal the value of the attractive species and

vice-versa.
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Simulation experiments

To test the e�ect of pollinator characteristics on plant-pollinator interactions, we ran all

the model simulations, i.e. all combinations of spatial patterns and density, using several

pollinator trait combinations (see Table 2 for all the combinations of the parameter values

used in the simulations). First, we tested the e�ects of pollinator constancy (PShift) on the

dynamics of the model, tuning the pollinators from specialist behaviour (to the attractive

species; PShift = 0) toward a more realistic scenario in which pollinators presented a

shifting behaviour with innate preference towards the attractive species (PShift = 1). To

do this, we considered 50 pollinators (N = 50) and used a priori de�ned values for the

other parameters (PR = 0.50, RFOV = 5 and ddisp = 5). Because the changes in preferences

of pollinators were driven by the rewarding character of their visit (Keasar et al. 1996),

we investigated the e�ect of promoting the pollinators' staying behaviour by increasing

rewarding probability (PR= 1; i.e. each plant individual is rewarding at the start of each

generation and thus no reward variation occurred within species). In a further step, we

aimed at exploring the interplay between the size of the monospeci�c vegetation patches

and the maximum detection distance of pollinators. Hence, we conducted simulations in

which the values for the pollinator's FOV were altered (RFOV = 2, 5 and 10). Finally,

to estimate the generality of our �ndings, we conducted a sensitivity analysis for seed

dispersal distances (ddisp = 2.5, 5 and 10) and pollinator population sizes (N= 25, 50 and

100). For each set of parameter values, 50 replications were made for each of the four

starting patterns (Reg, S1, S5 and S10) and for the three relative density levels (D = 10,

50, 90).

Statistical analyses

The main goal of the statistical analysis was to estimate the probability of the less at-

tractive species to survive in the community under di�erent combinations of plant and

pollinator characteristics (see Table 2 for all the combinations of the parameter values

used in the simulations). Therefore, we mainly used survival analysis techniques, testing

for di�erences between Kaplan-Meyer estimates of the survival curves for the di�erent

spatial patterns within the same set of parameter values (Kleinbaum & Klein 2005). If

data was censored, we used Log-Rank tests, whereas if no censoring was present, we used

Mann-Whitney U tests (Kleinbaum & Klein 2005). As a �rst step, we tested for di�er-

ences in survival between the four spatial patterns. If the appropriate test was signi�cant,

we used the false discovery rate correction method to detect pairwise di�erences (Ben-

jamini & Hochberg 1995). All statistical analyses were conducted in R version 2.13.1 (R
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Table 2: Parameter value combinations tested in the simulation experiments, where PShift is the
constancy parameter, RFOV is the Field Of View (pollinator detection distance, in cells), ddisp the
standard deviation of the seed dispersal distance, N is the size of the pollinator population and
PR is the rewarding probability (i.e. reward variation) of each plant individual. All parameter
sets were run for all the combinations of four starting spatial patterns (S1, S5, S10 and Reg) and
three densities (D = 10, 50 and 90).

Simulation N° E�ect PShift PR RFOV ddisp N

1 constancy high 0 0.5 5 5 50

2 constancy interm. 0.5 0.5 5 5 50

3 constancy low 1 0.5 5 5 50

4 no reward variation 0.5 1 5 5 50

5 no reward variation 1 1 5 5 50

6 FOV small 1 0.5 2 5 50

7 FOV large 1 0.5 10 5 50

8 dispersal short 1 0.5 5 2.5 50

9 dispersal long 1 0.5 5 10 50

10 polli. pop. small 1 0.5 5 5 25

11 polli. pop. large 1 0.5 5 5 100

Development Core Team 2005). The graphical results of the survival analysis of all the

parameter combinations tested are presented in Appendix 2.

Results

E�ect of density and spatial patterns of the plant communities

The spatial patterns and relative densities of the species composing the community sig-

ni�cantly a�ected the survival rate of the less attractive species, even if eventually it went

extinct in many simulations. Generally, the e�ect of spatial patterns on the survival rate of

the less attractive species varied among relative densities: when the less attractive species

was dominant at the beginning of a simulation (D = 10) it survived longer when spatially

aggregated (e.g. pattern S10). Vice-versa, at high density of the attractive species (D =

90), the less attractive species pro�ted from being spatially dispersed (e.g. pattern S1;

Table 3: simulations 3, 6, 8, 10, Figure 2: simulations 3, 6, Figure 3: simulations 8, 10 and

Appendix 2 Figure A.1: simulations 3, 6, 8, 10). At intermediate densities, the results

were similar to the e�ect found at high density of the attractive species, though weaker.

In addition, the relative increase in density of the attractive species negatively a�ected
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Figure 2: Median survival time of the less attractive species in relation to factors a�ecting pol-
linator behaviour (pollinator constancy, reward probability and detection range) for the di�erent
spatial patterns and relative densities combinations. The number of each sub-�gure refers to the
simulation number in Table 2. Grey continuous lines with ` represent the median survival time
for the S1 pattern; dashed dark grey lines with  represent the S5 pattern and black continuous
lines with a represent the median survival time for the S10 pattern. For simplicity, we did
not visualize the curves for the regular pattern, which did not di�er from the S1 pattern. If
more than 50% of the repetitions led to coexistence of the two species, the value for the median
survival time could not be computed and we visualized this on the �gure by setting the median
survival time to 50 generations. Note that simulation 3 is presented three times, to enable better
visual comparison with other simulations.
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Figure 3: Median survival time for the less attractive species in relation to the factors tested in
the sensitivity analysis (plant dispersal distance and pollinator population size) for the di�erent
spatial patterns and relative densities combinations. The number of each sub-�gure refers to the
simulation number in Table 2. Grey continuous lines with ` represent the median survival time
for the S1 pattern; dashed dark grey lines with  represent the S5 pattern and black continuous
lines with a represent the median survival time for the S10 pattern. As in Fig. 2, we did not
visualize the curves for the regular pattern and the value for the median survival time was set
at 50 generations when it could not be computed. Note that the simulation 3 is presented twice,
to enable better visual comparison with other simulations.
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median survival time of the less attractive species regardless of spatial pattern (Table 3:

simulations 3, 6, 8, 10, Figure 2: simulations 3, 6, Figure 3: simulations 8, 10 ).

E�ect of factors shaping pollinators' behaviour

Constancy

The less attractive species's median survival time was longer for all spatial patterns when

pollinators tended to be generalists (i.e. increasing the PShift value, Table 3 and Figure 2:

simulation 1, 2, 3). However, the general outcome was also dictated by the interaction be-

tween spatial patterns and density as described above. The largest di�erences in survival

curves were found for highly generalist pollinators (PShift = 1), where survival rate of the

less attractive species increased with decreasing spatial aggregation at low and interme-

diate density of less attractive individuals (i.e. D = 50, 90), whereas at high density (i.e.

D = 10), the survival rate of the less attractive species increased with aggregation. Both

species' population dynamics supported the results of the surviving time analysis. When

pollinators showed a more generalist behaviour, a strong decrease in the community size

was created at early generations (see example in Figure 4). Although the population of

the attractive species generally reached a stable size of approximately 5000 individuals

(Appendix 6, Table A2), the time needed to reach these equilibrium densities was sub-

jected to the interplay between spatial patterns and densities. In particular, when the

density of the attractive species was low (i.e. D=10), the time needed to reach equilibrium

was longer when plant community was highly aggregated (S10). When the density of the

attractive species was higher, stronger spatial aggregation caused the population to reach

its stable state faster (Figure 4).

Reward probability

Not surprisingly, pollinator decisions were a�ected by the reward probability of the plant

individuals. Without reward variation, survival rate of the less attractive species was

una�ected by density and initial spatial pattern, regardless of the constancy values tested

(Table 3: simulation 4 and 5, Figure 2: simulation 5, compare with simulations with

reward variation: simulation 3). In addition, the general model dynamics in terms of

mean plant population sizes was neither a�ected by density nor spatial pattern (results not

shown). Moreover, when studying the e�ect of pollinator constancy, we found that with

generalist pollinators, the less attractive species always survived in the system (Figure 2,

simulation 5). The mean total plant community size in this case was lower (approximately

3000 plant individuals) than in a situation of lower reward probability (approximately 5000
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Figure 4: In�uence of pollinator detecting range (�eld of view � RFOV ) on mean population size
of the two plant species within a simulation. Continuous lines denote the mean population size
of the attractive species; dashed lines represent the mean population size for the less attractive
species. For clarity, we visualized the dynamics with only two initial spatial patterns: black lines
represent the S10 patterns and grey lines represent the S1 pattern. Overall, the regular spatial
pattern (Reg) did not di�er from the S1 pattern. The dynamic of the intermediate aggregated
pattern (S5) was always between the one observed for S1 and S10. Values of the remaining
parameters in the presented simulation experiments were N = 50, PShift = 1.00, PR = 0.50,
ddisp = 5.
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plant individuals, when all other model parameters were similar; details see Appendix 6

Table A2). Interestingly, although no signi�cant pairwise di�erences were found, when

pollinators were de�ned as intermediate generalists (PShift = 0.50), the survival curves

suggested that the less attractive species had higher survival when highly dispersed among

very dense attractive species (Appendix 2 Figure A.1: simulation 4).

Pollinators' detection range

When considering generalist pollinator behaviour (PShift = 1), a decrease in the pollinator

FOV (RFOV =2) combined with aggregated population structure strengthened the general

trends described for density and spatial pattern (Table 3 and Figure 2: simulation 6, 3

and 7). When the less attractive species was dominant (D = 10), a reduction in FOV led

to a higher survival rate for that species. The median survival time was longest for the

spatially aggregated community (S10). Moreover, at higher levels of aggregation, the less

attractive species always survived in the system (Figure 2 simulation 6 and Figure 4 for

RFOV = 2). When density of the attractive species was higher (D = 50, 90), a reduction

in FOV led to a lower survival rate for the less attractive species regardless of spatial

pattern, and the reduction of median survival time was strongest for spatially well mixed

patterns (S1, and Reg).

Sensitivity analysis

Seed dispersal distance

When the less attractive species was dominant at the beginning of simulations, decreasing

the dispersal distance (ddisp = 2.5) of both plant species resulted in higher survival rate

under aggregated patterns (Table 3 and Appendix 2, Figure A.1 simulation 8). When

density of the less attractive species decreased, high aggregation became disadvantageous

for the less attractive species, lowering its survival curve relative to more dispersed pat-

terns. Increasing dispersal distance (ddisp= 10) weakened the di�erences between the

spatial patterns in relation to the less attractive species's survival (Figure 3: simulation

9). When the less attractive species was dominant, the highly aggregated pattern (S10)

survival curve was signi�cantly higher than all other spatial patterns (although note that

for the regular pattern, di�erences were not signi�cant: Table 3, simulation 9). With

decreasing less attractive species densities, no signi�cant e�ects were detected.
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Pollinator population size

The general trends of the survival analysis results were not a�ected by pollinator popula-

tion size, though the e�ect of the spatial patterns was somewhat dampened (Table 3 and

Figure 3: simulation 10, 3 and 11). The main di�erences found were in the population size

of the attractive species (Appendix 6 Table A.3). Nevertheless, it should be noted that a

decrease in pollinator population size led to some inconsistencies in the above trends: the

less attractive species's survival rate was reduced in the intermediately aggregated pat-

tern (S5) when the less attractive one was dominant or when both species were equally

represented (Table 3 and Figure 3: simulation 10). However, generally, increasing the size

of the pollinator population resulted in a higher survival rate for all densities and spatial

con�gurations.

Initial locations of pollinators

In our model, pollinators appeared at random positions in the �eld. Although, this was

not subjected to a sensitivity analysis, the results of the model should not be a�ected

by other ways of initializing pollinator positions. This simply because even if pollinators

were randomly initially positioned, they did not start their foraging bouts at random po-

sitions: during the �rst step of the foraging algorithm, they directed themselves towards

parts of the plant community which they perceived as more attractive. Hence, the spatial

distribution of the pollination activity was dictated by the plant community composition

(dictated by the relative densities and spatial patterns). Because all pollinators were

following similar movement rules while plant community composition did not di�er ac-

cording to the pollinator position within the grid, the pollinators' initial locations (before

choosing a �rst �ower) could only a�ect the spatial distribution of the pollination activity,

but not the model outcome.

Discussion

Our model shows that the success of a less attractive species competing for the services

of pollinators with an attractive species is strongly in�uenced by the relative density and

spatial distribution of the two species. The spatial distribution of the more abundant

species a�ected the success of its co-occurring species by manipulating the foraging land-

scape of the pollinators and hence the spatial availability of the other plant species. By

growing spatially aggregated, a species is apparently able to locally �trap� pollinators

and thus to reduce the local availability of pollinators for coexisting species. Trapped
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pollinators no longer act as shared pollinators and therefore behave as local specialists,

foraging only on one plant species. In such spatially aggregated situations, the more

abundant species receives only its own pollen (higher visit quality sensu Rathcke 1983)

which results in locally increased reproductive success, and a longer survival time in the

community. This demonstrates that spatial arrangement of communities cannot be ig-

nored when investigating the outcome of plant-plant indirect interactions mediated by

shared pollinators.

The notion that separation of pollination services is pro�table for plant species is well

founded in pollination theory. Clearly, specialisation and speciation are driven by simi-

lar seclusion on an evolutionary time scale (Rathcke 1983, Harder & Barrett 2006). On

an ecological time scale, species avoid interspeci�c competition by temporally separat-

ing their �owering times and thus separating their pollination services (Rathcke & Lacey

1985, Ishii & Higashi 2001). However, our model is highly novel in that it indicates

how separation of pollination services can be modi�ed solely by the spatial pattern of

the component species, even if they �ower simultaneously. (Waser 1978) demonstrated

previously that coexistence of two species sharing pollinators is possible if spatial sepa-

ration is included (i.e. when refugia were modelled), which he interpreted as a di�erence

in edaphic requirements of the two competing species. Our �ndings demonstrate that

the spatial arrangement of a community is a su�cient condition for enhancing survival

of a less attractive species without any niche di�erentiation. Namely, spatial separation

through aggregated distributions can bene�t species by locally manipulating the foraging

landscape of their pollinators even when species that share pollination services coexist

and exhibit no other means of niche separation (e.g. temporal or evolutionary separa-

tion). Given the ubiquity of spatial aggregation in natural communities and the restricted

spatial extent of foraging animals, our results strongly suggest that reproductive success

may be largely a�ected by spatial structure.

The intriguing consequence of these �ndings is that one condition for less attractive species

survival is their ability to indirectly manipulate pollinator behaviour by their vegetative

spatial growth structure. Manipulation of pollinator behaviour is fundamental for plant-

pollinator interactions (Kunin 1993, Waser & Ollerton 2006, Chittka & Thomson 2001).

However, to the best of our knowledge, the mechanism we detected here has not yet

been described before. It is usually assumed that the chance of correct conspeci�c pollen

transfer increases with pollinator constancy within a bout (Rathcke 1983, Waser 1986).

Therefore, �ower traits that increase pollinators' tendency to continue visiting the same

species are evolutionarily and ecologically favoured (see Harder & Barrett 2006). In accor-

dance with this assumption, a species which is less preferred by the pollinator community

needs to manipulate the inherent pollinators' preference and constancy towards its own
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�owers. This may be achieved by several strategies. For example, the visually less attrac-

tive species may o�er much higher reward (e.g. Goulson 1994). However, such a situation

seems to be relatively unrealistic, because reward is considered costly for the plant (Pyke

1991) and especially because inherent pollinators' preferences (i.e. attractiveness) are

assumed to be related to reward level (e.g. Cohen & Shmida 1993). On the other hand,

if reward amount and availability are similar among species, a random sampling of the

less attractive species may result in a constancy shift. As Goulson (1994) noted (but did

not test), a simple strategy to increase the chance of such a shift is to aggregate the less

attractive individuals. This spatial pattern strongly decreases the pollinator's foraging

choices within the bout and increases the likelihood of further visits and with them the

plant species' reproductive success (e.g. Jakobsson et al. 2009).

Moreover, our model indicates that the e�ect of spatial pattern is also a function of the

mobility of pollinators. Namely, the spatial availability of plant species to a pollinator

can substantially change when the scale of aggregation (size of monospeci�c patches) is

at least as large as the pollinator detection range (FOV; Ne'eman & Kevan 2001). When

the detection range was larger than the average monospeci�c patch size, the e�ect of

spatial pattern on foraging decisions was weakened. A similar decrease in the ability

to di�erentiate between clustered and random foraging landscapes was found in birds

when their movement decision scale (equivalent to our FOV) was manipulated (Morales

& Vazquez 2008). The consequences of these �ndings may be relevant for other situations

where the size of an organism's detection range interacts with the spatial distribution of

its food resources, e.g. for behaviour of animals in a fragmented landscape.

The importance of maintaining spatial separation among the species for higher repro-

ductive success is expected to favour plant traits that contribute to spatial segregation.

