
School of Plant Biology 
 

 

Plant-pollinator networks in a restoration planting, 

and the effects of non-native plants and nitrogen 

fertilisation 
 

 

Bridget Johnson 

BSc, BCA, MSc 

 

Thesis presented for the degree of Doctor of Philosophy 

The University of Western Australia 

December 2015 
  



 



i 

Thesis Abstract 

Global changes can act individually or in combination to change plant-pollinator 

interactions. Impacts of global changes can influence both plant reproductive traits 

and/or pollinator behaviour. This PhD study aims to further understand how plant-

pollinator interactions are influenced by non-native plant invasion and addition of 

nitrogen (N) in the context of a revegetated agroecosystem. The study was completed 

within a large restoration experiment in agricultural land in southwestern Australia. 

My research examined the following overarching questions: 

1. Does the efficiency of pollinators change in the presence of non-native 

flowering plants and the addition of N fertilisation? 

2. How does the flowering plant community composition and N fertilisation 

influence plant-pollinator network structure? 

3. Does N fertilisation change the composition of nectar traits and visitation rates 

of the European honey bee (Apis mellifera)? 

 

First, I investigated how the presence of non-native plants and addition of nitrogen 

changes the relative importance of floral visitors as pollinators of four native plant 

species. I observed and captured floral visitors and calculated the Pollination 

Importance Value (relative effectiveness) of each insect morphospecies in the 

presence or absence of non-native plants, and with or without the addition of N. I 

observed 8936 floral visitors of 249 morphospecies from 14 insect orders, on four 

native woody species planted into the site (Banksia sessilis, Hakea lissocarpha, 

Callistemon phoeniceus, and Calothamnus quadrifidus) and two non-native herbaceous 

species present from the previous pasture community (Arctotheca calendula and 

Echium plantagineum). The non-native A. mellifera was the most dominant and 

effective pollinator of all four native plant species. Experimental exclusion of floral 

visitors revealed that insect pollinators were required for the seed set of three of the 

native species, and that the native plants at the study site were not pollen limited. The 

two treatments did not affect the effectiveness of the potential pollinators, or the 

proportion of viable seeds produced in the four native plants.  
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After identifying the potential pollinators at the field site, I determined how the 

structure of plant-pollinator networks changes with the presence of non-native plants 

and N deposition. I observed insects visiting flowers in plant assemblages of four ratios 

of native: non-native flowering plant species, combined with a treatment of N 

addition. I used linear mixed models (GLMM) to determine the most important factors 

affecting relative pollinator abundance and morphospecies richness. To determine the 

structure of each plant assemblage ratio, I used network analysis and compared four 

common network indices to observed values with null models. Our results illustrated 

that plant assemblages with higher native-plant richness received a high number of 

pollinator visits and attracted greater morphospecies richness. The addition of N 

influenced the network index plant generality. I conclude that established and 

functioning plant-pollinator networks can develop in recently revegetated sites 

comprising a mix of native and non-native flowering plants.  

 

I explored the effects of N fertilisation on nectar traits and visitation rates of the most 

common pollinator at the field site, A. mellifera. I collected nectar from and observed 

A. mellifera visitation of two native flowering plants, C. phoeniceus and C. quadrifidus, 

with and without N fertilisation and herbicide. Nectar samples were analysed for the 

concentration of three sugars (glucose, fructose and sucrose) and 20 amino acids using 

high-performance liquid chromatography. I used GLMMs to analyse how nitrogen and 

herbicide affected six response variables. Both native plants were dominated by the 

proline. In the native plants, N fertilisation increased the amount of glucose, changes 

amino acid composition and the concentration of four amino acids 

(histidine/glutamine, proline, valine, and lysine) essential for honey bee survival, and 

increases the time a honey bee spends on flowers.  

 

In summary, this thesis describes a previously unknown pollinator community and 

presents an understanding of how plant-pollinator interactions develop in an 

assembling community following restoration, and how these are influenced by the 

presence of flowering non-native plants and addition of N fertilisation. This study 

highlights that mixed assemblages of native and non-native flowering species can 

support established plant-pollinator networks. The results suggest that it might not be 

necessary to remove non-native species for restoration of plant-pollinator networks in 
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early stages of restoration. This research provides a foundation for further analyses of 

the development of plant-pollinator networks as the restoration progresses. 
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1. General Introduction 

This thesis examines plant-pollinator interactions in a revegetated agroecosystem in 

southwestern Australia, as influenced by nitrogen (N) addition and the presence of 

non-native species. In this chapter I present a review of the main ecological concepts 

and biodiversity issues underlying the overarching questions addressed in the thesis.  

 

1.1 Importance of Pollination  

Pollination is an important ecological process worldwide that is central to plant 

reproduction and most of the world’s food production. The transfer of pollen between 

floral units can happen in three ways, 1) via biotic vectors, such as invertebrates, birds, 

or small mammals, 2) via abiotic vectors such as wind or water flow, or 3) by self-

pollination, when pollen is transferred to the stigma of the same flower or plant. 

Movement of pollen by insects is the most common form of pollination in angiosperms 

(Ollerton et al. 2009). Generally, flowers will offer resource-rich rewards to insects in 

exchange for their pollen transfer service. Insect pollinators play an important role in 

the production of many crops and in maintaining natural plant communities.  

 

Pollinators and the services they provide are under increasing pressure from many 

threats caused by impacts of global change (Vanbergen and the Insect Pollinators 

Initiative 2013). Any disruption in the interaction between plants and pollinators can 

have adverse consequences for the stability and integrity of terrestrial ecosystems 

(Quesada et al. 2011; Rolstad 1991; Saunders et al. 1991). Due to the many threats 

facing plant and pollinator communities (Kearns et al. 1998), understanding, 

maintaining and restoring plant-pollinator interactions has become increasingly 

important (Tiedeken and Stout 2015). 

 

1.2 Pollinator Community Assembly 

The development of communities has been, and continues to be, a major research 

topic in ecology (Campbell et al. 2011). It is assumed that successful plant community 

assembly will be closely followed by pollinator establishment (Sargent and Ackerly 

2008). It has been hypothesised that there are three main processes that influence 

patterns of plant community assembly through plant-pollinator interactions: habitat 
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filtering, facilitation, and competition (Sargent and Ackerly 2008). All three of these 

processes can play a role in determining how individual pollinator species will persist 

and the structure and function of pollinator communities and plant-pollinator 

networks.  

 

Habitat filtering relates to the environmental influence of a particular site or 

community determining which species will establish (Weiher and Keddy 1999). The 

abiotic and biotic environment can act as a ‘filter’, keeping some species out and 

allowing those with adaptations to the environment to persist (Sargent and Ackerly 

2008). The abiotic environment itself (e.g. soil conditions, climate, and water 

availability) can affect plant, pollinators and their interactions (Sargent and Ackerly 

2008). For example, the frequency of visits by pollinators to agricultural crop flowers 

may be filtered with distance from the forest edge, presumably because the forest 

provides a more suitable environment for the pollinators to persist (Chacoff and Aizen 

2006). Previous research shows that pollen limitation, which is wide spread, indicates 

that pollinator availability influences the reproductive success of plants and hence 

their relative abundance and persistence in an ecosystem (Sargent and Ackerly 2008).  

 

The role of facilitation, or beneficial plant-plant interactions, in community assembly 

has received attention in the last two decades (Bertness and Callaway 1994; Freestone 

2006; Rae et al. 2006; Valiente-Banuet et al. 2006). If successful establishment of a 

species is influenced by the availability of a particular pollinator community, plants 

should benefit from living in close proximity to other plants that attract the same 

pollinators (Sargent and Ackerly 2008). Pollinator-mediated facilitation resembles a 

filtering process, because the success of a plant species is boosted by the presence of 

suitable pollinators (Sargent and Ackerly 2008). Several studies have demonstrated 

that a plant species might indirectly enhance pollinator visitation to a neighbouring 

species by increasing visitation or activity levels of shared pollinators (Hansen et al. 

2007; Moeller and Geber 2005). 

 

However, there are costs and benefits of pollinator facilitation (Callaway 2007). It is 

known that plant reproduction can benefit from increased pollinator visitation 

(Sargent and Ackerly 2008). New insights from studies that describe plant–pollinator 
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networks suggest that the sharing of pollinators among plants in a community is more 

common than previously thought (Vázquez and Aizen 2003). Studies measuring plant 

fitness in response to changes in the identity and visitation rates of pollinators are 

needed to better assess the degree to which a plant's neighbouring species influence 

its establishment and persistence in a particular location (Kaiser-Bunbury et al. 2011; 

Sargent and Ackerly 2008).  

 

Plants can benefit from increased pollinator visitation but might suffer fitness declines 

due to the increased frequency of heterospecific pollen transfer (Sargent and Ackerly 

2008). Competition for floral resources between pollinators can lead to decreased 

plant fitness through interspecific pollen transfer (Waser 1983). When interactions 

with a particular pollinator are likely to deliver incompatible pollen, plants that use an 

alternate, more specialized pollinator have a higher probability of persistence (Sargent 

and Otto 2006). Indirect forms of competition are predicted to result in communities 

that exhibit a diversity of pollination modes.  

 

There is evidence demonstrating that competition for pollinators with co-flowering 

species has negative consequences for plant fitness (Bell et al. 2005; Caruso 2000). 

Much of the research on the influences of plant–pollinator interactions at the 

community level has been to determine whether plants that share pollinators vary in 

their flowering phenology to avoid competition for pollinators (Gleeson 1981). Indeed, 

evidence suggests that animal-pollinated plants tend to exhibit greater variation in 

their flowering schedules when compared with wind-pollinated species (Bolmgren et 

al. 2003). Habitat filtering, competition and facilitation are the processes most likely to 

influence the patterns of community assembly in plant-pollinator interactions (Sargent 

and Ackerly 2008). An understanding is required of how impacts of global change could 

influence these processes. 

 

1.3 Influence of Global Changes on Pollinator Community Assembly 

The three processes by which pollinator communities assemble can be altered by 

impacts of global change (Biesmeijer et al. 2006). There are many potential global 

change drivers that affect biodiversity in general and pollinator abundance and 

diversity in particular (National Research Council 2006), and they rarely act in isolation 
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(e.g. Didham et al. 2007). Environmental changes such as habitat modification, 

pesticide use, plant invasion and phenological mismatches, which are happening 

globally, can potentially threaten plant-pollinator interactions by changing the floral 

traits (Hoover et al. 2012), altering competitive interactions (Lafferty 2009; Walther 

2010; Yang and Rudloff 2010) or removing the plants all together (Andren 1994; 

Holyoak et al. 2005; Kareiva 1987).  

 

The majority of research on the structure of plant-pollinator interactions has focussed 

on the consequences of global change on phenological and community distributional 

shifts. However, there has been increasing interest in understanding how 

environmental factors can affect pollinator populations and behaviour in both ‘natural’ 

and novel ecosystems (Dixon 2009, Mitchell et al. 2009). While most studies of plant-

pollinator interactions have focused simply on how the neighbouring plant community 

can filter pollinator species and influence their visitation rates, the nutrient status of 

the soil can also significantly influence the persistence of pollinator species in a 

community (Dixon 2009). In this study, I examined the influence of two global-change 

related factors, the presence of non-native plant species and N addition on plant-

pollinator interactions within an experimental restoration site in the Western 

Australian wheatbelt. 

 

I investigated the role of non-native plant species because novel assemblages of 

species are increasingly common in global landscapes and may affect the delivery of 

ecosystem services, such as pollination (Perring et al. 2012). Considerable effort often 

goes into controlling non-native plants, because of their impacts on production and 

biodiversity (Brown et al. 2002; Leger and Espeland 2010; Roy 1990). Competition for 

pollinator services by non-native plants may reduce the reproductive capacity of native 

plants (Muñoz and Cavieres 2008). Non-natives have the potential to negatively affect 

the quality and quantity of pollination service provided to native plants (Rathcke 1983; 

Waser 1978). On the other hand, some non-native species may aid in pollination (Vilà 

et al. 2009), by attracting pollinators to the native plant community. Hence, my study 

addresses whether a novel component, with non-native plants present, modifies the 

pollinator community and stability of plant-pollinator interactions.  
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Nitrogen deposition has also been recognised as having significant impacts on plant 

diversity and ecosystem function around the globe (Bobbink et al. 2010). Current 

projections suggest that N emissions will continue to increase the rates of atmospheric 

N deposition (Dentener et al. 2006; Phoenix et al. 2006; Sala et al. 2000; Vitousek et al. 

1997). Nitrogen addition has been shown to be a main driver of changes in species 

composition across a range of ecosystem types by altering competitive interactions 

and/or making conditions unfavourable for some species (Bobbink et al. 2010). The 

majority of N deposition research has been done in Europe and North America, with 

other regions being somewhat overlooked (Bobbink et al. 2010) – including, for 

example, some Mediterranean-climate regions (Ochoa-Hueso et al. 2011). However, I 

was able to determine that non-additive effects of simulated N deposition and 

declining rainfall influence the establishment of Banksia-woodland seedlings in 

Western Australia.  

 

If N addition alters individual plant species growth and reproduction and/or plant 

community composition, pollination dynamics are also likely to be affected (Perring et 

al. 2012). Nitrogen enrichment has the potential to affect plant-pollinator interactions 

by altering plant traits, such as floral, nectar and pollen characteristics, which affect 

pollinator attraction (Hoover et al. 2012). The response of floral traits to N availability 

could indirectly affect plant reproduction through competition or facilitation for 

pollinators, and change the way pollinators visit and forage on plants (Hoover et al. 

2012). In addition to potential effects of non-native species and N addition separately, 

it is also possible that the two factors might interact to create synergistic effects. 

 

While most accounts of the impacts of environmental changes focus on likely negative 

effects, there are also widespread attempts to reverse degradation and restore 

ecosystems and ecosystem services. Restoration generally considers the return of 

plant community structure first, but increasingly also considers ecosystem functions 

such as pollination (Perring et al 2015). In this study, I examine the impacts of non-

native species and N addition on plant-pollinator interactions in the context of a large-

scale restoration experiment. In this manner, my study has implications for the 

restoration of pollinator communities, for example, whether management of non-

native plant species likely influences pollinators in the early stages of restoration. 
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1.4 Plant-Pollinator Interactions in Revegetated Agroecosystem  

Given rapid environmental changes, it is essential to consider the dynamics of plant-

pollinator interactions as a foundation for developing future conservation and 

management options (Burkle and Alacon 2011). The experimental site for this study 

was a recently restored old-field. It contained planted native and volunteer non-native 

plant species within large plots, to which nitrogen was applied in a factorial design 

(Perring et al. 2012). The restoration site was studied  for two reasons. First, the 

opportunity rarely exists to conduct plant-pollinator studies within an experimental 

setting, with most being observed in non-experimental multi-species communities. The 

advantage of an experimental setting is that it’s possible to manipulate plant species 

and determine the outcome for plant-pollinator interactions. Second, observing plant-

pollinator interactions on mature woody native species is practically difficult, due to 

the plant height and high placement of the flowers. However, in this setting, 

observations could be made on the small-statured immature native woody plants.  

 

1.5 South West Australian Floristic Region Pollination Ecology 

The South West Australian Floristic Region (SWAFR) is a globally recognised 

biodiversity hotspot containing many native species under threat (Myers et al. 2000). 

The wheatbelt is a 14 million ha intensively used agricultural region within the hotspot 

(Prober and Smith 2009). The soils range through gravels, deep yellow and grey sands, 

sandy loams, gravel/clay duplex soils and clay. The gravels and sands contain negligible 

amounts of clay and are low in nutrients, especially N, phosphorus and potassium. 

Historically, the region was a mosaic of vegetation types including Eucalypt dominated 

woodlands, of which now only 10 % remains (Prober and Smith 2009). Continued 

threats to the woodlands include habitat fragmentation, increased pastoral grazing 

and crops, altered fire regimes, rise in water tables, resulting in secondary salinization, 

and fertiliser and pesticide run-off. These threats negatively affect plant diversity and 

community structure in the area (Baur and Erhardt 1995; Groom et al. 2000; Robinson 

and Sutherland 2002; Tscharntke et al. 2002). Due to the resulting loss of woodland 

biodiversity and land degradation, concern has turned to woodland conservation and 

developing appropriate techniques for their restoration (Saunders and Hobbs 1991).  
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Within the SWAFR, and wheatbelt in particular, pollination biology remains poorly 

understood (Phillips et al. 2010). This could be due to the fact that wheat (the main 

crop of the wheatbelt) does not require animal pollinators, and therefore many of the 

resources that pollinators would have historically used have been cleared from the 

landscape (Phillips et al. 2010). The focus of pollination research in the SWAFR has 

primarily been on natural history studies, orchid conservation, pollen dispersal (Llorens 

et al. 2012) and conservation genetics (Byrne et al. 2011). Scattered around the 

wheatbelt are remnant eucalypt woodlands, including York gum (Eucalyptus 

loxophleba) woodlands, often with agricultural weeds present throughout the 

woodlands (Yates and Hobbs 1997). The dominant insect pollinator groups 

documented within the SWAFR are bees, wasps, flies and beetles (Bernhardt 1987). 

The most common pollinator is likely the introduced honeybee (Apis mellifera), yet a 

total of 93 native bee species are listed in current databases (Phillips et al. 2010). The 

most common insect-pollinated genera (Eucalyptus, Melaleuca, Acacia, Leucopogon 

and Hakea) are hypothesised to have generalist pollination strategies, with extreme 

cases of specialization existing mainly in the Orchidaceae family (Phillips et al. 2010).  

 

1.6 Key Research Questions  

This PhD aims to further our understanding of how pollinator interactions develop in 

restored assemblages with added N fertiliser, where non-native plant species (i.e., 

common weeds of agricultural landscapes) have persisted and native woody plants 

have recently established. This aim was accomplished by addressing the following 

overarching questions in the context of a restored old-field: 

1. Does the efficiency of pollinators change in the presence of non-native 

flowering plants and the addition of N fertiliser? 

2. How does the flowering plant community composition and N fertilisation 

influence plant-pollinator network stability? 

3. Does N fertilisation change the composition of nectar traits and visitation 

rates of the European honey bee (Apis mellifera)? 

 

1.7 Thesis Outline  

I conducted field and lab based work to address these three questions at three 

different scales of plant-pollinator interactions. Chapter two of this thesis establishes 
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an understanding of insect floral visitors and their potential role as pollinators at the 

study site. This chapter aimed to describe the patterns of pollinator efficiency in the 

presence of non-native flowering plants and the addition of N fertilisation. Chapter 

three expands on the previous chapter by describing how the plant-pollinator network 

stability changes when the interactions were observed in different plant assemblages. 

The plant assemblages had different ratios of native: non-native plants, and with and 

without the addition of N fertilisation. Chapter four investigates the effect of N 

addition on the concentration of nectar sugars and amino acids, and the visitation rate 

of A. mellifera, the most common pollinator identified from previous chapters. 

 

1.8 Thesis structure 

This thesis is in accordance with the Postgraduate and Research Scholarship Regulation 

1.3.1.33 of The University of Western Australia; it is written as a series of three 

scientific papers assembled between a general introduction and a general discussion. 

All of the research presented has resulted from work done towards this thesis. There 

are five chapters in total. The general introduction has provided the broad context of 

the thesis and justification for the research objectives presented above. A more 

focused literature review is presented in the introduction of each experimental 

chapter (Chapters two to four). Each experimental chapter includes a preface, 

summary, introduction, methods, results, discussion and a references section. This 

‘thesis as a series of papers’ format results in some unavoidable repetition in the 

methods sections of Chapters two, three and four, but I have kept repetition 

elsewhere to a minimum. The general discussion draws together the main findings of 

the thesis in the context of previous research, and establishes the significance of the 

study.  
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2. The influence of flowering non-native plants and nitrogen fertiliser 

on potential insect pollinators 

 

2.1 Preface  

The study site is a revegetated agroecosystem at Ridgefield Future Farm in 

southwestern Australia. As relatively little was known about the pollinating insects in 

the wheatbelt of southwestern Australia, it was important to establish the species 

present as a precursor to more detailed research. This chapter aims to determine an 

understanding of insect floral visitors and their potential role as pollinators at the 

study site. I describe the patterns of pollinator efficiency in the presence of non-native 

flowering plants and the addition of N fertilisation. This chapter is under review with 

Austral Ecology.  

 

2.2 Abstract 

Many angiosperms require insects for pollination. Several human activities can 

interrupt the insect pollination process, which can lead to a decline in pollination and 

the subsequent plant reproductive output. Here, I investigate how herbicide treatment 

or the presence of non-native plants and addition of nitrogen (N) fertilisation changes 

the relative importance of floral visitors as pollinators of four native plant species. Our 

study site was in a large scale revegetation site in the southwest Western Australia. 

Over eight weeks, I observed and captured floral visitors, counted and identified pollen 

grains on floral visitors and counted floral units (i.e., flowers and inflorescences). I 

calculated the Pollination Importance Value (relative effectiveness) of each insect 

morphospecies in the presence or absence of non-native plants, and with or with the 

addition of N.  I observed 8, 936 floral visitors of 249 morphospecies from 14 insect 

orders, on four native and two non-native plant species. From the 

PIV calculation, 56.52 % were considered potential pollinators, as opposed to just floral 

visitors. The exotic Apis mellifera (European honey bee, Apidae) was the most 

dominant and effective pollinator of all four native plant species. Experimental 

exclusion of floral visitors revealed that insect pollinators were required for the seed 

set of three of the native species, and the native plants at the study site were not 

pollen limited. The presence of two non-native plants and addition of N fertiliser did 
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not affect the effectiveness of the potential pollinators, or the proportion of viable 

seeds produced in the four native plants.  

 

2.3 Introduction 

An estimated 88 % of the world’s angiosperm species require a biotic vector, for 

pollination (Ollerton et al. 2011). Flowers often attract a broad spectrum of visitors 

(Dias da Cruz et al. 2006; Fenster et al. 2004; Ollerton et al. 2009; Schmid et al. 2011) 

and many plants may have more than one type of pollinator (Waser et al. 1996; Waser 

and Ollerton 2006). The vast majority of pollinators are represented by insects, such as 

bees and butterflies, as well as by some vertebrate groups including birds and bats 

(Proctor et al. 1996). In return for the pollination service, plants provide key resources 

for pollinators by producing sugar-rich nectar and protein-filled pollen (Kevan and 

Baker 1983; 1998).  

 

All pollination ecologists are aware that ‘floral visitor’ is not a synonym for ‘pollinator’ 

(Ballantyne et al. 2015). Some visitors remove pollen or nectar without pollinating 

flowers, while other visitors may be detrimental and/or have low effectiveness 

(Ballantyne et al. 2015; Irwin and Brody 1998; 1999; Maloof and Inouye 2000; Morris 

1996). Moreover, an insect is labelled a floral visitor only if: they engage in nectar 

robbing –achieved by obtaining nectar without contacting the reproductive parts of 

the flower (Inouye 1980) or, the insects morphology means they have no means to 

carry pollen (i.e. no body hair) (Adler and Irwin 2005) or, the insects behaviour means 

they do not move far enough to transport pollen between conspecific flowers (Inouye 

1980; Ivey et al. 2003). Thus, the combined effects of an insect morphology, nutrient 

requirements, sensory mechanisms, and the insect’s behaviour will determine its 

pollination effectiveness (Mayfield et al. 2001), and therefore its potential role as a 

pollinator (Herrera 1989; Herrera 1988).  

 

Little research has been done on the effects of environmental impacts on pollinator 

effectiveness. The available studies have shown that changes such as habitat 

modification, pesticide use, plant invasion and phenological mismatches can 

potentially threaten plant-pollinator interactions by changing the floral traits (Hoover 

et al. 2012), introducing unnatural competition (Lafferty 2009; Walther 2010; Yang and 
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Rudloff 2010) or removing the plants all together (Andrén 1994; Holyoak et al. 2005; 

Kareiva 1987). A reduction in floral resources used by pollinators is hypothesized to be 

a major reason behind pollinator loss (Cardoza et al. 2011). Thus, there has been 

increasing interest in understanding how environmental factors can affect pollinator 

populations and behaviour in natural ecosystems (Dixon 2009; Mitchell et al. 2009). 

While most studies of plant-pollinator interactions have focused simply on how the 

neighbouring plant community can affect pollinator community structure and 

visitation rates, the quality of nutrients in the soil can also significantly influence plant-

pollinator interactions (Cardoza et al. 2011). Few studies have considered the 

interactive effects of neighbouring plants and other biotic or abiotic factors on plant-

pollinators interactions.  

 

Generally, in pollination, non-natives are viewed as competitors to native plants 

(Brown et al. 2002; Leger and Espeland 2010; Roy 1990) and resources are used to 

control or remove them. Non-native plants can either distract pollinators from native 

plants resulting in no pollen transfer, or partially distract pollinators, which can mean 

heterogeneous pollen grains will be deposited on the native stigma, causing stigma 

clogging (Munoz and Cavieres 2008). Both forms of pollinator competition may be 

detrimental to pollination and reproduction of native plant species (Morales and 

Traveset 2009), and therefore the success of a restoration project. Alternatively, 

‘showy’ non-native plants may facilitate, rather than compete with, the pollination of 

less attractive native plants (Vilà et al. 2009). Recent studies have shown that non-

native plants can assist in re-establishing plant-pollinator interactions in these systems 

in two ways: by acting as magnet species and attracting insect pollinators to the site 

(Johnson et al. 2003; Laverty 1992; Molina-Montenegro et al. 2008), or as bridging 

species (or framework species) providing nectar and pollen resources during resource-

limited times (Dixon 2009; Ghazoul 2006; Lázaro et al. 2009; Saffer et al. 2000). Less is 

known about how the presence of non-native plants changes the efficiency or 

importance of specific insect pollinators to native plants.  

 

Enhanced plant growth through N fertilisation can change flower morphology (Burkle 

and Irwin 2009a; 2010; Munoz et al. 2005), phenology (Rusterholz and Erhardt 1998) 

and nectar chemistry (Campbell and Halama 1993; Gardener and Gillman 2001), 
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potentially altering subsequent pollinator preference (Gardener and Gillman 2002; 

Inouye and Waller 1984; Munoz et al. 2005). Several studies have found the addition 

of soil fertiliser, in particular N fertiliser can increase a plants attractiveness to 

pollinators, thus increasing the visitation rates of pollinators (Barber et al. 2011; Burkle 

and Irwin 2009b; 2010; Cardoza et al. 2011) which can affect pollinator population and 

behaviour (Potts et al. 2003; Potts et al. 2004). Few studies have compared pollinator 

efficiency across environmental parameters that might cause differences in the 

reproductive success of plant species (Dieringer 1992).  

 

Here, I determine how neighbouring non-native plants and N addition, alone and in 

combination, affects insect pollinator effectiveness at a site recently restored with 

plants native to York gum woodland. Pollinator effectiveness was estimated for insect 

floral visitors to four native plant species using the pollination importance value 

(Lindsey 1984). Seed set was assessed following an insect exclusion and pollen 

supplementation experiment. Specifically, I asked: 

1. How many of the floral visitors to the native and non-native flowering plants 

are likely potential pollinators?  

2. Does the relative importance of potential pollinators change if non-native 

flowering plants are nearby and with the addition of N fertiliser?  

3. Do the four flowering native plant species require insect pollinators for seed set 

and are these native plant species pollen limited?  

 

2.4 Methods 

FIELD SITE 

Our field site (32°29’S 116°58’E), ‘Ridgefield’ was located in the wheatbelt of south-

western Australia and experiences a Mediterranean-type climate. Our study adds value 

to a larger experiment described in detail by Perring et al. (2012). In brief, during July 

2010, the majority of the experimental site was ripped to a depth of 30 cm, and 124 

experimental plots (23 m × 23 m) were established, each with 110 plants planted in 

rows. The plots were arranged in a completely randomised block design (Perring et al. 

2012); the 10 plant assemblages are grouped into the blocks and are replicated 10 

times. The plantings at Ridgefield include eight woody native vegetation species 

(Appendix 2.1) planted into nine experimental plant assemblages along a gradient of 
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plant species diversity; Eucalyptus loxophleba subsp. loxophleba (hereafter E. 

loxophleba) was planted within each of these treatments.  

 

Within each plot, nitrogen (N) deposition and weed removal (herbicide) treatments 

were applied factorially, such that each plot has four quarters with the treatments: 

herbicide, herbicide with N, no herbicide, and no herbicide with N. Nitrogen treated 

quarters received an overall rate of 10 kg N ha-1 yr-1 applied four times per year and 

herbicide treated quarters were sprayed three times a year, with a mix of glyphosate 

(Glyphosate 470), butoxyethyl (Garlon 600TM), and metsulfuron-methyl (Metsulfuron 

600 WG). Two common flowering non-natives plant species, Echium plantagineum 

(Patterson’s curse, Boraginaceae) and Arctotheca calendula (cape weed, Asteraceae), 

were present across the site, including some plots where herbicide was applied for 

parts of the flowering season. 

 

EXPERIMENTAL DESIGN 

I measured floral visitor activity in four replicates each of four of the experimental 

planting assemblages: Eucalyptus loxophleba (Myrtaceae) only (T2), E. loxophleba, E. 

astringens (Myrtaceae), Calothamnus quadrifidus (Myrtaceae)and Callistemon 

phoeniceus (Myrtaceae) (T4), E. loxophleba, E. astringens, Hakea lissocarpha 

(Proteaceae) and Banksia sessilis (Proteaceae) (T5), and all eight species (T10, as listed 

in the combinations above) (Appendix 2.2). I chose 64 individual quarters (16 plots) 

that contained the most flowering plants during the season and were not adjacent to 

another no-herbicide quarter or another N-fertilised quarter. These criteria eliminated 

large patches of the same species being near each other, which could exaggerate the 

effect of the treatment and influence (positively or negatively) the number of floral 

visitors in that quarter. The observation quarters are relatively small, but I did not 

assume that a colony would obtain all of its resources from a single quarter, as I did 

not test population dynamics, but visitation rates. Also, the above criteria allowed for 

some spatial separation between patches. Because the herbicide did not effectively 

eliminate all non-native plants from treated quarters (i.e., individuals of E. 

plantagineum and A. calendula survived in some quarters treated with herbicide), for 

some of our analysis, I measured the effects of none, one, or two non-native plant 

species instead of whether or not herbicide was applied. There are no known managed 
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Apis mellifera (European honey bee, Apidae) apiaries in the vicinity of Ridgefield (D.J. 