This was demonstrated in our model by the e�ect of seed dispersal distances on the less

attractive species's survival time in the community. Namely, under limited dispersal, the

chances of creating and maintaining monospeci�c patches are higher (Levine & Murrell

2003), further enhancing the trapping e�ect of pollinators and increasing reproductive

success. Interestingly, this may lead to a positive feedback when more seeds are produced

and thus more o�spring germinate in the same patch in the following years. Therefore, a

chance arrival of pollinators in a less attractive species's patch may trigger local spatial

separation that will su�ce to secure the survival of that species. A similar mechanism

was found by Ishii & Higashi (2001) for temporal segregation. In their model, winning

the competition for pollination during a sub-period of the total �owering period was su�-

cient for persistence in the community. Interestingly, in our spatially explicit case, locally

winning the competition by decreased seed dispersal in early generations had a similar

e�ect.
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The e�ect of community spatial patterns on less attractive species reproductive success

cannot be decoupled from the e�ect of population densities on pollinator behaviour. When

overall �ower density is high and pollination saturation is unlikely, pollinators usually

pro�t from specialising on a single species (e.g. Kunin & Iwasa 1996), often the dominant

one (e.g. Goulson 1994). Our results support this view because the less attractive species

usually showed higher survival under increased density. However, we also found a clear

interaction between density and spatial patterns. As previously mentioned, when the

less attractive species was relatively abundant, its reproductive success was considerably

increased by additional spatial structure that increased the tendency of pollinators to

switch their preferences. However, when the less attractive species's densities were low,

its survival time increased (though generally not leading to stable coexistence) when highly

dispersed among the more attractive species. This result suggests an improved visitation

rate of a rare species in the presence of additional neighbours, even of a di�erent species,

as was �rst suggested by Rathcke (1983; but see Feldman 2008). One possible explanation

for such an observation may be that in relatively dense communities, pollinators tend to

distinguish less among individuals, so that less attractive �owers are also more frequently

visited (Klinkhamer & van der Lugt 2004). Another possibility may be that at low

densities, dynamics similar to the magnet species e�ect (e.g. Laverty 1992, Johnson et al.

2003, Moeller 2004) are created. Here, the less attractive species pro�ts from chance visits

from pollinators which were attracted to the area because of the more attractive species.

Our results suggests that competitively inferior species may be able to persist longer in

a community solely due to its spatial aggregation, creating a situation similar to �weak

facilitation� sensu Feldman et al. (2004). Moreover, our model showed that coexistence of

the two species is possible (�strong facilitation� sensu Feldman et al. 2004) when reward

variation is low. An explanation may be that without reward variation, the inherent

pollination bias toward the attractive species disappears. Each visit to a less attractive

individual triggered a change in preference toward the species of the visited individual,

thus dividing the pollinator community into two separate groups of �specialists�, each

foraging on another species. Because the scenario tested in our model was of relatively

high reward chances (with low variation), almost all the �owers were rewarding and a

random change of preference early in a bout resulted in an increased visitation rate to

the less attractive species. This was enough to secure the less attractive species' survival

in all simulations.

Our theoretical study relied on a model that was a simpli�cation of the real world. Among

others, in our model plant species characteristics were similar apart from their attractive-

ness to the pollinators. However, the fact that even with such restricted di�erences among

species we observed an elongation of the less attractive species survival or even stable co-
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existence among species when spatially aggregated, emphasizes the importance of space

for our understanding of foraging dynamics. Hence, we argue that in addition to the

well-known role of plant density for pollinator behaviour, community spatial structure

should be taken into account (e.g. Rathcke 1983, Feldman et al. 2004). For example,

changes in spatial distribution of di�erent plant species in a community may alter the

spatial distribution of the foraging pollinators and thus may separate pollination services

among competing plant species. This may further a�ect the conditions in which facilita-

tive processes may occur. Namely, an accelerating response in number of pollinators at

low plant densities (Feldman et al. 2004) might not lead to facilitation if a strong spatial

separation of the pollinator services is created by the plant community spatial structure.

Such results may have a signi�cant impact on pollination ecology beyond the borders of

pure theory. Especially, we suggest that the spatial arrangement of the plant species of

interest relative to their neighbours may play an important role in explaining variation in

reproductive success in the �eld.

Conclusions

Our study aimed at disentangling the e�ect of several aspects of competition for pollina-

tors which have not been studied in detail. First, we have shown that the spatial structure

of communities cannot be ignored when plant species are competing for pollinator services

(Straw 1972, Bobisud & Neuhaus 1975, Waser 1978, Goulson 1994, Feldman et al. 2004).

Moreover, our model indicates that the ability of aggregated spatial patterns to manipu-

late pollinator behaviour by trapping is su�cient to enable persistence of a competitively

inferior species. Another advantage of our modelling approach is that a continuum of

pollinator behaviours was taken into account and their interactions with the explicitly

modelled plant individuals were tested. With this new approach, we unravelled dynam-

ics within plant communities emerging from spatial e�ects and a�ecting the outcome of

indirect plant-plant interactions through pollinator sharing.

We conclude that at a restricted temporal and spatial scale, the spatial distribution of

plant species in a community a�ects their reproductive success. This e�ect is mainly

dictated by the manipulation of the foraging landscape of pollinators by the spatial struc-

ture of the plant community. This manipulation favours spatial separation of pollinator

activity and acts at two temporal scales: whereas the size of monospeci�c patches is re-

sponsible for trapping pollinators within a foraging bout, plant traits such as dispersal

distance can reinforce this e�ect across the next generations. Moreover, our results may

serve as additional motivation to study spatial e�ects on plant-pollinator interactions in
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the �eld. Because plants' spatial patterns are predicted to a�ect pollinators' foraging be-

haviour, it is crucial to consider (and manipulate) them when studying plant reproductive

success in natural conditions.
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Appendices

Appendix 1: Model Parameters:

Values used for the model parameters in the simulations. If more than one value is given,

combinations of these values were tested, as described in the Simulation experiments

section.

· Ai: attractiveness of species i, Ai ∈{0.1,0.9}(see Appendix 3)

· PR: probability for a plant individual to contain reward (0.5, 1)

· µSeed: mean of the normal distribution for the number of produced seeds (40)

· δSeed: standard deviation of the normal distribution for the number of produced

seeds (2.5)

· ddisp: standard deviation of the normal distribution used for the dispersal of seeds

(2.5, 5, 10)

· PEmpty: probability of an establishment site to be unsuitable (0.05)

· PDeath: probability of death before seed set (0.05)

· D: percentage of attractive individuals at the beginning of the simulation (10, 50,

90)

· RFOV : radius of the Field Of View of the pollinators (also used in the calculation

of the rescaled attractiveness) (2, 5, 10)

· N : number of pollinators in the population (25, 50, 100)

· PShift: constancy parameter (0, 0.50, 1)

· T : threshold value in the �rst pollinator movement rule (0.05)
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Appendix 2: Graphical results of the survival analysis

N° D =10 D = 50 D = 90
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N° D =10 D = 50 D = 90
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N° D =10 D = 50 D = 90

Figure A.1: Kaplan-Meyer estimates of the survival curves (probability of survival in time)
for the less attractive species for all the tested sets of parameters. The numbers of simulations
correspond to the number given in Table 2 for each set of parameters. Continuous black lines
depict the survival curves for the S10 (strong monospeci�c aggregation) patterns, dashed grey
lines for the S5 (intermediate monospeci�c aggregation) pattern and light grey lines for the S1
(weak monospeci�c aggregation) pattern. Results of the survival analysis are given in Table 3.

Appendix 3: Choice of the attractiveness values

The instantaneous pollinator preference G, as described in Equation 2 (main text) moti-

vated the choice of the parameter values for the attractiveness (A) of the plant species.

Our aim was to enable pollinators to search and �nally select a plant individual using
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their detection range (FOV), while taking into account two factors: a) individuals be-

longing to the preferred species (i.e. the species which is more attractive according to

the pollinator's experience) should always be chosen over the less preferred individuals;

b) closer plants are more likely to be selected than distant ones (due to energetic con-

siderations), for plants having the same instantaneous pollinator preference. In the most

extreme case of having only one preferred �ower located at the corner cell of a pollina-

tor's FOV (longest possible distance within its FOV) and the rest of the FOV occupied

with less preferred individuals, this preferred �ower should be chosen. In order to satisfy

this rule, the instantaneous score S of the preferred �ower in the corner must be higher

than the score of an adjacent less preferred �ower. To calculate this, we compared the

instantaneous score S of a less attractive plant individual close by (i.e. adjacent cell) for

a pollinator with that of the more preferred plant species at the corner of the pollinator's

�eld of view, using the rule described in Equation A.1:

Sd=1
NP < S

d=(RFOV .
√

2)
P (A.1)

where Sd=1
NP is the score for a less preferred �ower at distance = 1 cell , and S

d=(RFOV .
√

2)
P

is the score of a preferred �ower at the corner cell of the pollinator's FOV (i.e. greatest

distance possible in the FOV). Using Equation 2, inequality A.1 can be rewritten as:

GNP < GP +
1

RFOV .
√
2
− 1

2
(A.2)

where GNP and GP are the instantaneous preference value for a less preferred and a

preferred �ower, respectively. Assigning the value of 0.9 for GP , critical values for GNP

can be computed. These values are given in Table A.1. In order to make sure that a

pollinator would move to the preferred �ower even if this is located in the corner cell of

its FOV, the instantaneous preference value of a less preferred �ower should be smaller

than 0.47. To ensure these di�erences, we chose the value of 0.1 for the instantaneous

preference of a less preferred �ower. Hence, the attractiveness value of the less attractive

species was also equal to 0.1.

Appendix 4: Reproduction and dispersal of plant individuals

If a plant individual was pollinated, it produced NSeed seeds, NSeed being drawn from a

normal distribution with mean µSeed and standard deviation δSeed . Seeds produced by

plant individuals were then dispersed locally among the grid. The cell to which a certain

seed was dispersed was determined by a distance from the mother plant and an angle. The

angle was randomly generated out of a uniform distribution while the distance was drawn
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Table A.1: Critical values for instantaneous preference values for the less preferred species
(GNP <) as well as the values for the score of a less preferred �ower at distance 1 (Sd=1

NP ) and

the score values for preferred �owers at the corner at the FOV of pollinators (S
d=(RFOV .

√
2)

P )

RFOV GNP < Sd=1
NP S

d=(RFOV .
√

2)
P

2 0.66 0.6 1.23

5 0.52 0.6 1.07

10 0.47 0.6 0.99

out of a normal distribution with mean zero and standard deviation ddisp. Once seeds

were dispersed, the grid occupancy for the next generation was determined. Each cell

had a probability PEmpty = 0.05 to be unsuitable for establishment of plant individuals.

If a cell was suitable for plant growth, species k had a probability of Pk =
Nk

ΣN
(k = 1, 2)

to occupy that cell for the next generation, with Nk being the amount of seeds of species

k in the cell and N the total amount of seeds in the cell. We also considered mortality:

each individual had a probability PDeath of 0.05 to die before seed set.

Appendix 5: Threshold value used in the pollinators' �rst move-

ment rule:

In the �rst step of the pollinator behaviour, a threshold value T was used. This parame-

ter re�ects the �pickiness� of pollinators when choosing the position from which they will

start their foraging bouts. This parameter value was chosen to ensure that the innate pol-

linators' preference will be taken into consideration while distributing pollinators among

grid cells before the actual start of their foraging bouts. When a pollinator is at the edge

of a patch composed only by attractive individuals and the patch is of a size equal to

the pollinator's FOV, the threshold value determines how far the pollinator will penetrate

this patch and on which cell it will land at the beginning of its foraging bout (Figure A.2).

We can then calculate the rescaled attractiveness values (see section Pollinator foraging

rules, main text) of all the cells in this pollinator's FOV and the di�erences in rescaled

attractiveness values associated with the movement of the pollinator in the indicated di-

rection (Figure A.3), for each of the three FOV sizes tested. Depending on the size of

the patch, pollinator can move 3, 6 or 11 cells (for RFOV = 2, 5, 10 respectively) before

reaching the centre of the patch.

As can be seen in Figure A.3, pollinators with a RFOV = 2 will land in the middle of the

patch (i.e. after moving three times). For pollinators having a larger FOV, the threshold

will be reached after moving 5 or 4 cells into the patch, for RFOV = 5 and 10, respectively.

Hence, we can assume that this threshold value is appropriate as it will guide pollinators
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to land on �owers deep within patches of attractive individuals. This implies that our

model involved a conservative behavioural rule which re�ects the innate preferences of

pollinators.

Figure A.2: Pollinator at position X (on less attractive �ower, white cells) facing a patch of
attractive individuals (black cells). Dotted areas represent the portion of the �eld within the
pollinator's FOV (for a RFOV = 2; only part of the FOV is depicted). The arrow indicates the
direction of the pollinator's movement.

Figure A.3: Di�erences of rescaled attractiveness for a pollinator facing a patch of attractive
species (as depicted in Figure A.2) as a function of the pollinator's movement distance (in number
of cells), from the edge of the attractive �ower patch (position X in Figure A.2). The line at
0.05 indicates the threshold value (T ) used in the model. Pollinators will land on the �rst cell
for which this value falls below the 0.05 line.
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Appendix 6: Species �nal abundance as a function of reward vari-

ation and pollinator population sizes

Table A.2: Mean population sizes at generation 50 for the attractive (A) and the less attractive
(NA) species in relation to starting densities of attractive plant individuals (D = 10: low density
of the attractive species and high density of the less attractive one; D = 50: similar densities of
the two plant species; D = 90: high density of the attractive species and low density of the less
attractive one) and to reward variation (PR = 0.5 or PR = 1; with or without variation). Mean
population sizes are rounded and given in numbers of cells. Remaining parameter values were
PShift = 1, RFOV = 5, ddisp = 5 and N = 50.

D = 10 D = 50 D = 90

PR Species Reg S1 S5 S10 Reg S1 S5 S10 Reg S1 S5 S10

0.5 A 5081 5085 5071 4647 5016 5039 4991 5095 5111 5083 5123 5131

0.5 NA 2 3 2 199 83 41 4 0 4 3 0 0

1 A 2068 2048 1960 2019 2009 2011 2004 1999 2006 1976 2022 1994

1 NA 1157 1199 1197 1191 1191 1204 1199 1187 1190 1204 1189 1191

Table A.3: Mean population sizes at generation 50 for the attractive (A) and the less attractive
(NA) species along a gradient of three starting densities (D = 10: low density of the attractive
species and high density of the less attractive one; D = 50: similar densities of the two plant
species; D = 90: high density of the attractive species and low density of the less attractive one)
for the three pollinator populations sizes (N). All the population sizes are rounded and given in
numbers of cells. Remaining parameter values were PShift = 1, RFOV = 5, ddisp = 5 and PR =
0.5.

D = 10 D = 50 D = 90

N Species Reg S1 S5 S10 Reg S1 S5 S10 Reg S1 S5 S10

25 A 2117 2012 2213 1480 2075 2065 2271 2136 2185 2218 2218 2212

25 NA 84 189 66 461 90 109 5 64 23 6 3 0

50 A 5081 5085 5071 4647 5016 5039 4991 5095 5111 5083 5123 5131

50 NA 2 3 2 199 83 41 4 0 4 3 0 0

100 A 7599 7903 7778 7391 7710 7724 7970 7976 7697 7828 7919 7820

100 NA 70 40 58 91 66 68 35 33 73 64 47 61
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CHAPTER 2

Density and spatial distribution of an attractive species alter

plant-pollinator interaction structure in grasslands - A network

approach.

Abstract

Plant-pollinator interactions in natural communities form highly complex networks. The

structure of such networks a�ects the reproductive output of plant species and hence

the plant community structure. The recent increased interest in pollination networks

has resulted into a better appreciation of the ecological consequences of some of their

proprieties such as nestedness, modularity, specialisation asymmetry, etc... . However

as biological processes are responsible for the general characteristics of pollination net-

works , their structure is likely to be strongly a�ected by changes in plant communities

structural characteristics. And until now, not much is known about how their structure

would evolved with changing structural plant community characteristics, such as species

composition, densities and spatial patterns. Whereas the neutrality hypothesis could help

in predicting changes of the two �rst factors, the potential impact of spatial patterning in

plant communities is totally unexplored. In order to test for the impact of these three com-

munity characteristics, we conducted an experimental study in semi-natural grasslands.

We introduced an attractive species into two semi-natural communities and experimen-

tally manipulated its density and spatial distribution in a full factorial fashion. For each

treatments, pollination networks were recorded and compared. We found that the neu-
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trality hypothesis could explain the recorded density and diversity of the plant-pollinators

interactions in the di�erent treatments but it fails to explain observed changes in patterns

of resource use and similarity induced by the treatments. These changes were caused by

the di�erence in spatial distribution of the introduced species, indicating the existence of

a spatial mechanism acting at small scale in plant-pollinator interactions. These results

corroborate previous theoretical work and add a new spatial perspective in the processes

responsible for the general characteristics of plant-animal interaction networks.