Cliff, pers. comm; C. Wainwright, pers. comm). Overall, I made observations of floral 

visitors to four native flowering plants in 64 quarters (16 of each treatment) in 16 

plots.  

 

FLORAL VISITOR ANALYSIS 

Floral Visitors 

Floral visitors were observed on the four native and two non-native plants in 64 

quarters every two weeks during the flowering season from 29th July 2013 until 7th 

December 2013. Observations were completed between 0900 hrs and 1600 hrs, when 

wind was less than 5 ms-1 and cloud cover less than 60 %. A single observer (BJ) walked 

each row of the quarter as if rows were transects, stopping to make observations of 

insect visitors on each flowering plant. An insect visitor was recorded as being present 

when it touched a floral reproductive organ, suggesting it could be a potential 

pollinator. An insect visitor was not recorded if it touched only the petals, sepals or 

pedicel of the flower. In each sampling time, the observer recorded the identity of the 

plant species, and identified floral visitors and recorded its presence (visitation rates 

were not measured) in situ with naked eye to the lowest possible taxonomic group. To 

avoid oversampling individual plants, each plant was only sampled once in the five 

minute sample period. To reduce any temporal bias, sampling commenced at different 

quarters across the site each day, and quarters were never sampled at the same time 

of day.  

 

Due to the high abundance of insect visitors, only around 10 % of observed floral 

visitors were captured, and the rest were recorded to the lowest taxonomic group. 

Insects were caught using a sweep net, and targeted at random. Additionally, insects 

were captured throughout the flowering season with the specific purpose of creating a 

reference collection of insects at Ridgefield. The reference collection included insects 

that were difficult to identify in the field. Insects were also collected for the purpose of 

identifying the pollen species in their pollen load. Captured insect visitors were placed 

into individual vials with 70 % ethanol for later identification with a microscope and for 

pollen analysis. Because many of the insects caught have not been taxonomically 
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described (Houston 2011), they have been assigned into morphospecies within orders 

(Appendix 2.3). 

 

Pollen Loads on Insects 

Pollen loads were estimated for 734 of the floral visitors (i.e. 8.21 % of total floral 

visitors observed, or 56.78 % of total floral visitors caught). I used small squares of 

fuchsin-glycerine jelly to dab pollen grains from the bodies of floral visitors. The insect 

was given time for the ethanol to evaporate off its body before being swabbed. For 

bees, touching pollen in the corbiculae or scopa (if present) was avoided, as once 

pollen is packed in the pollen basket it is not available for pollination. The dabbed 

fuchsin-glycerine jelly was placed on a microscope slide, covered with a coverslip and 

heated to melting point (Kearns and Inouye 1993). The composition of pollen loads 

was examined under a light microscope to estimate the floral constancy of the insect 

visitors, defined as the degree to which the floral visitors restrict to consecutive visits 

to a single species; calculated as the number of conspecific pollen grains on an 

individual pollen load. The 70 % ethanol each insect was stored in was also examined 

for pollen loads by placing it under a microscope, as some of the pollen washed off the 

insect. Pollen identification was based on visual comparison from a reference pollen 

collection of the flowering plant species common to the study area.  

 

SEED SET ANALYSIS 

Pollination Syndromes 

The visitors to flowers of all four of the native plant species have been observed 

previously and these data suggest these plants are potentially pollinated by avian 

honeyeaters, some native bee species and A. mellifera (Australian Plants Society. 2013; 

Lamont et al. 1998; Sampson et al. 2014). Callistemon phoeniceus and C. quadrifidus 

are also capable of self-pollination (Sampson et al. 2014; Yates et al. 2010). Self-

fertilisation can occur in B. sessilis, although the resulting seed is almost always 

aborted and therefore animal vectors are required for pollination to result in the 

production of viable seed (Lamont et al. 1998). Hakea lissocarpha flowers are 

dichogamous, meaning the pollen and stigma of the flower generally mature at 

different times to avoid self-pollination, yet, there can still be a period of cross over 
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(Australian Native Plants Society 2013). It was uncommon for us to see avian 

honeyeaters visiting native plant flowers at Ridgefield.  

 

Analysis of Seeds 

To determine whether insects are pollinators of the four native plant species, I 

conducted an insect exclusion and pollen supplementation experiment. I applied one 

of three treatments: 1) bagged, insects were excluded by bagging buds with nylon 

mesh bags, 2) control, where the floral unit was not manipulated, 3) supplemented, 

where one floral unit per plant was hand-pollinated when in the female receptive 

stage. These treatments were used across individual floral units, per treatment, per 

plant species (C. phoeniceus n= 12, C. quadrifidus n= 12, H. lissocarpha n= 16, B. sessilis 

n= 8 floral units). The difference between sample sizes in the plant species was due to 

tree mortality or individuals not flowering across our site. An individual tree was only 

treated once and only one tree per quarter was treated. Control and supplemented 

floral units could potentially be pollinated by insects, birds, and wind, or self-

pollinated. All floral units were bagged after desiccation to capture the seeds. Seed 

capsules were caught in net bags over the year and collected in July 2014 and stored in 

paper bags. The numbers of developed seeds were counted and placed under x-ray to 

determine if they were filled (viable) or empty (not viable) seeds (Appendix 2.4). To 

obtain enough replicates for the seed set analysis, I measured seed set on individual 

trees across the whole site; other native plants were also chosen aside from the ones 

that were observed for floral visitors. 

 

STATISTICAL ANALYSIS 

Relative Pollinator Importance 

I was interested in using an index, as others have, to determine importance of the 

floral visitors as potential pollinators. I utilised an approach of comparing visitor 

pollination effectiveness using an index for estimating the pollination importance for 

visitor species in each quarter. I used a common approach by first calculating the total 

number of morphospecies that visited each of the four native and two non-native 

flowering plant species over the observational time (Donaldson 1997; Escaravage and 

Wagner 2004). Next, the Pollination Importance Value (PIV) (Lindsey 1984) of each 

insect morphospecies at our field site and for each focal plant was calculated as: 
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where A = abundance of floral visitors expressed as the number of visits by an insect 

morphospecies, PCC = pollen carrying capacity expressed as the relative proportion of 

focal plant pollen sampled from all floral visitors carried by an insect morphospecies, F 

= floral fidelity expressed as the average proportion of focal plant species pollen 

contained in each insects pollen load, and PE = pollination efficiency which is a 

qualitative measure that is determined from feeding behaviour and contact with floral 

reproductive parts (Lindsey 1984). I applied Lindsey (1984) pollinator effectiveness 

scores to our data; scores between 0 and 1 were applied to field recognizable groups. 

Although highly subjective, the scores represent the probability that foraging activity 

results in pollination (Lindsey 1984). The PIV is a measure of the relative pollination 

importance for each floral visitor morphospecies for each flowering plant species. For 

ease of expression for each insect morphospecies, I calculated the relative Pollination 

Importance Index (rPIV), representing a relative proportion of pollination importance, 

according to the formula:  

����	����������	���������	������ =
���

Σ���
× 100 

The rPIV scores estimate the important pollinators for each of the six focal plant 

species at the Ridgefield site and distinguish insects that are just flower-visitors and do 

not contribute to pollination of each plant. The observed, but not caught, floral visitors 

were included in the calculation of A (i.e., abundance of floral visitors expressed as the 

number of visits by an insect morphospecies). The rPIV values are expressed per plant 

species in each combination of non-native plant and nitrogen treatments for the 

season.  

 

Seed Set 

I calculated the proportion of viable seeds produced per inflorescence and analysed 

the difference among the three seed set treatments on each of the four plant species 

with an analysis of variation (ANOVA). All the assumptions of ANOVA were met. To 

analyse the differences between each of the three treatments separately, I ran post 

hoc Bonferroni tests (control × supplemented, control × bagged, bagged × 

supplemented) on each of the four plant species. So I could analyse the seed set with 

fixed factors, I examined the difference between the proportions of viable seeds 
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produced between the quarter treatments (herbicide and N addition) for each of the 

four native plant species using generalised linear mixed model (GLMM). The full model 

for each plant species was formulated with quarter nested within block as the random 

factor and, N treatment (0 or 1) and herbicide treatment (0 or 1) as fixed factors. I 

performed a power analysis for each of the four plant species to determine if I had 

enough replicates to find significant differences among treatments. All statistical 

analyses were performed using R 3.1.1 software (R Core Team 2012). The GLMM was 

constructed using packages ‘lme4’ (Bates et al. 2014) and ‘glmmADMB’ (Fournier et al. 

2012; Skaug et al. 2013). 

 

2.5 Results 

INSECT FLORAL VISITORS 

I observed a diversity of insect floral visitors: 8, 936 flower visitors of 249 

morphospecies from 14 orders (Appendix 2.5). Of the observed flower-visitors, 98.06 

% were from the orders Hymenoptera and Diptera. I analysed the pollen load of 734 

insects (Appendix 2.5). If a zero was detected or calculated for any or all of the PCC, F 

or PE values, the overall PIV value was zero. If a zero was calculated for these three 

factors it meant: PCC = 0, none of the focal plant pollen was found on this insect 

morphospecies; F = 0, none of the focal plant pollen was found on this morphospecies, 

but other pollen from other plant species still may have been; PE = 0, the floral visitor 

had no potential of being a pollinator, based on its behaviour or morphology (i.e. an 

Aphidoidea). Of the floral visitors analysed, 160 individuals were not detected carrying 

any pollen. An additional 157 floral visitor individuals had F scores of zero; this score 

means they did not carry any pollen from the focal plant on which they were found. 

Further, insect orders Orthoptera and Plecoptera were given PE scores of zero, as per 

Lindsey (1984). In total, 408 of the captured insects were considered as potential 

pollinators, and 326 individuals were classified as floral visitors rather than potential 

pollinators. The potential pollinators comprised 142 morphospecies from seven insect 

orders (Appendix 2.6). The floral visitors comprised 110 morphospecies from 12 orders 

(Appendix 2.6). 

 

Of the 8, 936 insects I observed 1, 528 were observed on B. sessilis, 3, 418 on C. 

phoeniceus, 2, 952 on C quadrifidus, and 120 on H. lissocarpha. From floral visitors 
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caught on native plants I found that the total flower-visitors comprised 138 

morphospecies from 10 orders (Appendix 2.6). The potential pollinators of the native 

plants made up 56.52 % of the floral visitors and comprised of 78 morphospecies from 

eight orders (Appendix 2.6). There were 380 individuals observed on A. calendula and 

1, 104 observed on E. plantagineum. From insects caught on non-native plants I found 

that the total floral visitors comprised 124 morphospecies from nine orders (Appendix 

2.1). The potential pollinators of the non-native species made up 60.48 % of the floral 

visitors and comprised of 75 morphospecies from five orders (Appendix 2.6).  

 

The non-native plants had a similar richness of pollinator morphospecies to native 

plants, but three fewer potential pollinator orders, Lepidoptera, Mecoptera and 

Mantodea. Of the overall 142 potential pollinator morphospecies, native and non-

native plants shared 43 pollinator morphospecies from five orders (Blattodea, 

Coleoptera, Diptera, Hemiptera, and Hymenoptera). Similarly of the 142 potential 

pollinator’s morphospecies, 51 morphospecies were found only on native plants and 

48 morphospecies were found only on non-native plants. Of the total 8, 936 floral 

visitors, 24.71 % were Apis mellifera. 

 

FLOWERING PHENOLOGY 

The four native plant species flowered at different times throughout the flowering 

season (Fig. 2.1). Banksia sessilis dominated in the first week of observation, followed 

by H. lissocarpha in week two, and C. quadrifidus flowered during weeks seven and 

eight. Callistemon phoeniceus peaked in floral abundance during week nine, when E. 

plantagineum was also in peak floral abundance. All flowering had all ceased by the 

10th week of observations (December 2013).  

 

CHANGES IN POLLINATOR RELATIVE IMPORTANCE 

The honey bee was among the most consistently the relatively important pollinator of 

all four native plant species (Table 2.1); with relative pollinator importance values of 

between 81.05 and 99.88 %, with and without N fertilisation and with 0, 1 or 2 non-

native plants present. Apis mellifera were observed on floral units during each week of 

observation; they peaked in abundance on floral units during week nine (Fig. 2.2). Apis 

mellifera were the most abundant floral visitor species and overall had the highest 
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PCC, F, and PE scores compared with the other floral visitor species.  There were only 

four observational times during the season when another insect morphospecies was 

the most important pollinator on the native plants; Tachinidae sp. 5 on B. sessilis with 

two non-natives present and no N, Megachilidae sp. 1 on C. phoeniceus with two non-

natives present and N fertilisation, and Native bee sp. 3 on H. lissocarpha with one 

non-native plant species present, and Syrphidae sp. 1 on H. lissocarpha with one non-

native plant species present and N fertilisation. These potential pollinators were either 

Hymenoptera or Diptera species (Table 2.1). These four pollinators were observed less 

frequently throughout the flowering season than A. mellifera. Apart from A. mellifera 

not being observed on the host plant species, there is no other pattern of quarter 

treatment which explains the change in the most important pollinator species.   
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Fig. 2.1 Percentage of the size main plant species floral units, across eight weeks of 

observation across all the observational plots (n=16). Solid lines represent native plant 

species and dashed lines represent non-native plant species.   
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Table 2.1 The most relatively important pollinators of four native plants species by N treatment, and with 0, 1, or 2 of flowering non-native plant 

species present in the quarter. 

 

Nitrogen No. non-natives present Native plant sp.  Pollinator rPIV (%) 
a
 Native plant sp.  Pollinator rPIV (%) 

No Nitrogen 0 non-natives 

B. sessilis 

Apis mellifera 97.65 

C. phoeniceus 

na b na 

No Nitrogen 1 non-natives Apis mellifera 81.05 Apis mellifera 98.13 

No Nitrogen 2 non-natives Tachinidae sp. 5 58.06 Apis mellifera 87.87 

Nitrogen 0 non-natives Apis mellifera 96.52 Apis mellifera 99.88 

Nitrogen 1 non-natives Apis mellifera 99.23 Apis mellifera 91.25 

Nitrogen 2 non-natives Apis mellifera 99.28 Megachilidae sp. 1 99.02 

No Nitrogen 0 non-natives 

C. quadrifidus 

Apis mellifera 99.66 

H. lissocarpha 

na na 

No Nitrogen 1 non-natives Apis mellifera 97.47 Native bee sp. 3 99.49 

No Nitrogen 2 non-natives Apis mellifera 98.91 Apis mellifera 98.88 

Nitrogen 0 non-natives Apis mellifera 99.98 Apis mellifera 98.16 

Nitrogen 1 non-natives Apis mellifera 95.87 Syrphidae sp. 1 98.39 

Nitrogen 2 non-natives Apis mellifera 90.29 Apis mellifera 98.2 
 

a rPIV, Plant Pollinator Importance, representing pollination importance for each floral visitor morphospecies relative to other visitors to that floral 

species. 
b na, no floral visitors were recorded.  
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Fig. 2.2 Observed number of Apis mellifera, Syrphidae sp. 1 and Tachinidae sp. 5 

observed as potential pollinators across the eight weeks of field observations in 2013. 
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SEED SET ANALYSIS 

For C. phoeniceus, C. quadrifidus and H. lissocarpha, the proportion of viable seeds was 

significantly different among the three floral unit treatments (Table 2.2). For C. 

phoeniceus, C. quadrifidus and H. lissocarpha, the proportion of viable seeds between 

bagged and control floral units (Table 2.2) were significantly different, yet, not 

significantly different between control and supplementary floral units (Table 2.2, Fig. 

2.3b-d). The significant difference in the proportion of viable seeds between the 

bagged treatment and control shows evidence of little self-pollination. However, 

because the proportions of viable seeds between the bagged treatment and control 

are above zero suggests that the plants are capable of some self-pollination perhaps 

via wind.  

 

In the plant species B. sessilis, there was limited statistical power to detect a difference 

among treatments because of the modest sample size in the study (N = 24). The power 

analysis indicated a 10.89 % chance of detecting a significant effect size between the 

three treatment groups at the 5 % alpha level. The differences in the proportion of 

viable seeds among the three treatments in B. sessilis were not significant and were 

highly variable (Table 2.2, Fig. 2.3a). The lack of a significant difference in the 

proportion of viable seeds between the B. sessilis bagged treatment and control would 

normally mean the flowers are capable of self-pollination. However, this result needs 

to be interpreted with caution due to limited power to detect a difference, previous 

research which shows self-pollinated seeds in this species are usually aborted (Lamont 

et al. 1998). In all four native plant species, the proportion of viable seeds was not 

significantly different between the quarter treatments of N and herbicide application 

(Table 2.3).   
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Table 2.2 Analysis of variance (ANOVA) between three floral treatments (control × bagged × supplementary),  

and post hoc Bonferroni tests (control × supplemented and control × bagged) showing the p-values  

for each of the four plant species. Mean – mean percentage of seeds filled; F, F-value; d.f, degrees of freedom; p, p-value, * < 0.05, ** <0.005, *** < 

0.001. 

 

 

 

 

Native plant species 
Mean (%) 

F d.f p bagged × control control × supplementary 
Bagged  Control Supplementary 

Callistemon phoeniceus 0.27 0.81 0.78 31.9 2 1.94e-08*** 1.1e-07*** 1.000 

Calothamnus quadrifidus 0.30 0.62 0.74 18.95 2 3.13e-07*** 0.0002*** 0.3173 

Hakea lissocarpha 0.14 0.47 0.49 6.997 2 0.0023** 0.0092** 1.000 

Banksia sessilis 0.55 0.60 0.59 0.093 2 0.912 1.000 1.000 
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 Table 2.3 Results of the linear mixed model examining the effects of nitrogen and herbicide treatment on the proportion of fertile seeds in 

Calothamnus quadrifidus, Callistemon phoeniceus, Hakea lissocarpha, and Banksia sessilis. β, Coefficient; SE, standard error; t, t-stat; R2
GLMM(m), 

coefficient of determination for the marginal values; R2
GLMM(c), coefficient of determination for the conditional values. *** p value < 0.001. 

 

Proportion Fertile Predictors β SE t p R
2

GLMM(m) R
2

GLMM(c) 

C. quadrifidus 

Fixed effects 
    

0.0034 0.1099 

Intercept 0.5722 0.0652 8.772 1.75E-18*** 
  

Nitrogen -0.0416 0.0948 -0.439 0.6603 
  

Herbicide treatment -0.0232 0.0748 -0.310 0.7566 
  

C. phoeniceus 

Fixed effects 
    

0.0810 0.0810 

Intercept 0.6042 0.0953 6.343 2.26E-10*** 
  

Nitrogen -0.1239 0.1008 -1.229 0.2189 
  

Herbicide treatment 0.1298 0.1304 1.255 0.2095 
  

H. lissocarpha 

Fixed effects 
    

0.0205 0.0205 

Intercept 0.3857 0.0670 5.758 5.52E-09*** 
  

Nitrogen -0.1277 0.1290 -0.990 0.3222 
  

Herbicide treatment 0.0152 0.1015 0.149 0.8813 
  

B. sessilis 

Fixed effects 
    

0.1095 0.1095 

Intercept 0.5730 0.1348 4.251 2.13E-05*** 
  

Nitrogen 0.0854 0.1163 0.734 0.4631 
  

Herbicide treatment -0.0862 0.1112 -0.775 0.4385 
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Fig. 2.3 Mean proportion of viable seed for each of the four native species according to 

treatment: a) B. sessilis, N = 24, b) C. phoeniceus, N = 36, c) C. quadrifidus, N = 69, and 

d) H. lissocarpha, N = 48. The significance of t-test analysis of the two treatments 

between which the symbol lies are indicated by *** p < 0.001, ** p < 0.01.  
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2.6 Discussion 

The aim of this study was to determine how flowering non-native plants and nitrogen 

fertilisation changes insect pollinator importance in a restoration setting. The 

European honey bee was consistently the most important pollinator of the native (and 

non-native) flowering plants I studied. Neither the presence of flowering non-native 

plants nor the addition of N fertilisation influenced the importance of A. mellifera as a 

pollinator of the four native plant species at our site. I determined from the pollinator 

exclusion experiment that insect pollinators are required for seed set of three of four 

of these species: H. lissocarpha, C. phoeniceus and C. quadrifidus, and also that these 

species are capable of self-pollination. The two quarter treatments of nitrogen 

addition and herbicide application had no effect on the proportion of viable seeds in 

the four native plants.  

 

Of the 12 insect orders of floral visitors I observed, only seven were identified as 

potential pollinators, and not all pollinators were likely equally efficient at depositing 

pollen on a conspecific stamen. The equation that I used, presented by Lindsey (1984), 

calculates values of relative importance of each insect floral visitor. A score of zero on 

any of the values results in the insect being labelled a floral visitor. On native plants, 

43.48 % of floral visitors had rPIV scores of zero, and 39.52 % of floral visitors on non-

native plants. The main reason floral visitors were not assigned potential pollinator 

status was because the insects did not carry pollen on their bodies, did not carry pollen 

from the plant species they were observed on, or were not effective foragers (lack of 

body hairs, not conspecific visitors or lack of movement around the plant community). 

The main orders considered floral visitors - Mantodea, Neuroptera, Odonata, and 

Orthoptera - are not known as pollinators, or would only act as pollinators in very 

specific instances (Kevan and Baker 1983).  

 

The most dominant floral visitor, Apis mellifera, is a generalist forager and visits 

flowers with different pollination syndromes (Aizen and Feinsiger 1994; Roubik 1980). 

These observations of Apis mellifera are consistent with our observations. A 

pollinator’s floral constancy is beneficial for the plant because less pollen is misplaced 

by the bee onto heterospecific flowers, resulting in a higher rate of successful 

fertilisation (Chittka et al. 1999; Darwin 1876; Waser and Fugate 1986). In addition, 
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floral constancy leads to pollinator efficiency by minimizing the time wasted by the 

insect in switching between foraging techniques (Gruter and Ratnieks 2011), especially 

when the insect is a generalist. Our results are comparable to a study by Rader et al. 

(2009) conducted in New Zealand that found some native pollinators have similar 

pollen transfer efficiency as non-native A. mellifera, yet no alternative taxa are equal 

to A. mellifera in abundance, which ultimately results in A. mellifera dominating plant-

pollinator interactions in the network.  

 

Apis mellifera pollinator activity was not deterred by the presence of up to two 

flowering non-native plants. Throughout the flowering season I observed large 

variation in the activity of the less abundant pollinators. Potential pollinator orders 

Lepidoptera and Mecoptera were not observed visiting non-native floral units. Because 

A. mellifera had such high pollinator importance values on the native plants, it was 

difficult to detect the influence of the non-native flowering plants on the native insect 

pollinators. Because A. mellifera have high species fidelity and recruitment, perhaps 

the non-native plants only provide them with food once the native plants and 

surrounding canola stop flowering. A longer term study would be required to fully 

understand the relationship between European honey bees, the native bee 

populations and their interactions with native and non-native flowering plants. 

 

Previous studies have found that non-native plants can alter native plant reproduction 

(Traveset and Richardson 2006), in a negative (Brown et al. 2002; Chittka and 

Schurkens 2001; Ghazoul 2002; Larson et al. 2006) or positive (Moragues and Traveset 

2005) way. Our results suggest that non-natives plants had no effect on the seed set of 

the native plants I studied. Entomologists have long noted the positive role of 

flowering non-native plants in enhancing insect survival in crop ecosystems (van 

Emden 1963; 1965); as research has shown that the removal of weeds that provide 

forage for pollinators is a major factor in the decline of native pollinators in 

agroecosystems (Richards 2001; Steffan-Dewenter et al. 2005). In agroecosystems, 

non-native plants can act as magnet or bridging species or provide corridors for 

pollinators between remnant bush, revegetated sites and/or crop fields (Nicholls and 

Altieri 2012). I hypothesis that at Ridgefield, the non-native plants could act as 
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corridors for the pollinators, to move from our experimental plot to the nearby canola 

crops.  

 

Nitrogen addition is known to be a key driver of ecosystem structure and function 

(Bobbink et al. 2010; Bobbink et al. 1998), including different facets of pollination 

function. Various studies have shown how the addition of N fertiliser can affect floral 

resource quality and quantity and therefore can have an indirect impact on pollination 

visitation and/or abundance, but not always in predictable ways (Burkle 2008; Burkle 

and Irwin 2010; Potts et al. 2003; Tilman 1987). These previous studies mainly 

observed bee floral visitors in their native systems. I observed a diverse group of floral 

visitors, but these were inundated with A. mellifera, and Diptera. I expected that the 

addition of N fertilisation would increase the attractiveness of the floral units to the 

pollinators, and therefore, have the potential to increase the number of floral visitors 

or the rates of visitation, which could increase a pollinator’s effectiveness. However, N 

fertilisation had no effect on relative pollinator importance, or on the proportion of 

fertile seeds. Perhaps any changes in native pollinators were masked by the 

dominating influence of the exotic A. mellifera as a pollinator. 

 

I found from the pollen supplementation experiment that the four native plants at 

Ridgefield were not pollen limited. This result suggests that there are sufficient insect 

pollinators at Ridgefield that are delivering adequate conspecific pollen grains to the 

native plant stamens. This is an unusual result as pollen limitation is a widespread 

phenomenon, which occurs on an estimated 62–73 % of all biotic pollinated species 

(Ashman et al. 2004; Burd 1994). Ashman et al. (2004) proposed that ecological 

perturbations, such as non-native invasions, habitat loss, and biodiversity loss can lead 

to increased pollen limitation. As our site is a newly restored old field, I expected the 

resident insect community to be depauperate as a result of the previous land use. 

However, reviews have suggested that increased pollinator abundance or diversity, 

high visitation rate and/or having generalist pollinators in a plant community can 

substantially lower the occurrence of pollen limitation on reproductive success 

(Wolowski et al. 2014). My results are consistent with the above findings, as the floral 

units at the site were visited by a wide diversity of pollinators and also the main 
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pollinator, A. mellifera, is known as a generalist pollinator; however, I did not 

benchmark the data against an intact system.  

 

In conclusion, Ridgefield, a young restoration site in the wheatbelt of southwestern 

Australia supports a diverse array of insect pollinator species. The presence of two 

non-native plants and addition of N fertiliser did not affect the dominance of the 

potential pollinators. Our study reiterates the understanding that not all floral visitors 

are pollinators and not all pollinators are as equally effective. Perhaps our most 

striking finding was the discovery that A. mellifera were the most dominant and 

effective pollinators in the network. Further research is required to understand first, 

how the absence of such an important pollinator would influence plant-pollinator 

interactions, secondly, if the absence of such a dominant pollinator would relieve 

competition for the native pollinations, and thirdly, the consequences of A. mellifera 

absence for plant reproductive output. 
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2.8 Appendices 

APPENDIX 2.1 NATIVE AND NON-NATIVE FLOWERING PLANTS AT RIDGEFIELD 

Table 2.1.1 Native and non-native flowering plants at Ridgefield in 2013. The common and scientific names, the time of year each species flowered at 

Ridgefield during 2013, with indication if there were fewer than 30 individuals flowering across the site, and the plant’s origin (native or non-native). 
 

Species Common name Flowering season at Ridgefield Origin 

Eucalyptus loxophleba York gum July – December, <10 individuals flowering Native 

Eucalyptus astringens Brown mallet August – December <10 individuals flowering Native 

Acacia acuminata Jam tree July – September <15 individuals flowering Native 

Acacia microbotrya Manna wattle July - August <15 individuals flowering Native 

Hakea lissocarpha Honey bush July – September <30 individuals flowering Native 

Banksia sessilis Parrot bush July- October Native 

Calothamnus quadrifidus One-sided bottlebrush September- November Native 

Callistemon phoeniceus Scarlett bottlebrush Oct-November Native 

Echium plantagineum Paterson's curse August - November Non-native 

Arctotheca calendula Cape weed July - November Non-native 

Erodium spp. Corkscrew September - November Non-native 

Raphanus sativus Radish September – November <30 individuals flowering Non-native 
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APPENDIX 2.2 MAP OF RIDGEFIELD 

 

Fig. 2.2.1 Aerial map of Ridgefield experimental site with plots outlined. The plots used 

in this study are outlined in black. White letters indicate the block.  
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APPENDIX 2.3 LIST OF FLORAL VISITOR MORPHOSPECIES AT RIDGEFIELD  

 

Table 2.3.1 List of morphospecies, by order and family, observed at Ridgefield during 

the flowering season 2013.  