Introduction

Plant communities are complex assemblies of spatially co-occurring species. In the vast

majority of these communities, the species depend on the services of pollinators for their

reproduction (Geber & Moeller 2006, Waser & Ollerton 2006, Mitchell et al. 2009), and

when �owering phenologies overlap, pollinators have to be shared (Waser & Ollerton

2006). Such sharing may give rise to complex indirect plant-plant interactions, which can

be either competitive or facilitative (Rathcke 1983, Feldman et al. 2004, Ghazoul 2006).

Whether or not and to which extent these interactions are positive or negative may be

a function of plant community structure on one hand, and of pollinator behaviour on

the other hand (Kunin 1993, Klinkhamer et al. 2001, Lãzaro & Totland 2010). Since

plant-plant interactions ultimately determine coexistence and thus the structure of plant

communities, the study of pollinator services and the conditions under which these a�ect

plant-plant interactions is crucial for understanding the assembly of natural communities

(Mitchell et al. 2009).

One of the aspects of plant communities a�ecting the net outcome of these indirect plant-

plant interactions is the density of �oral resources (Rathcke 1983, Kunin & Iwasa 1996,

Fontaine et al. 2008, Jakobsson et al. 2009, Lãzaro & Totland 2010). When plant species

achieve a higher attraction of pollinators (i.e. higher aggregative and or numerical re-

sponse of pollinators) because they grow in higher density (Rathcke 1983, Sih & Baltus

1987), the presence of �owering neighbours is bene�cial for an individual and facilitation

occurs (Rathcke 1983). It has been proposed that this increase and its positive conse-

quences for the reproduction of neighbours is only occurring at relatively low densities of

plant species (Rathcke 1983) because at a higher density of �oral resources, the attraction

for pollinators will saturate, due to the �nite number of pollinators available. Hence, the

number of visits per individual �ower would decrease, and thus competitive e�ects will

dominate (Rathcke 1983). It has been shown that for this scenario to occur, an initial

accelerating aggregative response of pollinators is a necessary condition (Feldman et al.

2004).
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However, within this theoretical framework, the identity of plant species has been mostly

ignored and the pollinators were assumed to not distinguish between the di�erent �oral

resources they are attracted to (Rathcke 1983, Feldman et al. 2004). Whereas this might

be the case for an assembly of a few similar species, it is certainly not the case in species

rich natural communities where much more species are sharing the services of pollinators

(see e.g. Lãzaro & Totland 2010). Di�erences in �ower morphologies (Stang et al. 2006),

inborn preferences (Chittka & Thomson 2001), learning and handling capacity (Chittka

& Thomson 2001) of the di�erent pollinator species and outcomes of co-evolutionary pro-

cesses (Harder & Barrett 2006) determine the importance of species identity in pollination

ecology. For example, recent reports about highly attractive plant species, so-called �mag-

net species�, indicate that these may enhance their neighbours reproductive success by

their sole presence (Laverty 1992, Johnson et al. 2003, Moeller 2004, Juillet et al. 2007).

However, the magnet species concept was mostly described for only a few interacting

plant species (Laverty 1992, Johnson et al. 2003, Moeller 2004, Juillet et al. 2007), and

we do not know whether the same mechanism can easily be extrapolated to more natural

species-rich communities. In such communities, complex e�ects may occur that di�er

between the individual level and the community level. For example, if some species are

more attractive for pollinators, their presence can facilitate their direct neighbours by

locally increasing pollinator abundance. However, this e�ect may then reverse to com-

petitive interactions via the density-dependence explained above (Rathcke 1983). At a

community level, though, the presence of the attractive species may be bene�cial, as long

as the magnet species' density is not too large.

Next to species composition and �oral density, the spatial structure of the communities,

e.g. the degree of clumping of attractive �owers, may also play a key role in a�ecting

pollinator behaviour. For example, when species are dominant and spatially aggregated,

the clumps may act as 'traps' for pollinators and thus enhance intraspeci�c success by in-

creasing the visit quality to their own kind (Hanoteaux et al. 2013). In another simulation

study on plant-animal interactions, Morales & Vazquez (2008) showed that the structure

of plant-frugivore interactions was not only in�uenced by the spatial distribution of plant

individuals but also by the mobility of frugivorous birds. Due to the reduced mobility of

birds (comparable to the tendency of pollinators to �y short distance bewteen consecu-

tive visits, Waser 1982), spatial aggregation of resources led to less realised interactions

between partners and lower interaction evenness.

It is clear that these three characteristics of plant communities' structure all a�ect the po-

tential outcome of indirect plant-plant interactions by manipulating pollinator behaviour

(Lãzaro & Totland 2010). These changes in behaviour induced by the plant community

structure �nd their repercussions in the reproductive success of the species composing
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these communities and hence a�ect their dynamics in time and space. Even if a certain

body of evidence has been gathered about the separate e�ects of density (Kunin 1993,

Bosch & Waser 1999, Grindeland et al. 2005, Hegland & Boeke 2006, Fontaine et al.

2008, Dauber et al. 2010) and diversity (Hegland & Boeke 2006, Fründ et al. 2010, Lãzaro

& Totland 2010) of �oral resources, much less is known about the e�ects of the spatial

patterning (but see Morales & Vazquez 2008, Hanoteaux et al. 2013). Furthermore, we

are still lacking an understanding of the combined e�ects of these three structural char-

acteristics on the behaviour of pollinators and hence on the structure of plant-pollinator

interactions.

Plant-pollinator interactions are complex and their analysis requires appropriate tools.

One way of tackling this complexity is to consider plant-pollinator interactions as bipartite

networks (see e.g. Blüthgen et al. 2008, Dormann et al. 2009), typically composed of two

trophic levels interacting with each other (see Newman 2003 for de�nition). The topology

of these networks can be analysed using network metrics or indices (e.g. Dormann et al.

2009). Recently, the analysis of ecological networks has received a lot of attention and

indices and methods relevant for using them in tackling ecological questions are rapidly

developed. For example, the nestedness of networks (Bascompte et al. 2003), the eco-

logical importance of the specialisation asymmetry (Vazquez & Aizen 2004), modularity

(Olesen et al. 2007), the degree distribution (Dunne et al. 2002, Jordano et al. 2003),

and specialisation (Waser & Ollerton 2006) of mutualistic and antagonistic networks have

been investigated, in parallel with the development of new indices or new methods (see

for example for the modularity: Guimerá & Amaral 2005, for the H2' index : Blüthgen

et al. 2006 and for a new nestedness index WINE: Galeano et al. 2009). Here, we used

this network approach in order to track the putative changes in plant-pollinator structure

resulting from the introduction of new plant individuals in existing plant communities.

We focused on the analysis of network indices representing relevant ecological informa-

tion. Speci�cally, we used metrics related to the size and organisation of links within

networks, to similarity of resource use by species and competition, to specialisation and

to the diversity and evenness of interactions in the networks.

Material and methods

In order to test for the potential e�ects of identity, density and spatial arrangement of

plant species on the structure of plant-pollinator interactions, we used natural plant com-

munities in which we introduced plant individuals belonging to an �attractive species�.

The �attractive species� was de�ned as having a �oral morphology that is not too spe-

cialised such that its �oral resources are easily available for the majority pollinator groups.
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This �owering species should, hence, get visited by a large variety of pollinator species.

The visual advertisement of the species should be conspicuous and the species should be

highly rewarding. Our choice was to work with Centaurea cyanus L., as we know from

previous studies that this species has the three desirable proprieties to act as an attractive

species (Hoch 2012, Seifan et al. 2014).

Study sites and experimental Set-Up

We selected two semi-natural grasslands in the Swabian Alb, South-West Germany: Det-

tingen (440 m a.s.l., 48.44°N 8.92°E) and Pfullingen (790 m a.s.l., 48.45°N 9.27°E). In each

site, we delimited a working area of approximately 50 by 50m in which we conducted the

experiment. Within the working area in both sites, we randomly chose 15 plots (2 by 2 me-

ters) with similar community composition. Each of these 15 plots was randomly assigned

to one of the following treatments: three plots were left untouched (controls), in six plots

we introduced our attractive species at high density (28 individuals) and in the six others,

the attractive species was introduced at low density (10 individuals). These two sets of

six plots represent the two density levels applied in this study. Each set of six plots was

divided into two groups: three plots were assigned a clumped spatial distribution of the

introduced individuals and the three others were assigned a regular spatial distribution

(see Figure 1). Hence, each treatment had 3 replications, for a total of 15 plots in each

site. The clumped spatial pattern was achieved by randomly introducing three clumps

of attractive individuals, taking care of spacing them by at least 50 cm (three clumps

of 10, 9 and 9 individuals, respectively, were installed in the high density and clumped

treatment and three clumps of 3, 3 and 4 individuals, respectively, for the low density).

The regular spatial spacing was achieved by placing introduced individuals along lines at

equal distances (see Figure 1). These two sets of six plots (each within a density level

treatment) represent the two levels of spatial distribution applied in this study (Figure

1). We will refer throughout the text to R and C for the regular and clumped spatial

treatments, respectively, and to H and L for the high and low density, respectively. For

example, R-H refers to the treatment with regular spatial distribution at high density.

We conducted this experiment in two di�erent grasslands in order to assess the validity

of the general patterns of changes in plant-pollinator interaction structure under di�erent

scenarios of alteration in plant communities.
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Figure 1: Study design as applied in each site. Each plot had a size of 2 by 2 meters. The
combinations of the two levels of both experimental factors (density and spatial patterns) are
represented. Control treatments are not shown (n=3).
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Vegetation survey

Before each observation day, the number of in�orescences or �owers (hereafter �owers)

was counted in the plots. We used the number of in�orescences for certain species (e.g.

Centaurea species) rather than the number of �owers for the obvious reason that the

in�orescences of these species will act as only one unit possibly attracting pollinators

(Cohen & Shmida 1993, Hegland & Boeke 2006, see Appendix 1 Table A.1 for the list of

species and details on the attraction units used in each site). Further, when calculating

the �oral density, evenness and diversity, the number of �owers in each plot for each

species was weighted by a species speci�c average �oral area (Hegland & Boeke 2006), in

order to take species-speci�c di�erences in �ower sizes into account (Appendix 1 Table

A.1). If data were missing, or no counts were done on some observation days, we used a

simple regression between the two closest dates in order to compute the missing values.

In both sites, very similar species were occurring. These species were pooled together

in the �ower counts because, when conducting pollinator observations (see below), the

distinction between the respective species was not always possible (see Appendix 1 Table

A.1 for the name of these species).

Pollinator observation

Pollinators were observed during 5 min observation periods, under appropriate weather

conditions, always between 10 A.M. and 6 P.M.. Each site was observed during its speci�c

peak �owering season (Dettingen: from the 5th of June till the 3rd of July; Pfullingen:

between the 6th of July and the 16th of July 2010). Each day observations were conducted

(10 days in Dettingen, 9 days in Pfullingen), we observed pollinators in only one location.

During observation days, we observed at least the 15 plots once. However, on some days, 2

or 3 observation rounds were conducted, i.e. each plot in a �eld was observed 2 or 3 times.

Su�ciently long breaks were taken between two consecutive observation rounds in order

to make sure that although the plots were permanent, we could consider the observations

being independent. During the 5 min observations, we recorded the identity of both plant

species and insect visitors, and used these data to build the networks (see below). As the

majority of the pollinators in the area are protected by law (Bundesartenschutzverordnung

Deutschland 2005), we could not catch them for identi�cation. Therefore, we decided to

determine them in-situ and lumped di�cult groups into broader taxonomic classes. We

are aware of the high probability of a discrepancy in the resolution of the determination

among di�erent taxonomic groups, but as this discrepancy is the same in all plots, it

should not a�ect our ability to detect qualitative di�erences among treatments.
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Networks

Networks were built with the data gathered during the pollinator observations. For each

plot, a separate network was constructed based on all the visits (here a visit was de�ned as

the contact between a pollinator body and reproductive organs of a plant species) recorded

during our observations. As some observation data were lost due to unpredictable weather

conditions and technical issues with our recording devices, there was a slight unbalance

in the observation time of di�erent plots. We corrected the networks for the potential

di�erences in observation time. This was achieved by multiplying the entries of an under-

observed network by the ratio of the maximum number of observations for plots in a

�eld divided by the number of observations for that plot. Here, the maximum number of

observations of plots within a �eld corresponded to the realised number of observations

for the majority of plots. This because the correction applied to plots for which we

lost observation data. However, this correction resulted in non-integer entries in the

webs. In order to format all the network entries equally and because some indices should

be computed with integers (see bipartite package manual, http://cran.rproject.org/

web/packages/bipartite/index.html and Dormann et al. 2008), we rounded the non

integer entries to the smallest integer. Table A.2 in Appendix 2 gives the overall relative

interaction frequencies of all the observed pollinator species in both sites.

Network indices

Once the corrected networks for all the plots were obtained, we calculated indices relevant

for our investigation, using the �bipartite� package of R (Version 2.13, R Development

Core Team 2005 ; see Dormann et al. 2008, 2009). Indices were only calculated at the

network level. We selected from the list of available network indices relevant indices to

test our predictions (see Dormann et al. 2009 and references therein for a detailed expla-

nation of the di�erent indices). We classi�ed these indices into four classes, representing

the ecological information they can provide. Table 1 gives the calculated indices, their

assigned group, their value range and their type (weighted (W) and unweighted (U)).

The four classes of indices were related to (1) the size and general organisation of the

networks, (2) similarity of resource use by species and competition, (3) specialisation of

species and (4) diversity and evenness of the interactions. It should be noted that some of

these indices are highly correlated (Dormann et al. 2009) and that this classi�cation was

only used in order to describe more e�ciently di�erent mechanisms possibly occurring

within the communities and that these classes don't have �xed boundaries.

Remark. HTL en LTL refer to �Higher Trophic Level� and �Lower Trophic Level� respec-

tively and the two abreviations will be used henceforth.
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Table 1: List of the di�erent indices used in this study and their assigned �class�. HTL en
LTL refer to �higher trophic level� and �lower trophic level� respectively. The type of index was
either qualitative (U: unweighted metrics) or quantitative (W: weighted metrics). S represents
the number of species involved in the calculation.

Indices Index class Value Range Type

Number of higher trophic species Size 1-∞ U

Number of lower trophic species Size 1-∞ U

Connectance Organisation 0-1 U

Togetherness Competition 0-∞ U

C-Score Competition 0-1 U

Mean number of shared hosts Similarity 0-∞ W

Mean number of shared predators Similarity 0-∞ W

Niche overlap HTL Resource use 0-1 W

Niche overlap LTL Resource use 0-1 W

Links per species Specialisation 1-∞ U

Specialisation asymmetry Specialisation -1 - 1 W

H2' Specialisation 0-1 W

Generality Specialisation (0)1 � ∞ W

Vulnerability Specialisation (0)1 � ∞ W

Linkage density Specialisation (0)1 � ∞ W

HTL mean interaction diversity Diversity 0 � ln(S) W

LTL mean interaction diversity Diversity 0 � ln(S) W

Shannon diversity Diversity 0 � ln(S) W

Interaction evenness Evenness 0-1 W
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Statistical analysis

As most of the indices values were normally distributed (tested with Shapiro test, see

Appendix 3 Table A.3 for the p-values for the di�erent indices), we used linear mod-

els for assessing the importance of density and spatial arrangement of the introduced

species. However, some indices were log transformed (number of lower trophic species

and the higher trophic level niche overlap) or square root transformed (the mean interac-

tion diversity for both trophic levels) in order to achieve normality. Indices were equally

transformed for both sites.

Additionally to the impact of our treatments, characteristics of the remaining plant com-

munity (density, diversity and evenness of �oral resources) can a�ect the recorded network

indices values and we wanted to account for their potential impact in our analysis. There-

fore, for each index in each site, we �tted 10 di�erent models (see Table 2) and selected the

most parsimonious model based on their AIC values. The di�erent �tted models always

contained a term representing the cumulative �oral density of Centaurea cyanus (either

not transformed or log transformed density), the spatial patterns (grouping factor, 3 lev-

els: clumped, regular or control) and their interaction as main e�ects. The �tted models

di�ered in the presence (or absence) of one of the of the following 4 covariates (see Table

2): the overall cumulative density (untransformed or log transformed), the cumulative

diversity or the cumulative evenness of �oral resources in plots.

The cumulative values were obtained simply by adding the respective values over all the

observation days for each site separately and were all computed using the �oral surfaces

rather than the number of �owers of the di�erent plant species (see section Vegetation

survey). Furthermore, working with these cumulative values allowed us to account for

temporal changes in plant community characteristics (Vazquez et al. 2009). For each

index, a model was also �tted without any covariate.

Subsequently, we extracted the p-values associated with the main e�ects in the most

parsimonious models (spatial pattern, density and their interaction). For each of the best

models, we ran a Breusch-Pagan Test in order to test for the invariance of the variance

along the values of the response variable (i.e. index values). The covariates selected in the

�nal models for all the analyses are given in Appendix 3 Table A.4. The structures of the

best models were kept (i.e. we re�t a new model with the same covariate combinations as

in the most parsimonious models) and used in new models where we replaced the main

e�ects by the di�erent treatments (5 levels). This allowed us to pairwise compare among

treatments using Tukey Honest Signi�cant Di�erences (Tukey HSD).

Further, the three plant community characteristics (�oral abundance, diversity and even-

ness of �oral resources) in our experimental plots were analysed in order to assess the
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Table 2: Structure of the 10 models �tted for in each index in each site. Combination of
covariate and their respective transformation (log) in addition with the Centaurea cyanus (CC)
density term used in the linear models. The cumulative values (Cumul.) represent the sum of
the respective values over all the observation days.

Covariate + [transformation] Variable 1

None Cumul. density of CC

Cumul. �oral density Cumul. density of CC

log[Cumul. �oral density] Cumul. density of CC

Cumul. �oral diversity Cumul. density of CC

Cumul. �oral evenness Cumul. density of CC

None log[Cumul. density of CC]

Cumul. �oral density log[Cumul. density of CC]

log[Cumul. �oral density] log[Cumul. density of CC]

Cumul. �oral diversity log[Cumul. density of CC]

Cumul. �oral evenness log[Cumul. density of CC]

homogeneity of the vegetation communities before introducing our attractive species.

The details and results of the analysis of the plant communities for both sites are given

in Appendix 4 (Table A.5 and Figure A.1). From this analysis, we could conclude that

our assumption of similar communities before the introduction of the attractive species

was met.

Results

Networks

Observations were conducted for 10 days in Dettingen resulting in 15 observations per plot

(maximum value used for the observation time correction) and for 9 days in Pfullingen

giving 16 observations per plot (maximum value used for the observation time correction).

In total 5259 and 5444 visits were recorded in Dettingen and Pfullingen, respectively, and

used for building the di�erent networks (Table 3).

In total, 67 (morpho-) species of pollinators were identi�ed in Dettingen and 59 in Pfullin-

gen. The pollinator community composition was highly di�erent among the two sites

(Figure 2). In Dettingen, the pollinator community was highly dominated by Apis mel-

lifera (accounting for 79 % of the recorded interactions). In Pfullingen, the distribution

of pollinator species was much more even with Bombus lapidarius, Apis mellifera and
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Table 3: Mean number of interactions, mean number of plant and animal species and mean
sampling densities for the di�erent treatments for the two sites. These values are averaged among
the plots constituting the respective treatments (n = 3). Values between brackets are standard
deviation of the respective means.

Field Density
Spatial Mean # of Mean # of Mean # of Sampling

patterns interactions plant species animal species density

Dettingen Control Control 339 (69) 9 (2) 20 (6) 2.03 (0.62)

High Regular 531 (104) 8.33 (1.53) 12 (2.65) 5.42 (0.60)

High Clumped 629 (120) 8.67 (0.58) 20 (4.36) 3.67 (0.45)

Low Regular 508 (54) 10 (2) 17.33 (3.21) 3.06 (0.74)

Low Clumped 529 (36) 8 (0.58) 18.33 (1.53) 3.49 (0.46)

Pfullingen Control Control 146 (64) 8 (1) 18 (2) 1.4 (0.47)

High Regular 629 (157) 8 (1) 19.67 (1.53) 4.11(1.46)

High Clumped 408 (59) 9.67 (2.52) 19.67 (2.31) 2.37 (1.14)

Low Regular 287 (62) 7.33 (2.08) 17.33 (0.58) 2.30 (0.33)

Low Clumped 344 (131) 8.33 (1.53) 16 (1.73) 2.78 (1.41)

Bombus terrestris accounting for 35, 25 and 10 % of all the recorded interactions, respec-

tively. A complete list of the pollinator (morpho-) species in the network is presented in

Appendix 2. The evenness of the distribution of the higher trophic level based on the

networks are given in Appendix 5 Figure A.2.

Figure 2: Interaction frequency distribution of the di�erent pollinator species in the two sites.
Numbers represent pollinator species given in Table A.2 (see Appendix 2). Not all the numbers
are given for better readability. In Dettingen, number 1 represent Apis mellifera. In Pfullin-
gen, Bombus lapidarius, Apis mellifera and Bombus terrestris and represented by 1, 2 and 3,
respectively
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Network indices

Size and connectance

In both sites, neither the number of plant species, the number of pollinators species com-

posing the networks, and the proportion of realised links (connectance) di�ered between

treatments (Table 4 and 5).

Competition and resource use

The factors a�ecting competition indices were not consistent among the two sites. In

Dettingen, a regular spacing of the introduced species lowered the togetherness but the

values for that index in the spatially clumped treatments did not di�er from the control

(Figure 3 A and Table 4). The C-score was higher in the regularly spaced treatments,

though, here again, the values both spatial con�gurations did not di�er from the control

values (Figure 3 B and Table 4). The presence of the attractive species decreased the HTL

niche overlap and this e�ect was stronger when Centaurea was regularly spaced (Figure 3

C and Table 4) whereas a decrease in LTL niche overlap was substantially lower without

the introduced species (Figure 3 D and Table 4).

In Pfullingen, the density of introduced individuals was the determining factor in rather

small and undirected changes in the HTL niche overlap (Figure 4 A; Table 5).

Specialisation

The impact of our treatments on the di�erent specialisation indices was much more pro-

nounced in Dettingen than in Pfullingen. In Dettingen, the density of introduced individ-

uals increased the specialisation asymmetry (Figure 3 E and Table 4) and the presence

of the attractive species strongly decreased the linkage density (Figure 3 G and Table

4). Further, the all the model terms for the H2' index (i.e. the density of the attractive

species, the spatial patterns and their interactions) were statistically signi�cant (Table

4). The regular treatments had higher H2' values which increased with the density of

attractive individuals. This e�ect was more pronounced for the clumped treatments than

for the regular treatments (Figure 3 F and Table 4)

In Pfullingen, the presence of the introduced species lowered values for the H2' index

(Table 5, Figure 4 B). However, only the R-H treatments was signi�cantly lower than

most of the other treatments (except the C-L).
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(A) HTL niche overlap (B) H2'

(C) Shannon diversity (D) Interaction evenness

Figure 4: Mean values of di�erent indices (+/- standard errors) a�ected by the spatial patterns
and / or the density of Centaurea cyanus for the di�erent treatments in Pfullingen. Treatments
are coded as follows: R stands for the regular pattern, C for the clumped, H for the high density
treatment and L for the low density treatments. Di�erent letters in the graphs indicate pairwise
di�erences between the treatments (Tukey HSD test).
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Diversity and evenness

The mean interaction diversities of the trophic levels when considered separately were not

a�ected by our treatments in both sites (Table 4 and 5). However, both the Shannon

diversity and evenness of interactions were reacting to the presence and the density of the

attractive species in both sites (Table 4 and 5, Figure 3 H & I; Figure 4 C & D).

In Dettingen, the diversity and evenness of interactions between the two trophic levels were

higher when the attractive species was absent and the values of both indices decreased

with increasing density of the attractive �owers (Table 4 and Figure 3 H & I).

In Pfullingen, the trend for the two indices was approximately the same. Only the relative

position of the clumped treatments changed and became more similar to the value of the

control treatment, this for both indices (Table 5 and Figure 4 C & D).

Theoretical and methodological considerations

The study of the ecological consequences of the organisation of multi-trophic interactions

is relatively recent (Jordano 1987) and some of its aspects are still in debate. As such,

there is an ongoing discussion about the possibility that several factors can cause sam-

pling artefacts (Vazquez et al. 2009). Such factors include the relative abundance of the

species (more speci�cally the evenness of the marginal sums, Blüthgen et al. 2008), the

relative sampling density (de�ned as the mean number of interactions per possible links in

networks, Dormann et al. 2009), spatio-temporal e�ects and phenotypic e�ects (Vazquez

et al. 2009). Due to the experimental design and the correction conducted for observation

time, our results could only be impacted by the sampling density and the evenness of the

marginal sums. However, we claim that the resulting indices are representative for the

situation in nature as higher pollinator activity (higher sampling density) and di�erent

behaviour (higher preference toward the attractive species results in less even marginal

sums distributions) are an entire part of the e�ects we wanted to test. Furthermore, the

in�uence of these factors were not always in the expected direction and some indices have

been shown to be resistant against changes in these factors (Blüthgen et al. 2006). A

detailed description of the e�ects of networks proprieties on networks indices is given in

Appendix 5.

Discussion

By introducing an attractive species at di�erent densities in a semi-natural community, we

impacted the �oral diversity and evenness within these communities. These changes were
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re�ected in the structure of plant-pollinator networks, more speci�cally in the Shannon

diversity and evenness of the network interactions. This indicates that the so-called �neu-

trality hypothesis� (Bascompte et al. 2003, Ollerton et al. 2003, Vazquez & Aizen 2004,

Santamaría & Rodríguez-Gironés 2007) could explain a part of the structure recorded in

our network. However, patterns of resource use by pollinators where strongly impacted by

the attractiveness (and hence pollinator preferences) and the spatial distribution of our

introduced species. This highly novel result suggest the existence of a spatial mechanism

shaping the structure of plant-pollinator networks and leaves no doubt about the impor-

tance of spatial distribution of plant species within communities on pollinator foraging

decisions (Morales & Vazquez 2008, Hanoteaux et al. 2013, Seifan et al. 2014) and hence

on plant reproductive success (Hanoteaux et al. 2013, Seifan et al. 2014).

One of the possible explanation for the structure of plant-pollinator networks, is the

so-called �neutrality hypothesis�. This hypothesis states that the interactions among in-

dividuals are random and hence proportional to their abundances (Bascompte et al. 2003,

Ollerton et al. 2003, Vazquez & Aizen 2004, Santamaría & Rodríguez-Gironés 2007). Un-

der the assumption that species of two trophic levels interact randomly with each other,

changes in evenness and diversity of plant communities should be re�ected in the evenness

and diversity of interactions. The clear match between these characteristics of the two

communities and the network indices when the introduced species was present strongly

indicates that neutrality can partly explain these results in both sites. However, the even-

ness and diversity of interactions was much more a�ected by the presence of the attractive

species than would be expected under the assumption of random encounters. This ex-

acerbated e�ect indicated that the introduced species had speci�c properties that were

not interchangeable with other species (i.e. being indeed more attractive to pollinators).

When conceiving a resource being more attractive than others, pollinators will tend to

visit that resource more than would be expected by its abundance alone (Laverty 1992,

Muñoz & Cavieres 2008, Hegland & Totland 2012, Seifan et al. 2014). This increased vis-

itation rate towards the attractive species explains the much lower linkage density as well

as the higher specialisation asymmetry found in Dettingen when the attractive species was

present. Hence, the attractive species is exerting increasing competition with increasing

abundance on its neighbours and pushes the outcome of indirect plant-plant interactions

towards competition (Seifan et al. 2014).

However, the entirety of our results can not be explained by the abundance of species

and the relative attractive character of the introduced species. The more exclusive and

less similar use of resources by pollinators in the regular spatial pattern treatments in

Dettingen suggest that pollinators exhibit di�erent behavioural responses depending on

the spatial distribution of the introduced plant species. This implies that spatial patterns
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a�ected pollinator decisions beyond the sole e�ect of density. When the spatial pattern

was regular, pollinators had to �y longer distances between individuals of the attractive

species increasing the likelihood of encountering an individual of another species possibly

triggering a change in visited plant species (Hanoteaux et al. 2013). This would increase

resource use exclusiveness (H2') and decrease similarity in resource use (increase C Score

and decrease togetherness) in the regular pattern treatments compared to the clumped

treatments.

On the other hand the spatial clumping of the attractive species reduced considerably the

distance between �owers and induced a higher utilisation of that resource by pollinators

due to its locally increased availability (Laverty 1992, Morales & Vazquez 2008, Hanoteaux

et al. 2013). The spatial availability of an attractive �oral resource resulted in a high

proportion of pollinators foraging in clumps never encountering individuals of other species

during their bouts, hence diminishing the chance for a change in species visited. This

resulted in more pollinators visiting the same species, inducing a higher similarity in

resource use and a lower exclusivity. This spatial mechanism is likely to substantially

increase the reproductive output of the attractive species as both the quantity and the

quality of the visits was increased (Rathcke 1983, Hanoteaux et al. 2013).

Even if the aim of this study was not to assess visitation rates and seed set as this was done

elsewhere (Seifan et al. 2014), the results presented here are in perfect accordance with

the results found in that sister study and con�rm previous theoretical work (Hanoteaux

et al. 2013). First, the observation that Centaurea cyanus is a strong competitor for the

services of pollinators for its neighbour is a result common to the two studies. Secondly,

the more visits to less conspicuous neighbours when the attractive species was spatially

aggregated con�rms that small scale spatial segregation can �trap� pollinators (Goulson

1994, Hanoteaux et al. 2013, Seifan et al. 2014). The more pollinators are trapped, the

more individuals are using the same resources resulting in a lower exclusivity and higher

similarity of resource use. At the same time, Seifan et al. (2014) found that the more

attractive neighbours (congeneric and more conspicuous individuals) received more visits

when the attractive species was regularly spaced. These individuals are more likely to

trigger a switch in the pollinator choices than less conspicuous individuals and induced

as such the higher resource use exclusivity and decrease similarity in resource use (Seifan

et al. 2014).

In the light of recent biological invasions, our results suggest that the e�ects of species

invading plant communities might not only be conditioned by the density of the invasives

(Bartomeus et al. 2008) but also by their spatial distribution. Negative e�ects of invasive

plant species on their neighbours have been documented (see Morales & Traveset 2009 for a

review) and these negative e�ects could be enhanced with the tendency of invasive species
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to grow in dense and spatially aggregated clumps (Gurevitch et al. 2011). Furthermore,

the evenness of the composition of the pollinator community in invaded areas could a�ect

the outcome of the invasion. Networks dominated by few abundant pollinator species are

likely to be more a�ected by the introduction of new species because the attraction of one

species dominates (Chittka & Schürkens 2001), the pollination system will leave the rest

of the plant community with much less pollination opportunities, as suggested here by the

stronger impact of spatial patterning in Dettingen where Apis mellifera was from far the

dominant pollinator. The higher the degree of generalisation of the abundant pollinator

species the higher the number of plant species potentially su�ering competition from the

newly arriving species. With the recent decline in diversity of pollinators (Biesmeijer

et al. 2006, Potts et al. 2010) and the range expansion of some invasive pollinators (e.g.

Apis mellifera, Schneider et al. 2004), the likelihood of having a pollinator community

highly dominated by one or two species will increase and hence the potentially negative

consequences of plant species invasion ampli�ed.
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Appendices

Appendix 1: List of plant species, attraction units and average

�oral surfaces.

In order to take the di�erences in �oral morphology and size among the di�erent species

used in this study, an �attraction unit� was de�ned for each species (Hegland & Boeke

2006). The de�nition of this species speci�c attraction unit speci�ed what has to be

counted and measured in the �eld in order to calculate �oral surfaces (as a proxy for

�oral density). Depending on the species speci�c �oral morphology, we considered dif-

ferent shapes of attraction units for the di�erent species and adapted the measurements

and formulas used to calculate their surfaces. Once the attraction unit for each species

was de�ned, we measured characteristic dimensions (Table A.1) of 20 randomly chosen

attraction units in randomly chosen plots and computed a mean �oral surface for each

species. Measurements were taken separately in each site.

In this study, we considered that the attraction units could have three di�erent shapes

which are listed below, together with their respective characteristics dimension(s) and the

formulas used in the calculation of their surface.

Shape Surface formula Measured dimension(s)

Circle π . r2 radius (r)

Ellipse π. r1.r22 smallest and largest radii (r1 and r2)

Rectangle L . l length (L) and width (l)

In Pfullingen, the mean �oral surface of attraction units of three species were not measured

(Euphorbia cyparissias, Plantago lanceolata and P. media) and we set their surfaces to

1 cm². However, this should not a�ect our results because only 3 individuals of E.

cyparissias were present across all plots and only 5 for the two Plantago species.
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Appendix 2: List of pollinator species within the networks

Table A.2: List of all the pollinator species recorded in each site when pooling all the observa-
tions together. Names given to the species refer to the codes used in the �eld and are di�erent
from nomenclature. The overall relative frequency of interaction (RVF) is given for each species.