Order Family Morphospecies Count 

Blattodea Unknown Blattodea spp. 15 

  
Blattodea sp. 1 3 

  
Blattodea sp. 2 1 

  
Blattodea sp. 3 1 

Coleoptera Unknown Coleoptera sp. 25 

  
Coleoptera sp. 1 6 

  
Coleoptera sp. 2 3 

  
Coleoptera sp. 3 2 

  
Coleoptera sp. 4 2 

  
Coleoptera sp. 5 1 

  
Coleoptera sp. 6 1 

  
Coleoptera sp. 7 1 

  
Coleoptera sp. 8 1 

  
Coleoptera sp. 9 1 

 
Scarabaeidae Scarabaeidae sp. 1 28 

Diptera Calliphoridae Calliphoridae sp. 1 1 

 
Ceratopogonidae Ceratopogonidae sp. 1 1 

 
Chironimidae Chironimidae sp. 1 1 

  
Chironimidae sp. 2 1 

  
Chironimidae sp. 3 1 

 
Chloropidae Chloropidae sp. 1 5 

  
Chloropidae sp. 2 1 

  
Chloropidae sp. 3 4 

  
Chloropidae sp. 4 1 

  
Chloropidae sp. 5 1 

 
Culicidae Culicidae sp. 1 4 

  
Culicidae sp. 2 1 

 
Empididae Empididae sp. 1 1 

  
Empididae sp. 2 1 

 
Ephydridae Ephydridae sp. 1 1 

 
Fannidae Fannidae sp. 1 1 

 
Fergusoninidae Fergusoninidae sp. 1 1 

  
Fergusoninidae sp. 2 1 

 
Heleomyzidae Heleomyzidae sp. 1 2 

  
Heleomyzidae sp. 2 1 

 
Helosciomyzidae Helosciomyzidae sp. 1 1 

  
Helosciomyzidae sp. 2 1 

 
Hybotidae Hybotidae sp. 1 1 

 
Lauxaniidae Lauxaniidae sp. 1 4 

  
Lauxaniidae sp. 2 1 
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Cont. Appendix 2.3.1 
   

Order Family Morphospecies Count 

  
Lauxaniidae sp. 3 2 

 
Muscidae Muscidae sp. 1 3 

  
Muscidae sp. 2 1 

  
Muscidae sp. 3 1 

  
Muscidae sp. 4 1 

  
Muscidae sp. 5 14 

 
Neurochartidae Neurochartidae sp. 1 1 

  
Neurochartidae sp. 2 1 

 
Phoridae Sp. Phoridae spp. 56 

  
Phoridae sp. 1 14 

  
Phoridae sp. 2 5 

  
Phoridae sp. 3 1 

  
Phoridae sp. 4 1 

 
Platystomatidae Platystomatidae sp. 1 1 

 
Rhagionidae Rhagiondae sp. 3 1 

  
Rhagionidae sp. 1 1 

  
Rhagionidae sp. 2 1 

 
Sciaroidea Sciaroidea sp. 1 11 

  
Sciaroidea sp. 2 3 

  
Sciaroidea sp. 3 1 

  
Sciaroidea sp. 4 1 

  
Sciaroidea sp. 5 1 

  
Sciaroidea sp. 6 1 

  
Sciaroidea sp. 7 1 

  
Sciaroidea sp. 8 1 

  
Sciaroidea sp. 9 1 

  
Sciaroidea sp. 10 2 

  
Sciaroidea sp. 11 1 

  
Sciaroidea sp. 12 1 

  
Sciaroidea sp. 13 1 

  
Sciaroidea sp. 14 1 

  
Sciaroidea sp. 15 1 

 
Syrphoidea Syrphoidea spp. 156 

 
Tachinidae Tachinidae sp. 1 70 

  
Tachinidae sp. 2 41 

  
Tachinidae sp. 3 22 

  
Tachinidae sp. 4 29 

  
Tachinidae sp. 5 37 

  
Tachinidae sp. 6 6 

  
Tachinidae sp. 7 1 

  
Tachinidae sp. 8 1 

  
Tachinidae sp. 9 1 

  
Tachinidae sp. 10 2 

  
Tachinidae sp. 11 3 

  
Tachinidae sp. 12 1 

  
Tachinidae sp. 13 4 
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Order Family Morphospecies Count 

  
Tachinidae sp. 14 2 

  
Tachinidae sp. 15 1 

  
Tachinidae sp. 16 1 

  
Tachinidae sp. 17 11 

  
Tachinidae sp. 18 1 

  
Tachinidae sp. 19 1 

  
Tachinidae sp. 20 1 

 
Tephritidae Tephritidae sp. 1 1 

 
Unknown Acalyptrata sp. 1 1 

  
Acalyptrata sp. 2 1 

  
Acalyptrata sp. 3 1 

  
Acalyptrata sp. 4 1 

  
Acalyptrata sp. 5 1 

  
Acalyptrata sp. 6 1 

  
Acalyptrata sp. 7 1 

  
Acalyptrata sp. 8 1 

  
Diptera <5 mm spp. 1149 

  
Diptera >5 mm spp. 2115 

  
Diptera sp. 12 2 

  
Diptera sp. 13 1 

  
Diptera sp. 14 1 

  
Diptera sp. 15 1 

  
Diptera sp. 16 1 

  
Diptera sp. 17 1 

  
Diptera sp. 18 1 

  
Diptera sp. 19 1 

  
Diptera sp. 20 1 

  
Diptera sp. 21 1 

  
Diptera sp. 22 1 

  
Diptera sp. 23 1 

  
Lower Brachycera sp. 1 1 

  
Lower Brachycera sp. 2 1 

  
Lower Diptera spp. 271 

  
Lower Diptera sp. 1 2 

  
Lower Diptera sp. 2 1 

  
Lower Diptera sp. 4 1 

  
Lower Diptera sp. 5 1 

  
Lower Diptera sp. 6 1 

  
Lower Diptera sp. 7 1 

  
Lower Diptera sp. 8 1 

  
Lower Diptera sp. 9 1 

  
Lower Diptera sp. 10 1 

  
Lower Diptera sp. 11 1 

  
Lower Diptera sp. 12 1 

  
Lower Diptera sp. 13 1 

  
Lower Diptera sp. 14 1 
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Order Family Morphospecies Count 

  

Lower Diptera sp. 15 1 

  

Lower Diptera sp. 16 1 

  
Lower Diptera sp. 17 1 

  
Lower Diptera sp. 18 1 

  
Lower Diptera sp. 19 1 

  
Lower Diptera sp. 20 1 

  
Lower Diptera sp. 21 1 

  
Lower Diptera sp. 22 1 

  
Unknown Diptera sp. 1 2 

  
Unknown Diptera sp. 2 2 

Hemiptera Unknown Hemiptera sp. 1 1 

  
Hemiptera sp. 2 1 

  
Hemiptera sp. 3 1 

  
Hemiptera sp. 5 1 

  
Hemiptera sp. 6 1 

  
Hemiptera sp. 7 1 

  
Hemiptera sp. 9 1 

  
Hemiptera sp. 10 1 

  
Hemiptera sp. 11 1 

  
Hemiptera sp. 12 1 

  
Hemiptera sp. 13 1 

  
Hemiptera sp. 14 1 

  
Hemiptera sp. 15 1 

  
Hemiptera sp. 16 1 

  
Hemiptera sp. 17 1 

  
Hemiptera sp. 18 1 

  
Hemiptera sp. 19 1 

  
Hemiptera sp. 20 1 

  
Hemiptera sp. 21 1 

  
Hemiptera sp. 22 1 

  
Hemiptera sp. 23 1 

  
Hemiptera sp. 24 1 

  
Hemiptera sp. 25 1 

  
Hemiptera sp. 26 1 

  
Hemiptera sp. 27 1 

Hymenoptera Apidae Amegilla cingulata 2 

  
Apis mellifera 2208 

 
Braconidae Braconidae sp. 1 1 

  
Braconidae sp. 2 1 

  
Braconidae sp. 3 1 

  
Braconidae sp. 4 1 

 
Colletidae Colletidae sp. 1 1 

 
Hylaeus Hylaeus sp. 1 3 

 
Figitidae Figitidae sp. 1 2 

 
Formicidae Formicidae <5 mm spp. 1108 

  
Iridomyrmex reburrus 1136 
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Order Family Morphospecies Count 

  
 Rhytidoponera sp. (males) 2 

 
Hylaeus Hylaeus sp. 1 1 

  
Hylaeus sp. 2 1 

  
Hylaeus sp. 3 1 

 
Ichneumonidae Ichneumonidae sp. 1 6 

  
Ichneumonidae sp. 2 1 

  
Ichneumonidae sp. 3 1 

  
Ichneumonidae sp. 4 1 

  
Ichneumonidae sp. 5 1 

  
Ichneumonidae sp. 6 1 

  
Ichneumonidae sp. 7 1 

  
Ichneumonidae sp. 8 1 

  
Ichneumonidae sp. 9 1 

  
Ichneumonidae sp. 10 1 

 
Megachilidae Megachilidae sp. 1 9 

  
Megachilidae sp. 2 2 

 
Scoliidae Scoliidae spp. 20 

  
Scoliidae sp. 1 7 

  
Scoliidae sp. 2 3 

  
Scoliidae sp. 3 2 

  
Scoliidae sp. 4 3 

  
Scoliidae sp. 5 1 

  
Scoliidae sp. 6 1 

 
Unknown Hymenoptera <5 mm spp. 43 

  
Hymenoptera <5 mm sp. 1 8 

  
Hymenoptera <5 mm sp. 2 1 

  
Hymenoptera <5 mm sp. 3 1 

  
Hymenoptera <5 mm sp. 4 1 

  
Hymenoptera <5 mm sp. 5 4 

  
Hymenoptera <5 mm sp. 6 1 

  
Hymenoptera <5 mm sp. 7 1 

  
Hymenoptera <5 mm sp. 8 1 

  
Hymenoptera <5 mm sp. 9 1 

  
Hymenoptera <5 mm sp. 10 1 

  
Hymenoptera <5 mm sp. 11 1 

  
Hymenoptera <5 mm sp. 12 1 

  
Native Bee sp. 1 14 

  
Native Bee sp. 2 9 

  
Native Bee sp. 3 1 

  
Native Bee sp. 4 1 

  
Native Bee sp. 5 1 

Lepidoptera Unknown Heterocera sp. 1 1 

  
Heterocera sp. 2 1 

  
Lepidoptera sp. 1 21 

  
Calyptra sp. 1 2 

  
Calyptra sp. 2 4 
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Order Family Morphospecies Count 

Mantodea Unknown Mantodea sp. 1 1 

Mecoptera Unknown Mecoptera sp. 1 1 

  
Mecoptera sp. 2 1 

Neuroptera Unknown Neuroptera sp. 1 2 

  
Neuroptera sp. 2 1 

  
Neuroptera sp. 3 1 

Odonata Unknown Odonata sp. 1 1 

Orthoptera Unknown Orthoptera sp. 1 7 

  
Orthoptera sp. 2 3 

Pscoptera Unknown Pscoptera sp.1 2 
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APPENDIX 2.4 PHOTOS OF PLANT SEEDS TAKEN UNDER XRAY  

 

Fig. 2.4.1 Images of four plant seeds taken under x-ray. A white shade inside each seed 

indicates a viable embryo. For example, the H. lissocarpha image shows two viable 

seeds and five non-viable seeds. Photos taken by B. Johnson, March 2015.  
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APPENDIX 2.5 FLOW CHART OF OBSERVED OR CAUGHT INSECTS AT RIDGEFIELD  

Fig. 2.5.1 A flow chart showing when the observed or caught insects - with or without 

pollen analysis - were used and incorporated into the statistical analysis of our study. 
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APPENDIX 2.6 FLORAL VISITORS OR POTENTIAL POLLINATORS ON NATIVE OR NON-

NATIVE PLANTS 

Table 2.6.1 Orders of insect floral visitors that are potential pollinators of native and 

non-native plants at Ridgefield. 

 

Insect Orders Potential pollinator Visit native plants Visit non-native plants 

Blattodea    

Coleoptera    

Diptera    

Hemiptera    

Hymenoptera    

Lepidoptera    

Mantodea    

Mecoptera    

Neuroptera    

Odonata    

Orthoptera    

Pscoptera    
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APPENDIX 2.7 PHOTOS FROM RIDGEFIELD AND FLORAL VISITORS  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.6.1 a) Apis mellifera on B. sessilis, b) Iridomyrmex reburrus on B. sessilis, c) 

Ridgefield, the field site.  

a)  b)  

c)  
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3. The influence of non-native plants and nitrogen deposition on the 

structure of plant-pollinator networks 

 

3.1  Preface 

After identifying the potential pollinators at Ridgefield, I were able to identify how the 

structure of plant-pollinator networks changed with the presence of non-native plants 

and simulated N deposition. This chapter expands on Chapter two by describing how 

the plant-pollinator network structure changes when the interactions were observed 

in different plant assemblages. The plant assemblages had different ratios of native: 

non-native plants, and with and without the addition of N fertilisation. 

 

3.2 Abstract 

Impacts of global change drivers can influence the interactions between plants and 

pollinators. The aim of our study was to test how the structure of plant-pollinator 

networks changes with two global change drivers: addition of non-native plants and 

nitrogen (N) deposition. I observed insects visiting flowers in plant assemblages of four 

ratios of native: non-native flowering plant species, combined with a treatment of N 

addition, at a large scale experimental restoration site in southwestern Australia. I 

used linear mixed models (GLMM) to determine the most important factors affecting 

relative pollinator abundance and morphospecies richness. To determine the structure 

of each plant assemblage ratio, I used bipartite network analysis and compared four 

common network indices to observed values with null models. The influence of non-

native plants and N addition on these network indices were analysed using GLMMs. 

The addition of N only affected the network index, plant generality. Although our 

results showed that planting assemblages with non-native plants can support 

pollinators and established network, plant assemblages with higher native-plant 

richness received a high number of pollinator visits and attracted greater 

morphospecies richness. I conclude that established and functioning plant-pollinator 

networks can develop in recently revegetated sites comprising a mix of native and non-

native flowering plants. Our study is one of the first to measure the re-establishment 

of plant-pollinator networks to revegetated sites. 
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3.3 Introduction 

Global change drivers can influence pollination by affecting ecological interactions and 

diversity of plants and pollinators (Potts et al. 2010). Global changes, such as in 

atmospheric composition, climate, introduction of non-native species, and land use, 

(Lavorel et al. 1998) can act individually or in combination to change plant-pollinator 

interactions (Heal 1997). Research on the effects of global change on pollination 

processes have mainly focussed on isolated changes, typically climate change 

(Matesanz et al. 2009). This is an approach that oversimplifies the realistic species 

responses as pollination interactions can potentially be influenced by multiple drivers. 

Multiple drivers can have unanticipated effects on ecosystems, which may be more 

important than single-driver impacts and should be incorporated into research on 

global change effects (Vanbergen and the Insect Pollinators Initiative 2013). In this 

study, I test the influence of two effects of global change drivers on plant-pollinator 

interactions, non-native plant invasion and simulated nitrogen (N) deposition.  

 

The invasion of an ecosystem by one or more non-native plants can have contrasting 

effects on plant-pollinator interactions. Non-native plants can act as magnet species, 

attracting insect pollinators to a site (Johnson et al. 2003; Laverty 1992; Molina-

Montenegro et al. 2008), or as bridging species (also known as framework species) 

providing nectar and pollen resources during resource-limited times (Dixon 2009; 

Ghazoul 2006; Lázaro et al. 2009; Saffer et al. 2000). Non-native plants can also act as 

corridors among remnants of native vegetation, revegetated sites, and crops (Nicholls 

and Altieri 2012). However, non-native plants are also known to disrupt interactions by 

distracting pollinators from native plants (Traveset and Richardson 2006), either 

completely or partially. Completely distracted pollinators overlook native plants 

(Muñoz and Cavieres 2008); partially distracted pollinators may deposit heterogeneous 

pollen grains on the native stigma, causing stigma clogging (Muñoz and Cavieres 2008), 

and reducing the pollination success of the plant species. Though it is relatively well-

established that non-native plants influence plant-pollinator interactions, effects of 

non-native plants in combination with other global change drivers, such as N 

deposition, have rarely been investigated.  
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Nitrogen is a key driver of ecosystem function and structure (Bobbink et al. 2010; 

Bobbink et al. 1998). N fertilisation directly influences plant traits such as plant 

biomass, flower number and size, nectar and pollen quality, and seed production, 

many of which are essential for pollinator attraction (Burkle and Irwin 2010). N 

fertilisation is known to have dramatic effects on plant-herbivore interactions (de Sassi 

and Tylianakis 2012; Mattson 1980), but the effects on mutualistic interactions are less 

well known (Burkle and Irwin 2010). Pollinators are more likely to be attracted to 

plants with high quality floral resources (Bartomeus 2013; Cartar 2009; Kunin 1997; 

Mitchell et al. 2004), which can be provided by the addition of N. The addition of N can 

also change the increase rates of pollinator visitation which can also extend to the 

neighbouring communities (Burkle and Irwin 2010).  

 

An increase in nectar quantity and/or quality could allow insects to expand their diet 

breadth (Tepedino 1980) and may attract more pollinator species (Potts et al. 2003). 

Many predictions about how flowering plants and pollinators will respond to N 

fertilisation derive from manipulations of individual plants and observations of their 

pollinators (Muñoz et al. 2005). However, the degree to which addition of N fertiliser 

affects the structure of plant-pollinator interactions at the community level remains 

relatively unexplored, representing a critical gap in the study of plant-pollinator 

interactions (Burkle and Irwin 2009; Hoover et al. 2012).  

 

Interactions between plants and pollinators have been extensively researched but only 

recently have they been perceived as networks with robust architectural properties 

(Bascompte et al. 2003; Bascompte et al. 2006). Networks are commonly analysed 

using indices that describe the structure and patterns of the interactions (Dormann et 

al. 2009). The establishment and spread of non-native species modifies the structure 

of ecological communities, and plant-pollinator networks. Bartomeus et al. (2008) 

suggest that the influence of non-native plants on a plant-pollinator network will 

depend on the invaders identity and abundance, the overlap in phenology between 

the invader and native plants and the flower similarity between the non-native and 

native plants.  
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The main goal of our study was to examine how the structure of plant-pollinator 

networks changes in the presence of non-native plants and N deposition at an 

experimental revegetation site in southwest Australia. The experimental site for this 

study comprises native and non-native plant species within planting treatment plots, 

to which N has been applied in a factorial design (Perring et al. 2012). Revegetated 

communities possess lower plant species diversity than their natural counterparts. The 

resulting, frequently smaller, plant-pollinator networks often hold a simpler structure 

(Carlquist 1974). The opportunity rarely exists to conduct network studies within an 

experimental setting, with most networks being observed in non-experimental multi-

species communities (reference). I aimed to answer the following questions:  

1. Does the presence of non-native plants and addition of N fertilisation affect 

pollinator visitation rates and pollinator morphospecies richness across a plant 

community?  

2. How does the structure of plant-pollinator networks change in the presence of 

non-native plants and N fertilisation? More specifically, do the restoration 

assemblages of four native species have low connectance, vulnerability, and 

linkage density scores in the absence of non-native plants and with N 

fertilisation? 

 

3.4 Methods 

STUDY SITE 

Our field site (32°29’S 116°58’E) is in a Mediterranean-type climate region, in the 

wheatbelt of southwestern Australia. This study formed part of a larger Multiple 

Ecosystem Services Experiment at the University of Western Australia’s Ridgefield 

Farm; hereafter referred to as Ridgefield). During July 2010, the majority of the 

experimental site was ripped to a depth of 30 cm, and 124 experimental plots (23 m × 

23 m) were established, each with 110 plants planted in 11 of rows of 10 plants. The 

plots were arranged in a completely randomised block design (Perring et al. 2012). The 

plantings at Ridgefield include a maximum of eight woody native plant species (planted 

into nine treatments along a gradient of plant species diversity. Eucalyptus loxophleba 

subsp. loxophleba (hereafter E. loxophleba) was planted within each of these 

treatments (Appendix 3.1). During our study a maximum of three plant species were 

flowering in a single focal quarter at one time.  
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Within each plot, N deposition and weed removal (herbicide) treatments were applied 

factorially, such that each plot had four quarters with the treatments: herbicide, 

herbicide with N, no herbicide, and no herbicide with N. Quarters (10 m × 10 m) within 

each plot consisted of N addition and herbicide treatments. Nitrogen treated quarters 

received 2.5 kg N ha-1 yr-1 applied four times a year to achieve an overall rate of 10 kg 

N ha-1 yr-1, and herbicide treated quarters were sprayed three times a year, with a mix 

of glyphosate (Glyphosate 470), butoxyethyl (Garlon 600TM), and metsulfuron-methyl 

(Metsulfuron 600 WG). Two common flowering non-natives plant species, Echium 

plantagineum (Patterson’s curse, Boraginaceae) and Arctotheca calendula (cape weed, 

Asteraceae), were present at the site, including in some areas where herbicide was 

applied.  

 

FIELD OBSERVATION AND SAMPLING 

Because the herbicide did not effectively eliminate all non-native plants from treated 

quarters (i.e., individuals of E. plantagineum and A. calendula survived in some 

quarters treated with herbicide), I measured the effects of none, one, or two non-

native plant species instead of whether or not herbicide was applied. In addition, not 

all of the planted native plants in the plots across the experimental site flowered 

throughout the flowering season. Consequently, I grouped our data into seven plant 

assemblages: one native flowering plant species (native: non-native 1:0), one native 

and one non-native flowering plant species (native: non-native 1:1), one native and 

two non-native flowering plant species (native: non-native 1:2), and two native and 

one non-native flowering plant species (native: non-native 2:1), all with (N+) and 

without (N-) simulated N deposition, with the exception of native: non-native 1:2, 

which had no replicates with N (Appendix 3.1). I applied three criteria for choosing the 

quarters. First, each observational quarter must have had one of the seven plant 

assemblages in flower twice (out of nine weeks of observations). Second, the 

observational quarter was not to be adjacent to other quarters with the same 

herbicide or N treatment, and third, the observational quarter was not to be adjacent 

to another observational plot of any quarter treatment of the same planting 

assemblage.  
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In total, 12 quarters were selected (Appendix 3.2). Each quarter with the same planting 

combination did not necessarily have the same plant species, just the same ratio of 

native: non-native plants (Appendix 3.1), which also occurred within the same focal 

quarters at different times in the season. Quarters with and without the addition of N 

fertilisation were paired within the same planting treatment. In focal quarters where 

the plant combination was the same in both weeks of observation, I analysed the 

average of the response variables over the two weeks to avoid temporal 

autocorrelation. Observations were taken over a week-long period. This time period 

was chosen as it is a common time frame for insect observations (Corbet et al. 1993; 

Dorado et al. 2011; Field et al. 2005; Hanna et al. 2015; Herrera 2005), and it allowed 

time to observe all quarters, with time for processing the captured insects in between 

sets of observations.  

 

OBSERVATIONS OF FLORAL VISITORS  

Flowering plants were observed for insect floral visitors in all 12 quarters every two 

weeks during the flowering season of all plant species from 29-Jul-2013 till 7-Nov-2013 

(nine weeks of observations). Observations were completed between 0900 hrs and 

1600 hrs, when wind was less than 5 ms1 and cloud cover less than 60 %. I walked each 

row of the quarter as if it were a transect and recorded the number of each insect 

morphospecies (to the lowest taxonomic classification possible) visiting a floral unit on 

each flowering plant. An insect was considered a floral visitor when it touched a floral 

reproductive organ, indicating it could be a potential pollinator. An insect visitor was 

not recorded if it touched only the petals, sepal, or pedicel of the flower. In each 

sampling time, I recorded the identity of the plant species, and where possible, 

identified insects in situ. Avian and mammalian pollinators were not included in this 

study because they were low in abundance and the spatial scale was not conducive to 

animals with extensive feeding ranges. The importance of insect pollinators to seed set 

will be presented in Johnson et al. (In review).  

 

To avoid oversampling individual plants, only one flower on each plant was observed in 

the five minute period. Standardising observation times helped to alleviate potential 

bias of overestimating the degree of specialisation (Gibson et al. 2011). To reduce 

temporal bias, I started each day sampling at different quarters across the site, and 
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never sampled each quarter at the same time of day throughout the season. To avoid 

differences emerging among quarters that could reflect patterns in insect activity 

according to time of day, I alternated observation time for each quarter from morning 

to afternoon each sampling time.  

Around 10 % of all insect floral visitors observed were captured for later identification 

and designation as either a likely pollinator based on pollen presence, or a floral visitor 

(Johnson et al. In prep). Only a small proportion was captured due to large quantities 

of floral visitors. The unknown species were targeted so I could identify them in the 

laboratory. Many insects in Western Australia are yet to be described and therefore I 

separated our samples into morphospecies and identified them to the lowest 

taxonomic classification possible with available information (CSIRO 2012; Marshall 

2012; Stevens et al. 2007). 

 

ESTIMATING QUANTITY OF FLORAL UNITS  

To ascertain whether differences in pollinator activity were due to differences in the 

abundance of floral units (i.e., flowers and inflorescences), I estimated the mean 

number of floral units produced by each plant species. This was done by counting 

flowers and inflorescences on each plant in a subset of plots that had all plant species, 

in both +N and –N quarters (Dietzsch et al. 2011; Forup et al. 2008; Saville 1993). Floral 

abundance for each plant species in each quarter was then estimated by multiplying 

the mean number of flowers per individual plant for a given species by the total 

number of plants of that species within that quarter.  

  

STATISTICAL ANALYSIS  

Non-native Plants and Nitrogen Fertilisation 

I tested whether the four plant assemblages influenced number of likely pollinator 

visits and morphospecies richness in the quarters with a generalised linear mixed 

model (GLMM) with a negative binomial distribution. I had two response variables: 

number of pollinator visits (measure of relative pollinator abundance) and pollinator 

morphospecies richness, with the same fixed and random effects for both. Our full 

model was formulated with quarter and week of observation (time) as random factors 

and, N treatment (0 or 1), herbicide treatment (0 or 1), the four plant assemblages, 

and floral unit abundance as fixed factors. No interactions were considered as the data 
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set did not provide sufficient replication. In this way, I could test whether the four 

plant assemblages, N addition, herbicide application, or quarter floral abundance 

affected the visitation rates of pollinators to native plant species while accounting for 

the covariance of observations from the same week and quarter. Full models were 

simplified with stepwise elimination using Akaike’s information criterion (AIC) and the 

model with the smallest number of parameters within two AIC of the top model was 

selected. For each of the models run, GLMM outputs a coefficient of determination for 

marginal values (R2
GLMM (m)) and a coefficient of determination for the conditional 

values model (R2
GLMM (c)). The R2

GLMM (m) indicates the amount of variation explained by 

the fixed factors only and R2
GLMM (c) indicates the amount of variation explained by both 

fixed and random factors in our model (Nakagawa and Schielzeth 2013). All statistics 

and network analysis were done using packages ‘lme4’ (Bates et al. 2014) and 

‘glmmADMB’ (Fournier et al. 2012; Skaug et al. 2013), and ‘Bipartite’ (Dormann et al. 

2008) in R 3.1.1 software (R Core Team 2012). 

 

Plant-Pollinator Network Analysis  

I constructed a plant-pollinator interaction network for each of the insect 

observations, in each of the 12 quarters, creating a total of 24 networks using R 3.1.1 

software. I described the patterns of the plant-pollinator networks by using the 

“networklevel” command in the bipartite package in R (Dormann et al. 2008) and 

calculating four indices, which have previously been utilised on smaller plant-pollinator 

networks (Lundgren and Olesen 2005; Philipp et al. 2006); 1) Network size, is 

calculated as the product of the number of plants and animal species (or 

morphospecies) in a network (Philipp et al. 2006). Network size is thus a species 

richness, species density, or biodiversity measure indicating the maximum number of 

observable interactions (Olesen and Jordano 2002). Network size was measured under 

the assumption that as the number of plants increase, network size also increases. 

However, it was not known how different ratios of native: non-native with the same 

number of plant species would influence network size. This index was chosen as a 

simple confirmation that our networks were behaving as expected (i.e. as the plant 

number increases, the network size also increases); 2) Connectance, the percentage of 

all possible interactions within a network that are actually established (Jordano 1987). 

A common hypothesis states that the smaller the network, the higher the connectance 
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values. Connectance was included in our analysis to test how the potential pollinators 

interacted with all the plants in our networks. As part of the analysis I wanted to test 

the generalised nature of the networks against our treatments, and networks with 

higher values of connectance indicate greater generalisation, so this was a useful index 

to test; 3) Linkage density is calculated as the average number of links (frequency of 

each interaction) per species in a network. Networks with higher linkage density scores 

are more complex and more connected (Martinez 1992). Linkage density was an 

important index to include, as the calculated values give an estimate of the stability of 

the network. As part of the study, it was important to observe if the presence of non-

native plants changed the stability of the networks  4) Vulnerability is calculated as the 

mean number of pollinators per plant species and is weighted by their marginal totals 

and referred to here as plant generality (Dormann et al. 2009). Plant generality focuses 

on specialisation at the level of the plant species, whereas the other metrics measure 

properties of the entire network, and this is why this index was included in this study. 

Connectance and plant generality were not computed for the two plant assemblages 

with one native and no non-native plants, as the network sizes for these assemblages’ 

species were too small to detect a specialised plant-pollinator network structure 

(Bascompte et al. 2003). I analysed each of the three network index values (minus 

network size), with and without the presence of non-native plants and N fertilisation, 

for each of the 24 networks with a GLMM (with Gaussian error distributions). I 

included addition of N fertiliser and herbicide treatment as fixed effects with plot 

nested in quarter as random effects. To assess the significance of the three network 

indices (minus network size), I analysed the observed index value with a benchmark 

provided by a null model. Vázquez and Aizen (2003), concluded that it is difficult to 

answer questions about patterns in pollination systems without contrasting the 

observed patterns against some null expectation. One thousand networks of the same 

size were randomly generated, using the algorithms under the function “nullmodel” in 

the package Bipartite (Dormann et al. 2008). If an observed index value was in the core 

95 % of the simulated values, it was deemed to be not significantly different than the 

value generated for a random network (Dormann et al. 2009).  
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3.5 Results 

I observed a total of 3557 pollinating insects, from 60 morphospecies, that comprised 

five orders: Hymenoptera, Diptera, Lepidoptera, Hemiptera, and Coleoptera. Honey 

bees (Apis mellifera, Apidae) alone were 24.71 % of the pollinators recorded, with the 

two orders Hymenoptera and Diptera comprising 99.1 % of the total capture. Of the 

insect morphospecies caught, 22 were singletons, representing the only specimen 

caught of that morphospecies, and 11 were doubletons.  

 

NUMBER OF POLLINATOR VISITS 

Planting assemblage influenced pollinator abundance and pollinator morphospecies 

richness (Table 3.1, Fig. 3.1). For pollinator abundance, planting assemblage had a 

significant positive impact, with nitrogen included in the model, and 43.9 % of the 

variation was explained by the parameters. The best fit model for pollinator 

morphospecies richness included the parameters plant assemblage, which was 

significant, and N addition. Output indicated that 17. 1 % of the variation was 

explained by the two parameters. Neither herbicide nor floral abundance had an 

influence on the number of pollinator visits or pollinator morphospecies richness.  