Dettingen Pfullingen

# Species RVF # Species RVF

1 Apis mellifera 0.7899 1 Bombus lapidarius 0.3542

2 Bombus lapidarius 0.0396 2 Apis mellifera 0.2526

3 Empis tesselata 0.0392 3 Bombus terrestris 0.099

4 Cephus pygmaeus 0.0249 4 Andrenoida 0.0485

5 Holia argentea 0.023 5 Episyrphus balteatus 0.0463

6 Andrenoida sp. 0.0152 6 Melanargia galathea 0.0356

7 D too small 0.0053 7 Spraerophoria scripta 0.0338

8 Hyponephele lycaon 0.0051 8 Bombus bohemicus 0.022

9 Bombus terrestris 0.0046 9 Bombus not terrestris 0.0176

10 Muscoid sp. 0.0046 10 Bombus pascuorum 0.0165

11 Nemophora metallica 0.0046 11 Maniola jurtina 0.0162

12 Volucella bombylans 0.0044 12 Eristalis tenax 0.0118

13 Andrenoide Small 0.004 13 Zygaena sp. 0.0061

14 Sarcophaga carnaria 0.0029 14 Andrenoida Small 0.0046

15 Melanargia galathea 0.0027 15 Lysandra sp. 0.0042

16 Muscidae 1 0.0025 16 Argynnis aglaja 0.0029

17 Ants 0.0019 17 Chrysotoxum bicinctum 0.0028

18 Bombus pascuorum 0.0017 18 Tachina fera 0.0028

19 Eristalis tenax 0.0017 19 Muscoidea 0.0022

20 Tenthredo arcuata 0.0017 20 Sarcophaga carnaria 0.002

21 Small not Curculionidae 0.0015 21 Melanostoma sp. 0.0018

22 Symphita red abdomen 0.0015 22 Dipteran Too small 0.0017

23 Syrphida long 0.0013 23 Anthophora sp. 0.0017

24 Syrphide long mask 0.0013 24 Bombus pratorum 0.0015

25 Bombus not terrestris 0.0011 25 Sarcophagidae2 0.0011

26 Curculionidae 0.001 26 Lycaena tityrus 0.0009

27 Muscidae? 2 0.001 27 Volucella pelluscens/Merodon 0.0007

28 Muscidae? 1small 0.0008 28 Cercopidae 0.0006

29 Panorpa sp. 0.0008 29 Melicta sp. 0.0006

30 Symphita? 0.0008 30 Midge beak 0.0006

31 Dipteran 1? 0.0006 31 Scaeva pyrastri 0.0006

32 Midge 0.0006 32 Symphita1 0.0006

93



Dettingen Pfullingen

# Species RVF # Species RVF

33 Bombylius major 0.0004 33 Adscita geryon 0.0004

34 Coccinellidae 0.0004 34 Chrysotoxum taucum 0.0004

35 Elateridae 0.0004 35 Panorpa 0.0004

36 Lasiommata megera 0.0004 36 Pipiza bimaculata 0.0004

37 Maniola jurtina 0.0004 37 Small not Curculionidae 0.0004

38 Miridae 2 0.0004 38 Symphita2 0.0004

39 Miridae 4 0.0004 39 Syrphida1 0.0004

40 Moth 0.0004 40 Agrypnus murinus 0.0002

41 Small Ogive 0.0004 41 Asilidae1 0.0002

42 Symphita sand coloured 0.0004 42 Asilidae2 0.0002

43 Agrypnus murinus 0.0002 43 Conopidae 0.0002

44 Lycaena sp. 0.0002 44 Conopidae1:Sicus sp.? 0.0002

45 Cantharis vulgaris 0.0002 45 Cteniopus �avus 0.0002

46 Cercopidae 1 0.0002 46 Eupeodes sp. 0.0002

47 Conopidae ? 0.0002 47 Leptura melanura 0.0002

48 Green Carabidae 0.0002 48 Melanostoma scalare 0.0002

49 Hadrodemus m-�avum 0.0002 49 Moth 0.0002

50 Leptoterna dolobrata 0.0002 50 Small Maniola 0.0002

51 Long solitary bee 0.0002 51 Physocephala ru�pes 0.0002

52 Miridae 1 0.0002 52 Pieris brassicae 0.0002

53 Miridae 3 0.0002 53 Platycheirus sp? 0.0002

54 Miridae 5 0.0002 54 Small not Curculionidae sand 0.0002

55 Muscidae2 small 0.0002 55 Small Ogive 0.0002

56 M Green 0.0002 56 Symphita red abdomen 0.0002

57 Oedemeridae 0.0002 57 Syrphus sp. 0.0002

58 Small Lycaena 0.0002 58 Tephritidae 0.0002

59 Maniola small 0.0002 59 Volucella bombylans 0.0002

60 Small black Butter�y 0.0002

61 Heteropteran transparent 0.0002

62 Stenotus binotatus 0.0002

63 Symphita 1 0.0002

64 Syrphida circle 0.0002

65 Syrphida Big 0.0002

66 Syrphida orange line 0.0002

67 Tephritidae 0.0002
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Appendix 3: Normality and residuals tests, covariates for the dif-

ferent models

Table A.3: P values for the normality test (P Norm, Shapiro test) and for the residual test of
the selected best model (BP test, Breush-Pagan test) for all the indices for both sites. Underlined
values are smaller than 0.001 as indicated.

Dettingen Pfullingen

Indices P Norm BP test P Norm BP test

Number of higher trophic species 0.955 0.184 0.063 0.954

Number of lower trophic species 0.057 0.197 0.428 0.149

Connectance 0.079 0.643 0.282 0.329

Links per species 0.621 0.781 0.374 0.566

Mean number of shared hosts 0.083 0.101 0.495 0.605

Mean number of predators 0.679 0.432 0.705 0.311

Togetherness 0.956 0.615 0.595 0.495

C score 0.350 0.701 0.357 0.483

Specialisation asymmetry 0.454 0.204 0.822 0.226

HTL niche overlap 0.776 0.328 0.614 0.706

LTL niche overlap 0.854 0.381 0.103 0.544

Generality 0.829 0.181 0.416 0.311

Vulnerability p < 0.001 0.072 0.424 0.335

linkage density p < 0.001 0.081 0.853 0.695

HTL mean interaction diversity 0.110 0.169 0.199 0.579

LTL mean interaction diversity 0.087 0.368 0.138 0.425

Interaction evenness 0.887 0.629 0.734 0.064

Shannon diversity 0.832 0.491 0.334 0.393

H2' 0.224 0.308 0.912 0.580

akjfhkasjfhkashfkjahskj

kajsfhkasjhfkjashfkas

lajksh�kajslfkjalskfj

lkajshfklhasfkljhaksjf

aklsjfhkajshfkjhasfk

kajsfhkahsfkjhaf
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Table A.4: Covariates selected in the best �tting models for the analysis for both sites. NoCov
refers to no covariates included in the model (other than the density of C. cyanus), Dens refers
to the cumulative total �ower abundance in the plots, LogDens is the log transformed cumulative
total �ower abundance, Eve is the cumulative evenness, and Div is the cumulative diversity. If
the log transformed density of Centaurea cyanus was used �_LOG� is added after the name of
the selected covariate.

Dettingen Pfullingen

Indices Covariate Covariate

Number of higher trophic species LogDens_LOG Eve_LOG

Number of lower trophic species Div_LOG LogDens

Connectance Eve_LOG Eve_LOG

Links per species Eve NoCov_LOG

Mean number of shared hosts Eve Eve_LOG

Mean number of predators Dens_LOG Eve_LOG

Togetherness Div_LOG Eve_LOG

C score Dens Eve_LOG

Specialisation asymmetry LogDens Dens

HTL niche overlap Div Eve

LTL niche overlap LogDens Eve

Generality Eve_LOG LogDens

Vulnerability Div Dens

linkage density Div Dens_LOG

HTL mean interaction diversity LogDens_LOG LogDens

LTL mean interaction diversity Eve_LOG Dens

Interaction evenness LogDens NoCov

Shannon diversity LogDens NoCov

H2' Dens Div

Appendix 4: Plant community analyses

In order to control for the homogeneous composition of the community in our plots, we

conducted a short analysis of the �ower abundance, diversity and evenness. In order to

take temporal aspects into consideration and because we were interested in an overall

measure of abundance, diversity and evenness, we summed all these values across all the

observation dates (Vazquez et al. 2009). As no deviations from normality were found in

the untransformed cumulative values (tested with Shapiro tests), we used linear models

assessing the e�ect of our treatments on the three response variables (Table A.5 , Figure

A.1). We found that our plots represented indeed similar communities as they never
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di�ered in cumulative �oral abundances, diversities and evenness, this consistently in

both sites (results not shown). Surprisingly, when incorporating the attractive species

into the analysis, only the diversity of �oral resources in Pfullingen seemed to be a�ected

(Table A.5). Pairwise comparisons revealed that only C-L was higher than the Control

(p = 0.0038) and than R-H treatments (p = 0.0060).

Table A.5: Results of the community composition statistical analyses in both sites. Values for
the test of normality (P Norm) and for the treatment e�ect in the linear model (P model). Bold
values are smaller than 0.05. Tests were conducted with the introduced species.

Dettingen Pfullingen

P Norm PModel PNorm P Model

Density 0.9024 0.2421 0.6215 0.313

Diversity 0.5013 0.5304 0.9958 0.0221

Evenness 0.6416 0.1647 0.512 0.2044

Dettingen Pfullingen

Cumulative diversity Cumulative diversity

Cumulative evenness Cumulative evenness

Figure A.1: Mean values (+/- standard errors) for the cumulative density and diversity of the
plant communities according the treatments for both sites.
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Appendix 5: Theoretical and technical considerations

It has been shown that the values of di�erent network metrics are highly dependent on

some network properties such as network size (Dormann et al. 2009), the evenness of

the distribution of the marginal sums (Blüthgen et al. 2008) and the sampling density

(Dormann et al. 2009). In our analysis we did not �nd di�erences among treatments for

the number of species composing the networks. It is hence unlikely that network size will

a�ect our results (for example, no di�erences were found in connectance; see Table 4 & 5).

However, di�erences in sampling densities and/or in the evenness of the marginal sums

of both trophic levels could a�ect our results.

As such, we tested for potential di�erences among these network characteristics. First,

we used Shapiro tests to test for deviation from normality on the untransformed values

of the sampling densities and the evenness of the marginal sums. Only the values for

the evenness of the lower trophic level marginal sums for Dettingen needed to be arcsine

square root transformed in order to achieve normality. After applying the necessary

transformations, we analysed the di�erences among treatments with linear models using

Tukey Honest Signi�cant Di�erences (Tukey HSD). The results of this analysis are given

in Table A.6 and in Figure A.2. From this we can conclude that the tested networks

characteristics were substantially di�erent among treatments. Only the sampling density

for Pfullingen was not a�ected by our treatments. The sampling density in Dettingen and

the evenness of the marginal sums of both trophic levels in both sites di�ered considerably

among treatments. This can have far reaching consequences for our results and we can

tackle this in two ways. First, we can consider that these di�erences are the result of our

experiment and hence are an entire part of the results. Secondly, we could consider that

these network properties are a�ecting our results and that we should account for these

di�erences.

Here I will shortly review the putative e�ects of these network properties on the indices

discussed in this study. I base my short review mainly on two papers: for the e�ects of

the evenness of the marginal distributions, see Blüthgen et al. (2008), and for the e�ect

of network sizes and sampling densities, see Dormann et al. (2009).
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Dettingen Pfullingen

(A) Sampling density (B) Sampling density

(C) HTL evenness of the marginal sums (D) HTL evenness of the marginal Sums

(E) LTL evenness of the marginal Sums (F) LTL evenness of the marginal Sums

Figure A.2: Means of sampling density, of the evenness of the higher trophic level (HTL) and
lower trophic level (LTL) (+/- standard errors) for the di�erent treatments in both sites. C
refers to the clumped treatment; R refers to the regular treatments; L and H refer to the low
and high density treatments, respectively; Cont was the control .

The connectance, interaction evenness and the generality can be a�ected by the even-

ness of the marginal sums. These three indices are supposed to increase with increasing

evenness. We found no di�erence for the connectance between our treatments although

the marginal distributions di�ered. At the contrary, the di�erences in interaction even-

ness in both sites were re�ecting the di�erences in evenness of the marginal distribution

100



(compare Figure 3 I with Figure A.2 C & E and Figure 4 D with Figure A.2 D & F).

When graphically comparing the interaction evenness of the treatments and these of the

marginal sums, it seems clear that similarities in the di�erences among the treatments

are present. These similarities are clearly found back within the pairwise comparisons

(compare Table 4 and 5 with Table A.6 for Dettingen and Pfullingen).

For the H2' index , di�erences were found among treatments but the evenness of the

marginal sums can not possibly explain them (compare Figure 3 F with Figure A.2 C &

E for Dettingen and Figure 4 B with Figure A.2 D & F for Pfullingen).

The sampling density in both �elds was the highest for the R-H treatment and the lowest

for the control. Comparing the trend described in our results with the trend in the results

of Dormann et al. (2009) (see there Figure 3), we �nd contradicting trends between e.g.

the C-score, the H2' and the HTL niche overlap for Dettingen and the expected e�ects

of the sampling density on the values of these indices (compare Figure 3 B, C, F with

Figure A.2 A). Further, the di�erences in interaction evenness could possibly be explained

by di�erences in sampling density. In Pfullingen, I could not reject the idea that the

di�erences between the values of the HTL niche overlap, the H2' and the evenness indices

in the di�erent treatments could be (partly) explained by the di�erences in the sampling

densities (compare Figure 4 A, B, D with Figure A.2 B).

Hence, it became clear that some of the trends found in this study could be emerging

from di�erences in sampling density and or evenness of the marginal sums of the di�erent

networks. In order to elucidate the impact of these network proprieties on the values of

the computed indices, I tested for a relation between these indices and the three networks

proprieties (LTL and HTL evenness of the marginal sums and the sampling density, Table

A.7 & A.8).

As expected, the majority of the tested values seemed to be, at least partly, explainable

by the values of one of the three independent variables, with however mostly only a small

amount of the variance explained by the regressions (except for the evenness and diver-

sity indices which showed rather high R2 values). Interestingly, all the indices that were

found to be a�ected by the spatial distribution of the attractive species (i.e. the C-Score,

the togetherness, the HTL niche overlap and the H2'in Dettingen and none in Pfullin-

gen, see Table 4 & 5) didn't exhibit a signi�cant relation with one of the three network

characteristics. These results strongly con�rm that the neutrality principle (Bascompte

et al. 2003, Ollerton et al. 2003, Vazquez & Aizen 2004, Santamaría & Rodríguez-Gironés

2007) certainly explains a part of our results but fails to describe every aspects of them.

Manipulating the density and evenness of plant communities will a�ect the interaction

structure of organisms randomly interacting, because abundant species interact more fre-
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quently and with more species than rare species (Vazquez et al. 2009). Hence, under the

assumption of neutrality, changes in plant communities will equally a�ect the marginal

sums of networks. Clues for the neutrality hypothesis were especially strong in Dettingen

were Apis mellifera was super abundant. However, the underlying supposition of random

interactions between organisms failed to explain the e�ects of the spatial distribution of

the introduced plant species in the very same �eld. This reinforces our conclusion that

decisions of pollinators were certainly at least partially driven by the spatial distribution

of attractive �oral resources. Hence, the general patterns of visits of pollinators at small

spatial scale did not obey the tyranny of the neutrality hypothesis.
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CHAPTER 3

Identity of neighbouring species alters the response of pollinators

to �oral density in arti�cial plant communities

Abstract

Indirect plant-plant interactions mediated through shared pollinators may play an im-

portant role in shaping patterns of coexistence through their impact on the reproductive

success of �owering plant species. Recently, much e�orts have been developed in order

to investigate the factors a�ecting the outcome of such interactions. The �oral density

is one of the major determinant of the nature of these indirect interactions. Further, it

has been recently demonstrated that the spatial patterning within plant communities can

alter the e�ect of the �oral density by manipulating the pollinator behaviour. As the

pollinator behaviour determines the net outcome of indirect interactions, the identity of

species involved in such interactions will undoubtedly play an important role. In this

study, we aimed at investigating the changes in pollinator behaviour induced by changes

in species identities and relative densities. In order to achieve this goal, we created ar-

ti�cial communities composed of two species and gradients of changing relative densities

of the two species. Further, in order to assess the role species of identity, the compo-

nent species were systematically exchanged. We found that the identity of neighbouring

species can induce and/or alter both intra- and interspeci�c density dependent responses

in quantitative aspects of the pollinator behaviour. As such, the occurrence and inten-

sity of both negative and positive density dependence were conditioned by the identity of
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the neighbouring species. Finally, we brie�y discuss the importance of the attractiveness

di�erential in further studies as it might help resolving the discrepancy reigning in the

results of studies investigating the role of species in indirect plan-plant interactions.

Introduction

When sharing pollinators, the pollination success of plant species in communities may

depend not only on the species's own �oral traits but also on the �oral traits and densities

of sympatric co-�owering species (Campbell & Motten 1985, Feinsinger 1987, Geber &

Moeller 2006, Mitchell et al. 2009). Structural plant community characteristics such as

the densities, identities and spatial distribution of species, are indeed likely to a�ect

pollination patterns by inducing changes in the behaviour of pollinators attracted to and

foraging in plant communities (Jakobsson et al. 2009, Hegland & Totland 2012, Hanoteaux

et al. 2013). In turn, such changes can modify indirect interspeci�c interactions among

plants which are mediated by shared pollinators (Rathcke 1983, Feldman et al. 2004).