 

PLANT-POLLINATOR NETWORK INDICES AND NULL MODELS 

Network size increased across the planting assemblages, and was the largest for the 

assemblage with two native and one non-native flowering plant, with N addition (Fig. 

3.2). As network size increased there was an increase in plant generality and a 

decrease in connectance (Fig. 3.2). Connectance differed significantly with plant 

combination, and was the highest with planting assemblage 1 native: 1 non-native 

without N addition (Table 3.2, Fig. 3.2) and 32.7 % of the variation was explained by 

our model parameters. Plant generality differed significantly with plant combination 

and the addition of N (Table 3.2), and 44.1 % of the variation was explained by our 

model parameters. Linkage density showed no differences across the plant 

assemblages and only 6.4 % of the variation was explained by our fixed effects. 

To assess the significant of the observed values, I analysed them against a benchmark 

provided by a null model. The observed networks were significantly less connected, 

had lower linkage density scores, and lower plant generality values (P < 0.05) 

compared with the 1, 000 random matrices produced under the null model (Table 3.3).  
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Table 3.1 Best fit models (lowest AIC score) from the GLMM analysing two response variables: pollinator abundance and pollinator 

morphospecies richness. β, Coefficient; SE, standard error; t, t-stat; R2
GLMM(m), coefficient of determination for the marginal values; 

R2
GLMM(c), coefficient of determination for the conditional values; * p value <0.05, ***p value < 0.001.  

 

 

 

  Response Predictors β SE t p R
2

GLMM(m) R
2

GLMM(c) 

Pollinator abundance 

Fixed effects 
    

0.4389 0.7996 

Intercept 3.5896 0.3388 10.59 0.0000*** 
 

 

Nitrogen 0.083 0.2515 0.33 0.7415 
 

 

Plant combination 0.4732 0.1085 4.36 0.0000*** 
 

 

Pollinator morphospecies 

Fixed effects 
    

0.1705 0.8011 

Intercept 8.1437 2.2876 3.56 0.0004*** 
 

 

Nitrogen 1.6114 1.6078 1.002 0.3162 
 

 

Plant combination 0.6609 0.7498 0.881 0.0378* 
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Fig. 3.1 Comparison of the four planting assemblage with a) number of pollinator visitors and nitrogen fertilisation treatment 

 and b) pollinator morphospecies richness with herbicide fertilisation treatment.  
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Fig. 3.2 Network measurements and indices showing variance over the seven plant 

assemblages. The x-axis ratios are native: non-native species in the planting 

assemblage. Light grey fill indicate no nitrogen addition, dark grey fill indicate nitrogen 

addition. a) Connectance, b) network size, c) linkage density, and d) plant generality. 

The dots indicate outliers in our data. * p > 0.05, ** p > 0.005  
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Table 3.2 Results of the linear mixed model performed to examine the effect of nitrogen and plant combinations on the three of the network indices. 

β, Coefficient; SE, standard error; t, t-stat; R2
GLMM(m), coefficient of determination for the marginal values; marginal values; R2

GLMM(c), coefficient of 

determination for the conditional values; p value < 0.05, ***p value < 0.001. 

 

Response Predictors β SE t p R
2

GLMM(m) R
2

GLMM(c) 

Connectance 

Fixed effects 
    

0.3272 0.4993 

Intercept 1.113 0.1164 9.566 0.0000*** 
 

 

Nitrogen 0.1353 0.0878 1.542 0.1231 
 

 

Plant combination 0.1311 0.037 3.542 0.0004*** 
 

 

Linkage density 

Fixed effects 
    

0.0643 0.2649 

Intercept 3.1654 0.4882 6.484 0.0000*** 
 

 

Nitrogen 0.3862 0.3638 1.062 0.2885 
 

 

Plant combination 0.0417 0.1561 0.267 0.7894 
 

 

Plant 

generality 

Fixed effects 
    

0.4408 0.4408 

Intercept 0.0033 1.0157 0.003 0.9761 
 

 

Nitrogen 0.1523 0.7139 0.213 0.04620* 
 

 

Plant combination 1.3741 0.3329 4.127 0.0000*** 
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Table 3.3 Comparison of the average observed network properties and null model values that are based on our four plant assemblages and means of 

1000 replicate null models. * indicate a significant p-value from t-test of difference between observed and null models. SD is the standard deviation 

of the means. 

 

Network indices 
Plant 

assemblage 

Average 

Observed 
SD Observed Average Null models SD Null 

Observed compared 

to null models 

Connectance 

1:1 0.6554 0.770 0.7451 0.0903 �* 

1:2 0.6172 0.1021 0.7181 0.1226 �* 

2:1 0.5856 0.0693 0.6476 0.0580 �* 

Linkage density 

1:0 3.0273 0.5539 3.2767 0.5902 �* 

1:1 2.7223 1.0319 3.4882 0.5234 �* 

1:2 3.1351 0.3962 3.8025 0.49920 �* 

2:1 3.4379 0.5766 3.6523 0.5766 �* 

Plant generality 

 

1:1 2.6106 1.1329 3.0134 1.3310 �* 

1:2 3.1351 0.4575 3.7317 0.4223 �* 

2:1 3.4379 0.5871 3.6510 0.5764 �* 
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3.6 Discussion 

The initial aim of our study was to determine if the presence of non-native plants and 

addition of N fertilisation affect pollinator visitation rates and pollinator 

morphospecies richness. Results showed that the planting assemblage, but not N 

addition, had an impact on both pollinator visitation rates and morphospecies 

richness. The second aim of our study was to determine how the structure of plant-

pollinator networks change in the presence of non-native plants and N deposition. To 

fulfil this aim, I observed insect visits of pollinators to native and non-native plants in 

plots with and without N addition. The index network size increased over the four 

plant assemblages in our study, with the biggest network including 2 native: 1 non-

native species. As network size increased, the network indices connectance and plant 

generality decreased; there was no change in linkage density. The addition of N 

fertilisation had an effect only on the index plant generality.  

 

Our results show that planting assemblages with higher richness of native plants 

receive higher numbers of pollinator visits and had higher pollinator morphospecies 

richness. The number of pollinator visits changed with planting assemblages with the 

most pollinator visits to the two natives: one non-native planting assemblage. 

Pollinator morphospecies richness changed over the planting assemblages, with a 

higher mean richness also in the two natives: one non-native planting assemblage. It 

should be said that in this study, we did not expect to see population differences, just 

visitation differences. Other studies, albeit with more plant species present than our 

study, have found the positive impact of the number of flowering plant species on 

pollinator species richness and overall abundance; this may be explained by increasing 

floral resource heterogeneity, which increases attractiveness for more pollinator 

species (Ebeling et al. 2008; Ghazoul 2006; Potts et al. 2003; Tscharntke et al. 1998). 

Elsewhere, plant communities with higher pollinator richness have been shown to 

promote greater reproductive output (Gómez et al. 2007), genetic resilience (Wilcock 

and Neiland 2002), and community stability (Steffan-Dewenter et al. 2005). It is 

interesting that the differences I observed were overall over a very small range of plant 

species richness; because the plants at our site do no offer large floral heterogeneity.  
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Connectance values were lower in the plant assemblages with greater plant species 

richness and a greater ratio of native to non-native plants. Connectance values did not 

differ between networks with the addition of N fertilisation compared to those 

without. Connectance is known to be negatively correlated with network size (Olesen 

and Jordano 2002), a pattern which our data follow. Therefore, the decrease in 

connectance is likely due to the inherent scale dependence (Blüthgen et al. 2006). 

Nonetheless, our data suggested the plant-pollinator networks at Ridgefield were less 

connected than expected under the null models. This suggests that overall our 

networks are less complex than expected. The networks may have been less complex 

than expected due to the large number of potential pollinators in our networks; a lot 

of these insects were only observed once or twice, so they are assigned only one or 

few links which contributes to low connectance value. Additionally, Michener (1965), 

examined that around half of Australian native bee species have never been observed 

visiting non-native plant flowers.  Although this is a historic reference, this observation 

could explain the lack of links and therefore complexity inthe  

As expected, the plant generality scores indicate that pollinators in our networks are 

generalists. The network index plant generality increased as network size increased 

and with the addition of N fertilisation, meaning that pollinators had more plant 

species to visit. This pattern reflects low plant specialisation in the plant combinations 

with three plant species and N fertilisation, with the lowest plant specialisation score 

in two native: one non-native plant combination with N fertilisation. The observed 

network values had lower plant generality scores than expected from the null models. 

This meant that the pollinators in our networks were generalists.  

 

Networks with higher linkage density scores tend to be more complex (Pimm 1984), 

which can lead to network or community instability; our data suggest the plant-

pollinator networks at Ridgefield were less complex than expected under the null 

models. Linkage density scores were calculated by the average number of links per 

species (plant and pollinator). Due to the high numbers of pollinator species, pollinator 

generality and few flowering plant species in the four planting assemblages, the 

average number of links per species decreased, presenting overall low linkage density 

scores.  
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I found a high number of pollinators foraging on the few plant species present in the 

recently restored site. Previous research has shown that at early and intermediate 

successional stages, pollinator community is generalist, becoming more specialised at 

late stages (Chazdon 2014; Sanchez-Azofeifa et al. 2013). Wild pollinators (as opposed 

to managed bees) in restored agroecosystems have been found to prefer foraging on 

native plants rather than from non-native plants (Morandin and Kremen 2013). 

Generalised pollinators contribute to the overall structure and stability of networks 

and play a more important role in the cohesiveness of communities than predicted by 

their relative abundance (Cusser and Goodell 2013). Gonzalez-Varo et al. (2009) found 

that generalised pollinators helped to buffer systems from the ill effects of species loss 

and that networks rapidly become fragmented in simulations that remove generalised 

pollinator species. In our case, generalist pollinators could be playing a critical role in 

kick-starting community development of the newly revegetated eucalypt woodland 

both directly, by pollinating planted native species, and indirectly via their interactions 

with other species (e.g., predators). These results are encouraging in the restoration 

context, where outcomes tend to be plant focused, and rarely on the restoration of 

species networks. 

 

In our system, due to the generalised nature of the pollinators, the change in the 

number of non-native plant species present altered the structure and composition of 

the plant-pollinator network. With ecological restoration goals in mind, I conclude that 

low plant richness including mixed assemblages of native and non-native flowering 

species can support established and effective plant-pollinator interactions, resulting in 

successful plant reproduction. Therefore, it might not be necessary to remove non-

native species for restoration of plant-pollinator networks in early successional York 

gum woodlands. More research is needed to determine the development of network 

structure as the restoration experiment matures. The expectation is for the non-native 

ground-cover species to disappear as vegetation succession proceeds, which could 

have an impact on the consistency in the availability of floral resources for insects. 

Further, our results are unlikely to be transferrable to systems with a high degree of 

specialist pollinators. The field of research on plant-pollinator networks is growing 

rapidly and yet ours is one of the few studies to have considered these networks in a 
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restoration context. Ongoing research will contribute to our theoretical knowledge and 

importantly our ability to restore species and function to degraded ecosystems.  

 

3.7 References 

Bartomeus I. (2013) Understanding linkage rules in plant-pollinator networks by using 

hierarchical models that incorporate pollinator detectability and plant traits. PLoS One 

8. 

 

Bartomeus I., Vilà M. & Santamaria L. (2008) Contrasting effects of invasive plants in 

plant-pollinator networks. Oecologia 155, 761-70. 

 

Bascompte J., Jordano P., Melian C. J. & Olesen J. M. (2003) The nested assembly of 

plant-animal mutualistic networks. Proceedings of the National Academy of Sciences 

USA 100, 9383-7. 

 

Bascompte J., Jordano P. & Olesen J. M. (2006) Asymmetric coevolutionary networks 

facilitate biodiversity maintenance. Science 312, 431-3. 

 

Bates D., Maechler M., Bolker B. M. & Walker S. (2014) Linear mixed-effects models 

using Eigen and S4. Journal of Statistical Software 67, 1-48. 

 

Blüthgen N., Menzel F. & Blüthgen N. (2006) Measuring specialization in species 

interaction networks. BMC Ecology 6, 9. 

 

Bobbink R., Hicks K., Galloway J., Spranger T., Alkemade R., Ashmore M., Bustamante 

M., Cinderby S., Davidson E., Dentener F., Emmett B., Erisman J. W., Fenn M., Gilliam 

F., Nordin A., Pardo L. & De Vries W. (2010) Global assessment of nitrogen deposition 

effects on terrestrial plant diversity: a synthesis. Ecological Applications 20, 30-58. 

 

Bobbink R., Hornung M. & Roelofs J. G. M. (1998) The effects of air-borne nitrogen 

pollutants on species diversity in natural and semi-natural European vegetation. 

Journal of Ecology 86, 717-38. 

 



81 

Burkle L. A. & Irwin R. E. (2009) The importance of interannual variation and bottom-

up nitrogen enrichment for plant-pollinator networks. OIKOS 118, 1816-29. 

 

Burkle L. A. & Irwin R. E. (2010) Beyond biomass: measuring the effects of community-

level nitrogen enrichment on floral traits, pollinator visitation and plant reproduction. 

Journal of Ecology 98, 705-17. 

 

Carlquist S. (1974) Island biology. Columbia University Press, New York, USA. 

Cartar R. (2009) Resource-tracking by bumble bees: what explains local responses to 

density of bergamot (Monarda fistulosa) flower? Ecoscience 16, 470-5. 

 

Chazdon R. L. (2014) The promise of tropical forest regeneration in an age of 

deforestation. The University of Chicago Press, Chicago, USA. 

 

Corbet S. A., Fussell M., Ake R., Fraser A., Gunson C., Savage A. & Smith K. (1993) 

Temperature and the pollinating activity of social bees. Ecological Entomology 18, 17-

30. 

 

CSIRO. (2012) Australian Insect Families. 

 

Cusser S. & Goodell K. (2013) Diversity and distribution of floral resources influence the 

restoration of plant-pollinator networks on a reclaimed strip mine. Restoration Ecology 

21, 713-21. 

 

de Sassi C. & Tylianakis J. M. (2012) Climate change disproportionately increases 

herbivore over plant or parasitoid biomass. PLos One 7 (7), e40557 

 

Dietzsch A., Stanley D. & Stout J. (2011) Relative abundance of an invasive alien plant 

affects native pollination processes. Oecologia 167, 469-79. 

 

Dixon K. (2009) Pollination and Restoration. Science 325, 571-3. 

 



82 

Dorado J., Vázquez D. P., Stevani E. L. & Chacoff N. P. (2011) Rareness and 

specialization in plant-pollinator networks. Ecology 92, 19-25. 

 

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

models: analysing bipartite ecological networks. The Open Ecology Journal 2, 7-24. 

 

Dormann C. F., Gruber B. & Fründ J. (2008) Introducing the bipartite package: analysing 

ecological networks. R news 8, 8-11. 

 

Ebeling A., Klein A., Schumacher J., Weisser W. W. & Tscharntke T. (2008) How does 

plant species richness affect pollinator richness and temporal stability of flower visits? 

OIKOS 117, 1808-15. 

 

Field D., Ayre D. J. & Whelan R. J. (2005) The effect of local plant density on pollinator 

behaviour and the breeding system of Persoonia bargoensis (Proteaceae). 