A key factor a�ecting the net outcome of such interspeci�c interactions is the density of

neighbouring �owering individuals (Rathcke 1983, Feldman et al. 2004, Muñoz & Cavieres

2008, Hanoteaux et al. 2013). The presence at low density of other �owering individual can

increase the overall attractiveness of the vegetation patch to shared pollinators, ultimately

ensuring more visits and a higher reproductive output (facilitation, Rathcke 1983, Feldman

et al. 2004). However, as the number of available pollinators is �nite, the nature of such

indirect plant-plant interactions should shift from positive (i.e. facilitation) to competition

as the overall density of �oral resources increases (Rathcke 1983).

This model is based on a saturating density-visitation relationship which shape will cer-

tainly vary among di�erent plant assemblies (as originally stated in Rathcke 1983, see

also Sih & Baltus 1987, Lãzaro & Totland 2010). Indeed, due to the diversity of �oral

morphologies and pollinator species, the impacts of changing densities on the pollina-

tor attraction and behaviour will also depend on the plant species identities (and hence

�oral morphologies) and on the identities (and hence cognitive ecology) of the available

pollinators (Sih & Baltus 1987, Feldman 2006, Seifan et al. 2014).

The e�ect of the identities of co-�owering individuals is related to their �oral traits and

hence to their similarity but also to the ability of pollinators to discriminate among them.

The more similar the �oral traits among species are, the less pollinator will discriminate

among them (Schemske 1981, Dukas & Real 1993, Clegg & Durbin 2000, Chittka &

Schürkens 2001, Goulson 2010). In the extreme case, when plant species are so similar

that pollinators do not distinguish between species, the outcome of indirect plant-plant

106



interactions will be de�ned by the overall �oral density (see above, Rathcke 1983, Feldman

et al. 2004). Further, if co-�owering plant species are morphologically very dissimilar,

the indirect interactions among plant individuals could disappear if pollinators cannot

access the �oral resources of a species (morphological constraints, forbidden links, Olesen

et al. 2011). However, in most cases, pollinators will behave as generalists and visit even

morphologically dissimilar species (Waser et al. 1996, Waser & Ollerton 2006). In such

situations, the outcome of indirect plant-plant interactions will be much more di�cult to

predict as it will depend on both the �oral traits of the plant species involved and the

impacts of these traits on the pollinator behaviour (Chittka & Thomson 2001, Goulson

2010, Lãzaro & Totland 2010).

As such, the relative attractiveness of the plant species involved in the indirect interactions

could determine the net e�ect of a species on another (Laverty 1992, Chittka & Schürkens

2001, Johnson et al. 2003, Hanoteaux et al. 2013). Considering species that di�er in

relative attractiveness for pollinators, the intensity of mechanisms shaping the density-

visitation relationship could increase. Indeed, the number of pollinators attracted by a

certain density of the more attractive species will be higher than compared to the number

of pollinators attracted by the same density of a �less� attractive species (Laverty 1992,

Johnson et al. 2003, Molina-Montenegro et al. 2008, Seifan et al. 2014). Hence, the density

of the neighbouring species at which facilitation would occur and the density at which

the shift towards competition occurs, would be lower compared to a situation where

the neighbouring species is �less� attractive. This means that considering two species

mixtures having one species in common and where the densities are the same, the species

in common could be facilitating or competing with the other species, depending on the

relative attractiveness of the second species. Hence, the e�ect of that common species on

its neighbours depends on the identity of its neighbour.

Furthermore, we argue that, additionally to the absolute �oral density, the relative �oral

densities of plant species (i.e. the species speci�c proportion of �oral density in plant

assemblies), will also help de�ning the role a species plays in indirect plant-plant inter-

actions. Where the absolute �oral density will determine the overall attractiveness of a

patch and hence the number of pollinators attracted to this patch (Rathcke 1983, Feldman

et al. 2004, Ghazoul 2005, Hegland & Boeke 2006, Lãzaro & Totland 2010), the relative

�oral densities will manipulate the pollinator behaviour after pollinators chose to forage

in that patch (Hanoteaux et al. 2013). If a species is well represented in a foraging patch

(i.e. relatively high relative density), it will o�er a locally increased food availability. This

could induce a preference for the pollinators to forage on that species, inducing a dispro-

portionate increase in the visitation rate on the species (Kunin & Iwasa 1996, Hanoteaux

et al. 2013). This ultimately implies that the species with the highest relative density
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would act as a strong competitor for the other species by manipulating the pollinator

behaviour towards more specialisation (Kunin & Iwasa 1996, Muñoz & Cavieres 2008,

Hanoteaux et al. 2013). However, the net e�ect of increasing the relative density for a

species will again depend on the identity of the co-�owering individuals and on their rel-

ative attractiveness. Indeed, one might expect that an attractive species might need to

increase less its relative density in order to be disproportionately more visited than a less

attractive species (but see Muñoz & Cavieres 2008).

In summary, we argue that the role a species plays on the outcome of indirect plant-

plant interactions mediated by shared pollinators is not only determined by the absolute

�oral density (Rathcke 1983), but by a complex interplay among the absolute density,

the identities of all the plant species involved (including the neighbour identity) and

the relative densities of the co-�owering species. In this study, we aimed speci�cally at

testing for the importance of the identities and relative densities of plant species on the

pollinator visitation patterns foraging in species. Concretely, the aim of this study was

to investigate the role of a focal species density and the role of the �oral density and

identity of its neighbour on the behaviour of pollinators foraging on the focal species, this

along a gradient of changing relative �oral densities. To this end, we created arti�cial

plant communities where we varied the relative densities of two morphologically di�erent

species. A multi-species approach enabled us to test whether the putative role of a given

species will be the same if the identity of the neighbours change.

Material and methods

Study species and arti�cial communities

In order to investigate the e�ect of species identities on the pollinator visitation patterns

on co-occurring species, we paired two species along a gradient of changing plant commu-

nity relative densities. In order to insure that the chosen species would share pollinators

we chose to work with Centaurea jacea L. (hereafter Centaurea) and Scabiosa colum-

baria L. (hereafter Scabiosa). These two �generalist� species have relative large �oral

displays, tubular open �oral structure and are visited by a broad spectrum of pollina-

tors (choice motivated by previous studies: Seyfang 2010, Hoch 2012, Hanoteaux 2014).

These species were paired with 3 species having di�erent level of attractiveness, according

to their colour and �oral shape: Achillea millefolium L. (hereafter Achillea), Salvia fari-

nacea Benth. (hereafter Salvia) and Matricaria recutita L. (hereafter Matricaria). With

these species, arti�cial communities composed of 5 plant individuals (we refer hereafter

to a community as to a�plot�) were created with the following compositions (Figure 1):
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Figure 1: Schematic representation of the arti�cial density gradient created for one species
pair. The stars represent plant individuals and the di�erent colours (black and white) represent
di�erent species. The black arrow represents the increasing relative density of the white species.
The radius of the pentagon was 15 cm long.

· monoculture of each species (5 species, hence 5 monocultures)

· for all possible combinations of one of the �generalist� species (2 species, i.e. Cen-

taurea and Scabiosa) with each one of the other species (3 species, i.e. Achillea,

Matricaria and Salvia), a gradient ranging from 1 �generalist� individual and 4

other individuals to 4 �generalist� individuals and 1 other individual was created (a

total of 6 possible species pairs in 4 combinations).

With 5 replicates for plot type, this resulted in a total of of 145 plots (5 x (5 monocultures

+ 24 mixtures)).

It should be noted that whereas the number of plant individuals in each community was

�xed (5 individuals), the overall absolute �oral density in the communities was not, as we

did not control for the number of �owers on plant individuals.

Experimental set up

Before setting up the experiment, all plants were removed from a common garden (Tübin-

gen, 48.55°N 9.04 °E) and the experimental area was covered with a black plastic sheet

to prevent any other plants to grow within plots. The plant individuals used in the ex-

periment were raised in a common garden nearby and placed in the experimental garden

on the 18th of May 2011 (prior to �owering). The di�erent treatments were randomly

assigned a position on a virtual grid with 2m spacing between the centre of the plots

(the plots were distributed in 12 rows and 13 columns with the last column only partially

�lled). The 5 plant individuals within each plot were arranged in a pentagonal fashion

around the centre of the plot at a distance of approximately 15 cm (see Figure 1), with

a random orientation. During the experiment, the surroundings of the experimental area

were frequently mown to remove all �owers and prevent any edge e�ects.
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Pollinator observations and pollinator behavioural responses

From the 14th of June (date at which enough plots were having �ve �owering plant indi-

viduals) until the 26th of July 2011 (for a total of 18 days of observations), we conducted

plot-based pollinator observations. As often as possible and under appropriate weather

conditions, plots were observed during 5 min (between 10 A.M. and 5 P.M.) in a randomly

chosen order. Not all the plots could be observed within the same observation day but

we tried to have an approximately equal number of observations for each treatment.

During the observations, we recorded the identity of �oral visitors and followed their

movements within the observed plots. Pollinators were originally identi�ed and classi�ed

into the following groups: honey bees, bumblebees, hover�ies, solitary bees, muscid �ies

and butter�ies. Following all the movements of pollinators in the plots enabled us to

calculate di�erent relevant responses:

1. Arrival rate: measured as the number of new pollinator individuals arriving to a

speci�c species in a plot. This value re�ects the long distance attraction of the

species within a plot;

2. Visitation rate: measured as the number of visits conducted by the pollinator in-

dividuals on a speci�c species within a plot. This value re�ects the visit quantity

sensu Rathcke (1983).

3. Bout length: measured as the number of consecutive visits conducted by each pol-

linator on a speci�c species within a plot. This value re�ects the way pollinator

individuals use �oral resources and is a good indicator of the visit quality sensu

Rathcke (1983). Only bouts larger than or equal to 2 were included in the analy-

sis. For bouts including more than one switch, a correction was applied which is

described in Appendix 1.

Each of the above mentioned response was calculated separately for each �ower species per

plot and for each pollinator groups separately (including a calculation for the pollinator

community, i.e. all the pollinators pooled together). It should be noted that we did not

incorporate the same responses for the whole plot, as it is out of the scope of this study.

Floral density

In order to be able to investigate the role of changing species densities on the pollinator ac-

tivity in our plots, the number of in�orescences or �owers (hereafter �owers) was recorded

for all the plant individuals in all the plots after every observation days. In order to take
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species-speci�c di�erences in �ower sizes into account, the number of �owers in each plot

for each species was weighted by a species-speci�c average �oral area (Hegland & Boeke

2006, see Appendix 2 Table A.1 for details). As it was not always possible to count all

the �owers each day, when missing, the numbers of �owers in plots were estimated using

a linear regression between the two closest recording events.

Statistical analysis

The aim of this study was to investigate the role of a focal species density and the role

of the �oral density and identity of its neighbour on the behaviour of pollinators foraging

on the focal species, this along a gradient of changing relative �oral densities. Hence, for

each species in each possible plant species combination (i.e. for each gradient in which

the focal species was included) and for each pollinator response measured (i.e. arrival

rate, visitation rate and bout length), a GLM was �tted with the focal species own

�oral density and the �oral density of its neighbours as explanatory variables and the

considered pollinator behavioural response as dependent variable. In order to account

for di�erences in �ower size, the densities were introduced in the model as �oral surfaces

(see section Floral density, Hegland & Boeke 2006). This model structure in which the

two �oral densities (i.e. the �oral density of the focal species and the density of the

neighbouring species) were included separately, allowed us to separate between intra- and

interspeci�c density e�ects on each aspect of the pollinator behaviour for each species

in each species pair. Further, comparing the results of the GLM's for the same species

but with di�erent neighbours allowed us to test for the in�uence of the identity of the

neighbouring species on both the intra- and interspeci�c density e�ects. All the GLMs

were �tted with a quasi-Poisson distribution and a log link function as recommended for

count data. Further, these models were �tted for the whole pollinator community (i.e.

all pollinator individuals pooled together) and each major pollinator group (bumblebees

(BB), solitary bees (SB), hover�ies (SY) and muscid �ies (FLY)) for the six species pairs

separately. Due to the rare occurrence of the remaining pollinator groups (honey bees

and butter�ies), even when pooled together, they were not considered in the analysis. All

the analyses were conducted in R (2.13, R Development Core Team 2005).
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Results

Pollinator community composition

During the 147 observation periods, a total of 1261 pollinators were recorded for a total of

4789 visits (the number of observations conducted for each particular treatment is given

in Appendix 3, Table A.2). Overall, bumblebees were the main pollinators (52.58 % of all

the recorded pollinator individuals), followed by solitary bees (25.12 %), hover�ies (12.84

%) and muscid �ies (5.15%). The remaining 4.31 % of the pollinator community were

honey bees (1.81%), butter�ies (1.60%) and unidenti�ed �oral visitors (0.9 %).

Shared pollinators

The �rst condition enabling indirect plant-plant interactions is realised when pollinators

are shared among plant species. To assess in which extent pollinators were shared between

the species pairs, we compared the spectrum of attracted pollinators in monoculture of the

di�erent species (Figure 2). We found that the proportion of shared pollinators between

plant species in the di�erent species pairs was highly dependent on the speci�c plant

species combinations (Figure 2). The rather similar pollinator community composition

for Centaurea and Salvia observed in the monocultures led to a very high proportion of

pollinators shared between these species when associated together (Figure 2). Due to the

absence of bumblebees foraging on Achillea andMatricaria (both species visited by a very

similar pollinator community), the proportion of shared pollinators between these species

and Centaurea was much lower and reduced to mainly solitary bees and hover�ies (Figure

2). Due to the high proportion of honey bees in the pollinator spectra of Scabiosa,

this species shared a smaller proportion of pollinators with its associated species than

Centaurea did. This proportion was especially low when Scabiosa was associated with

Achillea where only hover�ies were shared or when associated with Matricaria with which

honey bees and hover�ies were shared. The full pollinator spectrum of Salvia was shared

with Scabiosa.

E�ects of �oral densities on the pollinator behaviour

E�ects of intraspeci�c density

Overall, the e�ects of a species' density on the number of arrivals and / or the number

of visits on that plant species was that both responses always increased with increasing
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Figure 2: Pollinator community composition for the di�erent species monitored in monocultures
(CJ: Centaurea, SC: Scabiosa, AM: Achillea, MC: Matricaria and SA: Salvia). Calculations
are based on the number of pollinator individuals of BB: bumblebees, SB: solitary bees, SY:
hover�ies, FLY: muscid �ies, B: honey bees, U: others

intraspeci�c density (see Table 1 A, column Dens = O for Achillea, Matricaria and Salvia

and Table 1 B, column Dens = O for Centaurea and Scabiosa, details of the analysis are

given in Appendix 4, Table A.3 and A.4), irrespective of the plant species identity.

These increases were always recorded for the whole pollinator community and mostly

caused by the main pollinator groups of the species under consideration. Hence, more

arrivals and visits of solitary bees were recorded on Achillea and Matricaria when their

respective densities increased (Table 1 A) and the same was true for bumblebees on

Centaurea and Scabiosa (Table 1 B).

Interestingly, the identity of the neighbouring species a�ected the occurrence of intraspe-

ci�c density responses on the number of arrivals and / or the number of visits in some

cases. For example, hover�ies did not respond to change in density of Achillea and Ma-

tricaria when the two species where associated with Centaurea, while a density response

was found when associated with Scabiosa (Table 1 A). Similar di�erences were found

for bumblebees on Salvia (absence of density responses when associated with Centaurea

whereas they were present when Scabiosa was the second species, Table 1 A) and for �ies

on Achillea (the presence of Scabiosa as neighbouring species seemed to induce density

responses, Table 1 A).

The bout length was only rarely a�ected by intraspeci�c density. Only in the species

pair Matricaria-Scabiosa, solitary bees made shorter bouts on Scabiosa when its density
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increased (see Table 1 B).

E�ect of interspeci�c species density

The density of the neighbouring species a�ected the arrival and visitation rate on a focal

species in two di�erent and opposite ways:

1. Negative interspeci�c density e�ects: the number of arrivals/visits to species de-

creased with increasing density of the neighbouring species. In these cases, we

compared the value of the responses for the species and pollinator groups under

consideration along the density of the neighbouring species, to the value of the

monoculture of that species (e.g. we compared the number of solitary bees foraging

on Achillea along increasing density of Centaurea to the number of solitary bees

foraging in monoculture of Achillea). This allowed us to distinguish between two

di�erent cases: in some cases, the negative e�ect of the density of the neighbouring

species was present all along the gradient of relative density of two species, i.e. even

at very low density of the neighbouring species, the arrival and/or visitation rate to

a focal species was lowered in comparison with the monoculture of the focal species

(see Figure 3 A, B & C; these cases are indicated with red cells in Table 1 A & B,

see also Appendix 4 Table A.3 & A.4 for details). This was the case in the species

pair Achillea - Centaurea for the whole pollinator community foraging on Achillea

(Table 1 A); for solitary bees foraging on Achillea (Figure 3 A, Table 1 A) and on

Centaurea (Figure 3 B, Table 1 A); and for solitary bees foraging on Centaurea in

the species pair Matricaria � Centaurea (Figure 3 C, Table 1 B).

In other cases, a shift in the nature of the e�ect of the density of the neighbouring

species occurred: at low density the values of the responses were higher than the

values in monocultures and with increasing density these values dropped below that

of the monoculture (see Figure 3 D & E, these cases are indicated with green cells in

Table 1 A & B, see also Appendix 4 Table A.3 & A.4 for details) This was the case

for the number of visits by solitary bees to Matricaria in the species pair Matricaria

- Centaurea (Figure 3 D, Table 1 A; the same was observed at the whole pollinator

community level, Table 1 A ) and for the number of bumblebees arriving on Salvia

when associated with Centaurea (Figure 3 E, Table 1 A).

2. Positive interspeci�c density e�ects: the number of bumblebees arriving on Scabiosa

increased with increasing density of Salvia (re�ected by the same e�ect at the level

of the whole pollinator community, indicated by yellow cells in Table 1 B, see also

Figure 3 F and Appendix 4 Table A.4).
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(A) (B)

(C) (D)

(E) (F)

Figure 3: E�ects of the density of the neighbouring species on di�erent pollinator responses
(black continuous line) for (A) the number of visits of solitary bees on Achillea (AM) along
the density of Centaurea (CJ); (B) the number solitary bees arrivals on Centaurea (CJ) along
the density of Achillea (AM); (C) the number solitary bees arrivals on Centaurea (CJ) along
the density of Matricaria (MC); (D) the number of visits by solitary bees on Matricaria (MC)
along the density of Centaurea (CJ); (E) number of bumblebees arrivals on Salvia (SA) along the
density of Centaurea (CJ) and (F) the number of bumblebees arrivals on Scabiosa (SC) along the
density of Salvia (SA).Blue continuous lines represent the average of the respective responses in
the monoculture of the species for which the response is presented (i.e. Achillea for A; Centaurea
for B and C; Matricaria for D; Salvia for E and Scabiosa for F). Note the di�erence in the values
of axes.
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Interestingly, all negative density dependences found for the number of arrivals and the

number of visits was observed for species pairs containing Centaurea but not in commu-

nities with Scabiosa (see Table 1 A & B).

E�ects of the density of the neighbouring species on the number of consecutive visits on a

focal species were only found in three cases (see Table 1 A & B and Appendix 3 Table A.3

& A.4). Solitary bees shortened their bout lengths on Matricaria and on Scabiosa when

the density of Centaurea and Matricaria, respectively, increased (see Table 1 A & A.3 for

the species pair Matricaria - Centaurea and Table 1 B & A.4 for Matricaria - Scabiosa).

Bumblebees made longer bout lengths on Centaurea when the density of Salvia increased

(see Table 1 B and A.4).

Discussion

The results of our study clearly demonstrate that both intra- and interspeci�c densities

of �oral resources are important factors in determining arrival and visitation rates of

pollinators on these �oral resources (Kunin 1997, Hegland & Boeke 2006, Jakobsson et al.

2009, Dauber et al. 2010, Seifan et al. 2014).

In most of the cases, an increase in intraspeci�c �oral density resulted in more pollinators

attracted and more visits conducted on species (Kunin 1993, Hegland & Boeke 2006,

Feldman 2008, Seifan et al. 2014). More interesting though, is the fact that the intensity

of these intraspeci�c density dependence on the arrival and visitation rates depended on

the identity of the neighbouring species.

For example, hover�ies foraging on Achillea and Matricaria increased their arrivals and

visitation rate when the density of these species increased, but this was only detected

when Scabiosa was the neighbouring species and not with Centaurea present, and a similar

pattern was found for bumblebees foraging on Salvia. At the same time, an increase in

the density of Centaurea resulted in increased visitation and arrival rates on Centaurea

for hover�ies, whereas this pollinator group did not respond to changes in the density

of Scabiosa. These examples clearly indicates that Centaurea is more attractive than

Scabiosa. It also suggest that Centaurea can act as a strong competitor for the services of

pollinators (Hegland et al. 2009) and that the occurrence of positive intraspeci�c density

dependence in quantitative aspects of the pollinator behaviour on a species can depend

on the relative attractiveness (and hence identity) of neighbouring species.

Further, muscid �ies also seemed to exhibit enhanced arrival and visitation rates with

increasing density of Achillea when Scabiosa was the neighbouring species but not in
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communities including Centaurea. The explanation here can not be linked with an at-

tractiveness di�erential as both Scabiosa and Centaurea were only sporadically visited by

�ies. A possible explanation might lies in the di�erence of habitus between the two neigh-

bouring species. The fact that Centaurea is taller and produces a generous amount of

leaves and stems in comparison with Scabiosa, might have made Achillea easier to detect

when growing in the vicinity of Scabiosa. This con�rms again that vegetative character-

istics of neighbouring species can in�uence quantitative aspects of pollinator behaviour

(and hence the reproductive success of plant species) by altering the detectability of �oral

resources (Toräng et al. 2006). It should be noted that the same explanation can not be

advanced for the hover�ies as the recorded density responses to changes in the attrac-

tive (i.e. Centaurea) species density strongly hints towards an active process of decision

making by the hover�ies (Goulson 1999, Chittka & Thomson 2001).

The �oral density of heterospeci�c neighbours was found to in�uence behavioural re-

sponses of pollinators in two opposite ways strongly hinting towards competitive or fa-

cilitative mechanisms. Here again, the occurrence of such e�ects was conditioned by the

identity of the neighbouring species.

Firstly, competitive mechanisms between two plant species for the service of pollinators

are typically characterised by a decrease in arrival or visitation rate with increasing density

of a co-occurring species (Rathcke 1983, Brown et al. 2002, Moragues & Traveset 2005). In

each species pair where Centaurea was present, a decrease in visitation rate relative to its

neighbours was observed when its density increased. This con�rms the attractive character

of that particular species and adds another example on the growing body of evidence that

attractive species can deter pollination service to their neighbours (Brown et al. 2002,

Muñoz & Cavieres 2008, Seifan et al. 2014) and hence have negative repercussions on

the reproduction success of co �owering neighbours (Grabas & Laverty 1999, Chittka

& Schürkens 2001). However, depending on the identity of its neighbour, competition

was either found all along the gradient of relative density (i.e. only the presence of one

individual was enough to lower visitation rate to the neighbouring species, e.g. with

Achillea as a neighbour), or only at higher densities (Rathcke 1983, Muñoz & Cavieres

2008, Seifan et al. 2014). In the latter case, at low density, Centaurea exerted a positive

e�ect on the visitation rates of some of its neighbours (i.e. Matricaria and Salvia, Rathcke

1983, Seifan et al. 2014). With increasing density, this e�ect soon became negative. This

implies that the very same species at low density can have contrasting e�ects on their

neighbours depending on their identity (Bartomeus et al. 2008) and we argue that this can

be explained by the di�erence in attractiveness between plant species. If the attractiveness

di�erential between two species is large, one individual of the more attractive species

will be enough to lower visitation rate to its neighbours, as the additionally attracted
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pollinators will forage on the attractive species and some of the pollinators foraging on

the less attractive species will switch to the attractive species. However, decreasing the

attractiveness di�erential between the species, might allow the less attractive species to

keep its pollinators and to receive some of the newly attracted pollinators. The importance

of the attractiveness di�erential will further determine at which density of the attractive

species, competition will prevail.

Interestingly, in two cases, we found that solitary bees, were inducing reciprocal negative

e�ects between the two species, i.e. increasing density of each species caused a decrease in

visitation rates to the other species. This may seem contradictory at �rst glance, but it can

be explained by a segregation in the behaviour within the rather diverse group of solitary

bees related to their body size (Westrich 1989). Very small solitary bees may specialise

on species with smaller in�orescences (such as Achillea and Matricaria) whereas larger

solitary bees are not able to access these resources, and hence specialise on accessible

resources (here Centaurea).

Secondly, positive interspeci�c density dependence (i.e. facilitation), was also found be-

tween two species, here again enabled by the main shared pollinator group and conditioned

by the identity of the neighbouring species. This facilitative indirect interaction was re-

vealed in our analysis by an increased in the number of pollinators attracted to Scabiosa

when associated with Salvia, which hence acted as a �magnet species� (Laverty 1992,

Molina-Montenegro et al. 2008, Yang et al. 2013). In this particular case, the presence

of the neighbour was enough to enhance arrival rate all along the gradient of relative

density. Interestingly, this facilitative mechanism was found between two species having

very di�erent �oral morphologies. This di�erence might greatly enhance the putative pos-

itive e�ect on the reproductive success of Scabiosa. Indeed, due to the cost of switching

between two species, or the limited ability of pollinators to retain and/or retrieve han-

dling skills (Darwin's interference hypothesis, Goulson 1999), constancy will be favoured,

greatly enhancing the visit quality on Scabiosa in addition to the increased visit quantity.

This is yet another example that facilitative interactions among dissimilar �oral resource

occur more often than previously thought (Hegland et al. 2009).

Quite logically, the occurrence of all the indirect interactions found in this study were

enabled by the main shared pollinator groups among species, i.e. solitary bees or bum-

blebees. This shows the importance of these two groups for the pollination of grassland

species and should serve as an additional incentive to protect them. Additionally, al-

though present in the area, the honey bee (Apis mellifera) did not play an important role

as pollinator. This adds to the body of evidence that in many ecosystems, the importance

of the honey bee as �essential pollinator� is probably overrated (Ollerton et al. 2012).
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The number of consecutive visits made by pollinators was only rarely a�ected by the

changes in community composition. This is highly surprising as optimal foraging theory

predicts that bout length on a species should increase with increasing density of that

species (Kunin & Iwasa 1996). One potential explanation for this is that the distance

between our plots was not perceived as long enough by pollinators. This could induce a

behaviour based on the overall density of the preferred species, resulting in a number of

visits per plant guided by this overall density and not the local (i.e. in a plot) density of

that species.

To conclude, we have shown that the impact of intra- and interspeci�c density changes

on quantitative aspects of the pollinator behaviour foraging on a focal species are also

a�ected by the identity of neighbouring species. This implies that the outcome of indirect

plant-plant interactions is shaped by the identities of all the species involved in these

interactions. We have shown that the role a species plays in the outcome of indirect

plant-plant interactions at a certain density could change drastically according to the

identity of its neighbours. This points to an overriding importance of the attractiveness

di�erential, rather than the absolute attractiveness among plant species. We believe that

a stronger consideration of this di�erential in future studies could help in resolving some

discrepancies observed in studies of indirect plant-plant interactions mediated through

shared pollinators (Bartomeus et al. 2008, Hegland et al. 2009).
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Appendices

Appendix 1: Calculation of the number of consecutive visits with

pollinators switching multiple times

In the calculation of the number of consecutive visits by individual pollinators, two distinct

cases were considered. If the recorded visits of a pollinator individual were all to the

same plant species or if the pollinator switched only once between species, the number

of consecutive visits to a certain species was directly observed and no calculations were

required. However, if a pollinator individual switched more than once (e.g. a pollinator

visiting A switched to B to switch back again to A), we set the number of consecutive

visits to a certain species (e.g. species A) equal to the total number of visits to that

species divided by the number of foraging sequences on the species (the example above

includes 2 foraging sequence on A). As the whole pollinator bouts were recorded, the

number of sequences on a particular species could easily be calculated. However, as the

analysis of count data with (quasi) Poisson distribution requires integers, we rounded the

calculated mean number of consecutive visit to the �rst larger integer. We argue that,

as the observation period was arbitrary de�ned and limited in time, we possibly missed

some visits prior and after the observation period in each plot. Hence, the small correction

applied on the resulting means corrects for these missing observations.

Appendix 2: Attraction units and �oral surface calculations

In order to take the di�erences in �oral morphology and size among the di�erent species

used in this study, an �attraction unit� was de�ned for each species (Hegland & Boeke

2006). The de�nition of this species speci�c attraction unit speci�ed what has to be

counted and measured in the �eld in order to calculate �oral surfaces (as a proxy for �oral

density). Depending on the species speci�c �oral morphology, we considered di�erent

shapes of attraction units for the di�erent species and adapted the measurements and

formulas used to calculate their surfaces. Once the attraction unit for each species was

de�ned (see Table A.1), we measured characteristic dimensions (see Table A.1) of 20

randomly chosen attraction units in randomly chosen plots and computed a mean �oral

surface for each species.
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Table A.1: Attraction units, geometrical form (Shape), measurements and formulas used in the
calculation of the �oral surface (surface in cm²) of the attraction units for each species.

Species Attraction unit Shape Measurement Formula Surface (cm²)

Centaurea jacea in�orescence circle radius π . radius² 16.83

Scabiosa columbaria in�orescence circle radius π . radius² 8.92

Achillea millefolium capitulum ellipse
smallest &

π. radius1.radius22 12.01
largest radii

Matricaria recutita in�orescence circle radius π . radius² 5.39

Salvia farinacea �ower circle radius of the lip π . radius² 0.65

Appendix 3: Number of observation periods of 5 min conducted

for each treatment

Table A.2: Number of observations conducted for each treatment. Mono: Monoculture of
species, numbers under �Community composition� indicate the plant community composition
(�rst number gives the number of individuals from CJ or SC), CJ: Centaurea, SC: Scabiosa, AM:
Achillea, MC: Matricaria, SA: Salvia

Community composition Monocultures

1-4 2-3 3-2 4-1 CJ 5

AM
CJ 7 5 3 4 SC 5

SC 6 7 4 4 AM 5

MC
CJ 6 5 5 4 MC 5

SC 5 4 5 6 SC 5

SA
CJ 6 5 5 5

SC 6 4 5 6

hjfjhfj

jgzfghfjh

jzfjhgfhjhjfjhfj

jgzfghfjh

jzfjhgfhj
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Appendix 4: Details of the analysis of density e�ects on pollinator

visitation patterns

Table A.3: Details of the analysis of the e�ect of the plant species densities on pollinator
visitation patterns for the species Achillea , Matricaria and Salvia . For each type of response
(Arrivals: Number of pollinator individuals arriving on the species, Visits: total number of
visits, Consec. : number of consecutive visits), each species pairs (rows, AM: Achillea, MC:
Matricaria, SA: Salvia, CJ: Centaurea, SC: Scabiosa) and each pollinator group (columns: all
the pollinator community, BB: Bumblebees, SB: Solitary bees, SY: Hover�ies), the intercept
(Inter.), the signi�cant coe�cients (slope) and their p-values (p; p-values <0.05 are in bold, p
< 0.01 are underlined, p-values < 0.001 are indicated as such in the table ) associated with
both plant species densities (densother: density of the neighbouring species, densown: density
of the focal species) are indicated. #obs refers to the number of 5 minutes observations round
incorporated in each model. The table contains indications for the cases where some pollinator
groups were not recorded, or if their occurrence was too low.

ALL

densother owndens #obs

Response inter. slope p slope p

Arrivals AM CJ 0.786 -0.001 0.002 0.003 24

Visits AM CJ 1.962 -0.002 0.012 0.002 P<0.001 24

Consec. AM CJ 1.881 -0.001 0.042 0.000 72

Arrivals AM SC 0.679 -0.001 0.003 P<0.001 26

Visits AM SC 1.407 0.003 0.004 P<0.001 26

Consec. AM SC 1.662 0.000 0.000 76

Arrivals MC CJ 1.503 0.000 0.001 0.003 25

Visits MC CJ 2.994 -0.002 0.044 0.001 P<0.001 25

Consec. MC CJ 1.877 -0.002 0.004 0.000 107

Arrivals MC SC 0.478 -0.001 0.002 P<0.001 25

Visits MC SC 1.623 0.000 0.002 P<0.001 25

Consec. MC SC 1.671 0.000 0.000 50

Arrivals SA CJ -0.167 -0.001 0.039 0.026 26

Visits SA CJ 1.491 -0.001 0.049 0.032 26

Consec. SA CJ 1.665 0.001 0.004 26

Arrivals SA SC -0.303 -0.003 0.037 0.002 26

Visits SA SC 1.682 -0.002 0.038 0.009 26

Consec. SA SC 2.013 -0.002 0.003 31

BB

densother owndens #obs

Response inter. slope p slope p

Arrivals AM CJ -4.513 -0.002 0.003 24

Visits AM CJ -4.513 -0.002 0.003 24

Consec. AM CJ No Occurence 0

Arrivals AM SC -2.386 -0.007 -0.002 26

Visits AM SC -4.104 -0.001 0.004 26

Consec. AM SC No Occurence 0

Arrivals MC CJ -1.518 -0.002 0.001 25

Visits MC CJ -1.548 -0.002 0.001 25

Consec. MC CJ Not Enough Occurence 1

Arrivals MC SC No convergence 25

Visits MC SC No convergence 25

Consec. MC SC No Occurence 0

Arrivals SA CJ -0.328 -0.002 0.029 0.030 26
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Visits SA CJ 1.410 -0.001 0.043 26

Consec. SA CJ 1.720 0.001 0.010 19

Arrivals SA SC -0.573 -0.004 0.043 P<0.001 26

Visits SA SC 1.631 -0.004 0.040 0.011 26

Consec. SA SC 2.140 -0.003 0.002 27

SB

densother owndens #obs

Response inter. slope p slope p

Arrivals AM CJ -0.751 -0.005 0.007 0.004 0.003 24

Visits AM CJ 0.752 -0.006 0.005 0.003 0.006 24

Consec. AM CJ 1.907 -0.002 0.000 29

Arrivals AM SC -0.367 -0.001 0.003 P<0.001 26

Visits AM SC 0.805 0.000 0.004 P<0.001 26

Consec. AM SC 1.721 0.000 0.000 40

Arrivals MC CJ 0.858 -0.001 0.001 0.018 25

Visits MC CJ 2.557 -0.003 0.025 0.001 P<0.001 25

Consec. MC CJ 2.066 -0.002 0.034 0.000 61

Arrivals MC SC -0.107 -0.002 0.002 0.006 25

Visits MC SC 0.791 0.002 0.003 P<0.001 25

Consec. MC SC 1.619 0.001 0.000 31

Arrivals SA CJ -2.439 -0.001 0.032 26

Visits SA CJ -0.924 -0.002 0.057 26

Consec. SA CJ Not Enough Occurence 3

Arrivals SA SC -3.421 0.009 0.029 26

Visits SA SC -1.962 0.010 0.031 26

Consec. SA SC 0.221 0.005 0.043 4

SY

densother owndens #obs

Response inter. slope p slope p

Arrivals AM CJ 0.541 -0.001 0.001 24

Visits AM CJ 1.682 -0.002 0.001 24

Consec. AM CJ 1.843 -0.001 0.000 30

Arrivals AM SC -0.468 -0.001 0.002 0.002 26

Visits AM SC 0.064 0.006 0.003 0.007 26

Consec. AM SC 2.161 -0.002 -0.001 17

Arrivals MC CJ 0.066 0.001 0.001 25

Visits MC CJ 1.106 0.001 0.000 25

Consec. MC CJ 1.150 0.000 0.000 28

Arrivals MC SC -0.829 0.001 0.001 0.021 25

Visits MC SC 0.475 0.000 0.001 25

Consec. MC SC 2.143 0.001 -0.002 9

Arrivals SA CJ -2.249 -0.001 0.064 26

Visits SA CJ -2.179 -0.001 0.097 0.003 26

Consec. SA CJ 0.521 -0.001 0.024 4

Arrivals SA SC 0.468 -1.926 -0.073 26

Visits SA SC 0.468 -1.926 -0.073 26

Consec. SA SC No Occurence 0

FLY

densother owndens #obs

Response inter. slope p slope p

Arrivals AM CJ -1.427 0.001 0.002 24

Visits AM CJ -0.588 0.001 0.003 24

Consec AM CJ 1.859 -0.001 -0.001 13
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Arrivals AM SC -1.048 0.000 0.003 0.022 26

Visits AM SC -0.490 0.003 0.004 0.019 26

Consec AM SC 0.698 0.005 0.001 18

Arrivals MC CJ -0.568 0.000 0.001 0.012 25

Visits MC CJ 1.410 -0.002 0.000 25

Consec MC CJ 2.000 -0.002 0.000 15

Arrivals MC SC -2.171 0.000 0.003 0.017 25

Visits MC SC 1.053 -0.016 0.001 25

Consec MC SC 2.477 -0.008 -0.001 6

Arrivals SA CJ No Occurence 26

Visits SA CJ No Occurence 0

Consec SA CJ No Occurence 0

Arrivals SA SC No Occurence 26

Visits SA SC No Occurence 0

Consec SA SC No Occurence 0

Table A.4: Details of the analysis of the e�ect of the plant species densities on pollinator
visitation patterns for the species Centaurea , and Scabiosa . For each type of response (Ar-
rivals: Number of pollinator individuals arriving on the species, Visits: total number of visits,
Consec. : number of consecutive visits), each species pairs (rows, AM: Achillea, MC: Matricaria,
SA: Salvia, CJ: Centaurea, SC: Scabiosa) and each pollinator group (columns: all the pollina-
tor community, BB: Bumblebees, SB: Solitary bees, SY: Hover�ies), the intercept (Inter.), the
signi�cant coe�cients (slope) and their p-values (p; p-values <0.05 are in bold, p < 0.01 are
underlined, p-values < 0.001 are indicated as such in the table ) associated with both plant
species densities (densother: density of the neighbouring species, densown: density of the focal
species) are indicated. #obs refers to the number of 5 minutes observations round incorporated
in each model. The table contains indications for the cases where some pollinator groups were
not recorded, or if their occurrence was too low.

ALL

owndens densother #obs

Response inter. slope p slope p

Arrivals AM CJ 1.409 0.0012 0.001 -0.0002 24

Visits AM CJ 2.607 0.0015 p<0.001 -0.0003 24

Consec. AM CJ 1.280 0.0002 0.0000 110

Arrivals AM SC 1.168 0.0029 -0.0001 26

Visits AM SC 2.011 0.0056 0.004 -0.0001 26

Consec. AM SC 1.208 0.0014 -0.0001 75

Arrivals MC CJ 1.612 0.0010 0.010 -0.0003 25

Visits MC CJ 2.691 0.0014 0.002 -0.0004 25

Consec. MC CJ 1.459 0.0000 -0.0001 104

Arrivals MC SC 0.617 0.0065 0.010 0.0000 25

Visits MC SC 1.850 0.0082 0.005 -0.0002 25

Consec. MC SC 1.430 0.0019 -0.0004 77

Arrivals SA CJ 1.580 0.0011 p<0.001 -0.0101 26

Visits SA CJ 2.654 0.0015 p<0.001 -0.0072 26

Consec. SA CJ 1.272 0.0001 0.0148 0.035 125

Arrivals SA SC 0.893 0.0059 p<0.001 0.0126 0.043 26

Visits SA SC 1.910 0.0082 p<0.001 0.0081 26

Consec. SA SC 1.618 -0.0002 -0.0017 106

BB

owndens densother #obs
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Response inter. slope p slope p

Arrivals AM CJ 1.050 0.0011 0.002 0.0003 24

Visits AM CJ 2.283 0.0016 p<0.001 0.0001 24

Consec. AM CJ 1.265 0.0004 -0.0001 88

Arrivals AM SC 0.884 0.0014 0.0002 26

Visits AM SC 1.650 0.0050 0.016 0.0004 26

Consec. AM SC 1.142 0.0018 0.0000 57

Arrivals MC CJ 1.203 0.0009 0.024 0.0000 25

Visits MC CJ 2.343 0.0015 0.002 -0.0002 25

Consec. MC CJ 1.465 0.0001 -0.0002 80

Arrivals MC SC 0.049 0.0068 0.013 0.0004 25

Visits MC SC 1.234 0.0092 0.003 0.0000 25

Consec. MC SC 1.418 0.0027 -0.0007 51

Arrivals SA CJ 1.247 0.0009 0.004 -0.0127 26

Visits SA CJ 2.418 0.0015 p<0.001 -0.0070 26

Consec. SA CJ 1.212 0.0002 0.0230 0.004 90

Arrivals SA SC 0.253 0.0073 p<0.001 0.0181 0.021 26

Visits SA SC 1.300 0.0097 p<0.001 0.0170 26

Consec. SA SC 1.677 -0.0004 0.0008 77

SB

owndens densother #obs

Response inter. slope p slope p

Arrivals AM CJ 0.723 -0.0001 -0.0042 0.023 24

Visits AM CJ 1.877 -0.0005 -0.0036 0.024 24

Consec. AM CJ 1.537 -0.0006 -0.0001 13

Arrivals AM SC -2.507 0.0125 0.014 -0.0002 26

Visits AM SC -2.068 0.0153 P<0.001 0.0009 26

Consec. AM SC -0.767 -0.0030 0.0176 6

Arrivals MC CJ 1.029 -0.0002 -0.0031 0.004 25

Visits MC CJ 1.952 -0.0004 -0.0029 25

Consec. MC CJ 1.706 -0.0008 -0.0003 13

Arrivals MC SC -2.600 0.0099 0.0008 25

Visits MC SC -1.505 0.0096 0.0013 25

Consec. MC SC 0.694 -0.0041 0.027 0.0041 0.019 6

Arrivals SA CJ 0.392 0.0001 -0.0429 26

Visits SA CJ 1.157 0.0001 -0.0332 26

Consec. SA CJ 1.509 -0.0006 -0.0051 16

Arrivals SA SC -1.369 0.0060 -0.0341 26

Visits SA SC -1.039 0.0096 -0.0374 26

Consec. SA SC 2.518 0.0013 -0.1895 4

SY

owndens densother #obs

Response inter. slope p slope p

Arrivals AM CJ -2.432 0.0033 p<0.001 -0.0009 24

Visits AM CJ -1.009 0.0028 p<0.001 -0.0018 24

Consec. AM CJ 0.976 0.0003 -0.0007 8

Arrivals AM SC -2.514 0.0134 0.018 -0.0045 26

Visits AM SC -1.158 0.0085 -0.0004 26

Consec. AM SC 2.457 -0.0079 -0.0080 4

Arrivals MC CJ -1.169 0.0021 0.004 -0.0014 25

Visits MC CJ -0.277 0.0022 0.002 -0.0018 25

Consec. MC CJ 0.707 0.0006 -0.0002 10

Arrivals MC SC -1.124 0.0052 -0.0056 25

Visits MC SC -0.423 0.0098 -0.0071 25
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Consec. MC SC Not enough Occurence 3

Arrivals SA CJ -0.831 0.0019 p<0.001 0.0067 26

Visits SA CJ -0.188 0.0021 p<0.001 -0.0059 26

Consec. SA CJ 0.930 0.0003 -0.0151 16

Arrivals SA SC -0.259 -0.0009 -0.0125 26

Visits SA SC 0.706 0.0015 -0.0257 26

Consec. SA SC 0.608 0.0094 -0.0248 8

FLY

owndens densother #obs

Response inter. slope p slope p

Arrivals AM CJ No Occurence 0

Visits AM CJ No Occurence 0

Consec. AM CJ No Occurence 0

Arrivals AM SC -4.098 0.0082 -0.0001 26

Visits AM SC -4.098 0.0082 -0.0001 26

Consec. AM SC No Occurence 0

Arrivals MC CJ No Occurence 0

Visits MC CJ No Occurence 0

Consec. MC CJ No Occurence 0

Arrivals MC SC No Occurence 0

Visits MC SC No Occurence 0

Consec. MC SC No Occurence 0

Arrivals SA CJ No Occurence 0

Visits SA CJ No Occurence 0

Consec. SA CJ No Occurence 0

Arrivals SA SC -1.427 -0.0095 -0.1233 26

Visits SA SC -0.734 -0.0095 -0.1233 26

Consec. SA SC Not enough Occurence 1
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Discussion

The major objective of this thesis was to investigate the role played by structural char-

acteristics of plant communities such as the identities, densities and spatial distribution

of the component species, on the outcome of indirect plant-plant interactions mediated

through shared pollinators.

Using a spatially explicit modelling approach in the �rst chapter of this thesis, we were

able to demonstrate that the spatial patterning of species can strongly interfere with

the relative density of plant species and determine the survival chance of a less attractive

species. Moreover, we found that a less attractive species at low density at higher chance of

surviving when spatially regularly distributed whereas at high density, its survival chances

where substantially higher when spatially aggregated. These results suggested that species

are able to �trap� pollinators within their own occurrence range (Goulson 1994). By

growing spatially aggregated, a species can enhance both the quantity and the quality of

the visits it receives (Rathcke 1983). The crucial aspect shaping the outcome of indirect

plant-plant interaction can hence be phrased in terms of �spatial availability� of �ower

resources for pollinators. Even if suggested by Goulson (1994), this spatial mechanism

favouring constancy has never been thoroughly investigated before. Further, additionally

to the inclusion of spatial patterns into pollination ecology, a complex pollinator behaviour

was used in our original approach. As such, pollinators were able to distinguish among

di�erent �oral resources (Chittka & Thomson 2001) and were also able to change their

preferences according to recent foraging experiences (Dukas & Real 1993, Keasar et al.

1996), re�ecting a behaviour closer to reality. This complexity in the pollinator behaviour

has mostly been ignored by previous models (Bobisud & Neuhaus 1975, Waser 1978,

Goulson 1994, Feldman et al. 2004). From this, it resulted that the e�ect of spatial
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patterning is, logically, only emerging when a certain degree of generalisation exists in the

pollinator behaviour (Waser et al. 1996, Waser & Ollerton 2006).

Due to the diversity of both plant and pollinator species in natural communities, the ef-

fect of spatial patterning will undoubtedly be much more complex than when considering

only two plant and one pollinator species. In the second chapter of this thesis, we were

able to tackle this complexity in plant-pollinator interactions, using a network approach.

By introducing an attractive species into semi-natural communities, we showed that only

the diversity and evenness of plant-pollinator interactions were following the trend that

the neutrality hypothesis would impose on these interactions (Bascompte et al. 2003,

Vazquez et al. 2009). The recorded e�ects on these two network metrics were further

enhanced by the attractive character of the introduced species showing that the set of

�oral traits of plant species can exacerbate its e�ects on the pollinator behaviour. This

corroborates the idea that highly attractive species can act as strong competitor for the

services of pollinators on co-�owering sympatric plant individuals (Moragues & Traveset

2005, Muñoz & Cavieres 2008). However, our most prominent result is that the orga-

nization in pollination networks cannot be explained alone by the neutrality hypothesis

(Olesen et al. 2007, Santamaría & Rodríguez-Gironéz 2007, Vazquez et al. 2009) as some

aspects of the organisation of the interactions in such networks was highly in�uenced by

the spatial distribution of plant species at small scale. Especially, patterns of resource

use by pollinators were more similar and less exclusive when the introduced species was

spatially clumped than when it was spatially aggregated. These �ndings are proving that

the spatial mechanisms described in the theoretical model are indeed occurring under

natural conditions. Further, these results are in line with recent studies (Olesen et al.

2007, Santamaría & Rodríguez-Gironéz 2007, Vazquez et al. 2009) showing that linkage

rules are best explained by a combination of di�erent hypotheses such as complementary

and barrier models, and not only by the neutrality hypothesis alone. Our �ndings clearly

indicate that the spatial distribution of plant species can a�ect the general organisation of

such networks. As such, further studies should investigate the role of spatial distribution

of plant species in plant communities in shaping network structure and especially as a

factor potentially explaining linkage rules of networks.

The last prominent result emerging from this work is that the occurrence and intensity

of both intra- and interspeci�c density responses of quantitative aspects of the pollinator

behaviour were conditioned not only by a focal species identity but also by the identity of

its neighbouring species. This demonstrates that pollinators can and do distinguish among

�orally dissimilar species (Chittka & Thomson 2001) and that their choices are guided by

the sets of �oral traits of all the species present in the patches their forage in (Hegland et al.

2009). As such, the di�erence in attractiveness among species available for pollinators
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could be a major determinant of the outcome of indirect plant-plant interactions. These

observations should lead to studies aiming at identifying all the factors a�ecting the

attractiveness of plant species. In this work, we have con�rmed that the �oral density is

one such factor and discovered that spatial patterning can act as another one. Finally,

the role of attractiveness di�erentials among co-occuring plant species on the outcome of

indirect plant-plant interactions should be investigated.

Conclusion

This thesis created a unique bridge between theoretical and experimental evidences about

the crucial role of the pollinator behaviour on the outcome of indirect plant-plant inter-

actions and by extension about patterns of species coexistence in plant communities. By

combining a spatially explicit modelling approach, an experimental network approach

under natural conditions and a common garden experiment under more controlled condi-

tions, we were able tackle the complexity of plant-pollinator interactions and to unmask

the e�ects of structural characteristics of plant communities and their respective interplay

on pollination patterns in species-rich grasslands.

Not unsurprisingly, the majority of the results presented here were linked with the di�er-

ence in attractiveness of plant species. In most of studies on the same topic, it is often

assumed that plant di�er in their attractiveness and theories are built on this paradigm

(Laverty 1992, Moeller 2004, Molina-Montenegro et al. 2008, Muñoz & Cavieres 2008,

Peter & Johnson 2008, Hanoteaux et al. 2013, Seifan et al. 2014). However, mostly the

attractive character of a species can only be proven a posteriori. As such, further studies

should try to achieve a characterisation of the �attractiveness� in its broader ecological

context. Even if this will be di�cult as the �attractiveness� may include many ecological

factors, this could allow pollination ecologists to understand the occurrence of contrast-

ing e�ects of �owering species on each other (Bartomeus et al. 2008) and hence resolve

the discrepancy reigning in the results of studies investigating the outcome of indirect

plant-plant interactions.

Finally, the most novel aspect of this thesis is the inclusion of small-scale spatial mech-

anisms into pollination ecology. This work is to be considered as a �rst step and should

serve as an incentive to further research the potential of spatial processes in shaping

the outcome of plant-pollinator interactions for both trophic levels. As such, including

spatially conditioned linkage rules as potential determinant of the general structure of mu-

tualistic networks may help in unravelling the biological processes responsible for these

general characteristics.
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