International Journal of Plant Science 6, 969-77. 

 

Forup M. L., Henson K. S. E., Craze P. G. & Memmott J. (2008) The restoration of 

ecological interactions: plant-pollinator networks on ancient and restored heathlands. 

Journal of Applied Ecology 45, 742-52. 

 

Fournier D. A., Skaug H. J., Ancheta J., Ianellim J., Magnusson A., Maunder M., Nielsen 

A. & Sibert J. (2012) AD Model Builder: using automatic differentiation for statistical 

inference of highly parameterized complex non-linear models. In: Optimization 

Methods and Software 27, 233-49. 

 

Ghazoul J. (2006) Floral diversity and the facilitation of pollination. Journal of Ecology 

94, 295-304. 

 

Gibson R., Knott B., Eberlein T. & Memmott J. (2011) Sampling method influence the 

structure of plant-pollinator networks. OIKOS 120, 822-31. 

 



83 

Gómez J. M., Bosch J., Perfectti F., Fernández J. & Abdelaziz M. (2007) Pollinator 

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

Oecologia 153, 597-605. 

 

Gonzalez-Varo J. P., Albaladejo R. H., Aparicio A. & Arroyo J. M. (2009) Effects of 

fragmentation on pollinator assemblage, pollen limitation and seed production of 

Mediterranean myrtle (Myrtus communis). Biological Conservation 142, 1058-65. 

 

Hanna C., Naughton I., Boser C., Alarcón R., Hung K. L. J. & Holway D. (2015) Floral 

visitation by the Argentine ant reduces bee visitation and plant seed set. Ecology 96, 

222-30. 

 

Heal O. W. (1997) Effects of global change diversity-functional relationships in soil. In: 

Functional Implications of Biodiversity in Soil: Ecosystems Research Report (ed V. 

Walters) pp. 27-37. 

 

Herrera C. M. (2005) Plant generalization on pollinators: species property or local 

phenomenon? American Journal of Botany 92, 13-20. 

 

Hoover S. E. R., Ladley J. J., Shchepetkin A. A., Tisch M., Gieseg S. P. & Tylianakis J. M. 

(2012) Warming, CO2, and nitrogen deposition interactively affect a plant-pollinator 

mutualism. Ecology Letters 15, 227-34. 

 

Johnson B., Standish R.J., Lach L. & Hobbs R.J. (In review) The influence of flowering 

non-native plants and nitrogen fertiliser on potential insect pollinators. Austral Ecology 

Johnson B., Standish R.J., Lach L. & Hobbs R.J. (In preparation) The influence of non-

native plant invasion and nitrogen deposition on the structure of plant-pollinator 

networks. 

 

Johnson S. D., Peter C. I., Nilsson L. A. & Agren J. (2003) Pollination success in a 

deceptive orchid is enhanced by co-occurring rewarding magnet plants. Ecology 84, 

2919-27. 

 



84 

Jordano P. (1987) Patterns of mutualistic interactions in pollination and seed dispersal: 

connectance, dependence, asymmetries, and coevolution. American Naturalist 129, 

657-77. 

 

Kunin W. E. (1997) Population size and density effects in pollination: pollinator foraging 

and plant reproductive success in experimental arrays of Brassica kaber. Journal of 

Ecology 85, 225-34. 

 

Laverty T. M. (1992) Plant interactions for pollinator visits: a test of the magnet species 

effect. Oecologia 89, 502-8. 

 

Lavorel S., Canadell J., Rambal S. & Terradas J. (1998) Mediterranean terrestrial 

ecosystems: research priorities on global change effects. Global Ecology and 

Biogeography 7, 157-66. 

 

Lázaro A., Lundgren R. & Totland Ø. (2009) Co-flowering neighbours influence the 

diversity and identity of pollinator groups visiting plant species. OIKOS 118, 691-702. 

 

Lundgren R. & Olesen J. M. (2005) The dense and highly connected world of Greenland 

plants and their pollinators. Arctic, Antarctic and Alpine Research 37, 514-20. 

 

Marshall S. A. (2012) Flies - the Natural History and Diversity of Diptera. Firefly Books, 

Canada. 

 

Martinez A.N. D. (1992) Constant connectance in community food webs. American 

Naturalist 139, 1208-18. 

 

Matesanz S., Escudero A. & Valladares F. (2009) Impact of three global change drivers 

on a Mediterranean shrub. Ecology 90, 2609-21. 

 

Mattson W. J. (1980) Herbivory in relation to plant nitrogen content. Annual Review of 

Ecology and Systematics 11, 119-61. 

 



85 

Michener, C.D. (1965). A classification of the bees of the Australian and South Pacific 

regions. Bulletin of the American Museum of Natural History 130 1-362. 

 

Mitchell R., Karron J., Holmquist K. & Bell J. (2004) The influence of Mimulus ringens 

floral display size on pollinator visitation patterns. Functional Ecology 18, 116-24. 

 

Molina-Montenegro M. A., Badano E. I. & Cavieres L. A. (2008) Positive interactions 

among plant species for pollinator service: assessing the 'magnet species' concept with 

invasive species. OIKOS 117, 1833-9. 

 

Morandin L. A. & Kremen C. (2013) Bee preference for native versus exotic plants in 

restored agricultural hedgerows. Restoration Ecology 21, 26-32. 

 

Muñoz A. A. & Cavieres L. A. (2008) The presence of a showy invasive plant disrupts 

pollinator service and reproductive output in native alpine species only at high 

densities. Journal of Ecology 96, 459-67.  

 

Muñoz A. A., Celedon-Neghme C., Cavieres L. A. & Arroyo M. T. K. (2005) Bottom-up 

effects of nutrient availability on flower production, pollinator visitation, and seed 

output in a high-Andean shrub. Oecologia 143, 123-35. 

 

Nakagawa S. & Schielzeth H. (2013) A general and simple method of obtaining R2 from 

generalised linear mixed-effects models. Methods in Ecology and Evolution 4, 133-42. 

 

Nicholls C. I. & Altieri M. A. (2012) Plant biodiversity enhances bees and other insect 

pollinators in agroecosystems. A review. Agronomy for Sustainable Development. 

 

Olesen J. M. & Jordano P. (2002) Geographic patterns in plant-pollinator mutualistic 

networks. Ecology 83, 2416-24. 

 

Perring M., Standish R., Hulvey K., Lach L., Morald T., Parsons R., Didham R. & Hobbs R. 

(2012) The Ridgefield Multiple Ecosystem Service Experiment: Can restoration of 



86 

former agricultural land achieve multiple outcomes? Agricultural, Ecosystems and 

Environment 163, 14-27.  

 

Philipp M., Böcher J., Siegismund H. R. & Nielsen L. R. (2006) Structure of plant-

pollinator network on a pahoehoe lava desert of the Galápagos Islands. Ecography 29, 

531-40. 

 

Pimm S. L. (1984) The complexity and stability of ecosystems. Nature 307, 321-6. 

 

Potts S. G., Biesmeijer J. C., Kremen C., Neumann P., Schweiger O. & Kunin W. E. (2010) 

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

26, 345-53. 

 

Potts S. G., Vulliamy B., Dafni A., Ne'eman G. & Willmer P. G. (2003) Linking bees and 

flowers: how do floral communities structure pollinator communities? Ecology 84, 

2628-42. 

 

R Core Team. (2012) R: A Language and Environment for Statistical Computing R 

Foundation for Statistical Computing, Vienna, Austria. 

 

Saffer V. M., Brown E. M., Hopper S. D., Dell J., Willis R. T., Burbidge A. H. & Majer J. D. 

(2000) Pollination and revegetation in the South West of Western Australia. Western 

Australia Naturalist 22, 221-79. 

 

Sanchez-Azofeifa A., Powers J. S., Fernandes G. W. & Quesada M. (2013) Tropical Dry 

Forests in the Americas: Ecology, Conservation, and Management. CRC Press, Florida, 

USA. 

 

Saville N. M. (1993) Bumblebee ecology in woodlands and arable farmland. University 

of Cambridge, Cambridge, UK. 

 

Skaug H. J., Fournier D. A., Nielsen A., Magnusson A. & Bolker B. M. (2013) Generalized 

Linear Mixed Models using AD Model Builder. R package version 0.7 2.  



87 

 

Steffan-Dewenter I., Potts S. G. & Packer L. (2005) Pollination diversity and crop 

pollination services are at risk. Trends in Ecology and Evolution 20, 651-2. 

 

Stevens N. B., Stephens C. J., Iqbal M., Jennings J. T., La Salle J. & Austin A. D. (2007) 

What wasp is that? An interactive identification guide to the Australasia families of 

Hymenoptera. Australian Biological Resources Study, Canberra & Centre for 

Biodiversity Information Technology, St. Lucia, Queensland. 

 

Tepedino V. J. (1980) Resource availability in shortgrass prairie bee guilds. University of 

Wyoming. 

 

Traveset A. & Richardson D. M. (2006) Biological Invasions as disruptors of plant 

reproductive mutualisms. Trends in Ecology and Evolution 21, 208-16. 

 

Tscharntke T., Gathmann A. & Steffan-Dewenter I. (1998) Bioindication using trap-

nesting bees and wasps and their natural enemies: community structure and 

interactions. Journal of Applied Ecology 35, 708-19. 

 

Vanbergen A. J. & the Insect Pollinators Initiative. (2013) Threats to an ecosystem 

service: pressures on pollinators. Frontiers in Ecology and the Environment 11, 251-9. 

 

Vázquez D. P. & Aizen M. A. (2003) Null model analysis of specialisation in plant-

pollinator interactions. Ecology 84, 2493-501. 

 

Wilcock C. & Neiland R. (2002) Pollination failure in plants: why it happens and when it 

matters. Trends in Plant Science 7, 270-7.  



88 

3.8 Appendices 

APPENDIX 3.1 NATIVE AND NON-NATIVE FLOWERING PLANTS AT RIDGEFIELD 

Table 3.1.1 The eight plant assemblages with different ratios of native and non-native plants, separated with or without N fertilisation and the 

number of replicates. Codes are based on native: non-native ratio in the plant community, used throughout the paper.  

 

Plant assemblages 
Plant assemblage code 

(ratio native: non-native) 
Replicates Plant species 

1 native and 0 non-natives 1:0 –N 2 Banksia sessilis or Calothamnus quadrifidus 

1 native and 0 non-natives with N 1:0 +N 5 B. sessilis or C. quadrifidus 

1 native and 1 non-native 1:1 –N 3 
C. quadrifidus and Arctotheca calendula or 

C. quadrifidus and Echium plantagineum 

1 native and 1 non-native with N 1:1 +N 5 C. quadrifidus and A. calendula 

1 native and 2 non-natives 1:2 –N 4 
C. quadrifidus, E. plantagineum, and A. calendula or 

B. sessilis, E. plantagineum, and A. calendula 

1 native and 2 non-natives with N 1:2 +N 1 - 

2 natives and 1 non-native 2:1 –N 3 C. quadrifidus, Callistemon phoeniceus and E. plantagineum 

2 natives and 1 non-native with N 2:1 +N 2 C. quadrifidus, C. phoeniceus and E. plantagineum 

  



89 

APPENDIX 3.2 MAP OF RIDGEFIELD  

 

Fig. 3.2.1 An aerial map of Ridgefield experimental site, the plots are shown as white 

squares. The black squares outline the quarter treatments used in this study. The white 

letters represent different blocks, grouped by soil type.  
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APPENDIX 3.3 PHOTOS FROM RIDGEFIELD AND FLORAL VISITORS  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1.1 a) Inside one of the plots, b) ants in floral unit of Eucalypts, c) bagged 

treatment of seeding test  

a) 

b) c) 
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4. Nitrogen fertilisation changes the composition of nectar and floral 

visitation rates of the European honey bee  

 

4.1  Preface 

Chapters two and three gave insight into interactions between the most important 

pollinator, Apis mellifera, and the two most prolific flowering plants, Calothamnus 

quadrifidus and Callistemon phoeniceus, at Ridgefield. This chapter four investigates 

the effect of N addition on the concentration of nectar sugars and amino acids, and the 

visitation rate of A. mellifera.  

 

4.2 Abstract 

Environmental changes such as nitrogen (N) deposition have the potential to alter 

plant-pollinator mutualisms and their critical ecosystem services. Nitrogen limits 

primary productivity in many systems and can have dramatic effects on biological 

systems, but its effects on mutualistic interactions and in Mediterranean type climate 

systems are poorly understood. Nitrogen may affect floral traits that are important for 

pollinator attraction to individual plants or communities and thus the reproduction of 

many angiosperms relies on both soil N and pollination. I tested how simulated N 

deposition to two Myrtaceae plants in southwestern Australia affects nectar traits and 

visitation of the most common pollinator at the field site, Apis mellifera. On forty 

plants of both Callistemon phoeniceus and Calothamnus quadrifidus around 150 honey 

bees were observed on each plant species. Nectar samples were analysed for the 

concentration of three sugars (glucose, fructose and sucrose) and 20 amino acids using 

high-performance liquid chromatography. In C. phoeniceus and C. quadrifidus, N 

fertilisation increased the amount of glucose, changed amino acid composition and the 

concentration of four amino acids (proline, valine, histidine and lysine) essential for A. 

mellifera survival, and increased the time an honey bee spends on flowers. Our results 

demonstrate that N fertilisation can alter nectar traits linked to plant attractiveness to 

pollinators. 
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4.3 Introduction 

Pollinators and the services they provide are under increasing pressure from many 

threats caused by anthropogenic activity (Vanbergen and the Insect Pollinators 

Initiative 2013). These threats include habitat loss, fragmentation, diseases, pollution, 

and climate change (Biesmeijer et al. 2006; Carvell et al. 2006; Goulson et al. 2015; 

Naug 2009; Ollerton et al. 2014; Potts et al. 2010). Nitrogen deposition is increasing 

around the world (Phoenix et al. 2006) and is a known threat to plant diversity 

(Bobbink et al. 2010). It has been recognised that an increase in N is the main driver of 

changes in species composition across several different ecosystems (Bobbink et al. 

2010). A general critical load of 10 kg N ha-1 yr-1 has been suggested to be a point 

beyond which ecosystem functions would be adversely affected. There have been 

relatively few investigations of N deposition effects on plant-pollinator mutualisms in 

Mediterranean-type systems.  

 

If plants are going to respond adversely to additional N, then the interaction between 

plant and insects may be compromised. A decrease in floral resources is believed to be 

one of the main factors involved in pollinator loss (Biesmeijer et al. 2006; Potts et al. 

2010). For degraded and novel ecosystems, there has been increasing interest in 

understanding how floral resources affect pollinator populations in natural and 

managed ecosystems (Dixon 2009; Mitchell et al. 2009). There is a need to develop 

restoration measures that can promote the establishment of nectar and pollen-rich 

floral communities to conserve pollinator populations and enhance pollination services 

(Carvell et al. 2007; Pywell et al. 2006).  

 

Nectar and pollen resources produced by flowers are fundamental for survival and 

reproduction of pollinator populations (Baude et al. 2011; Vaudo et al. 2015). Nectar is 

rich in sugars and is an energy source for pollinating insects (Dafni 1992; Proctor et al. 

1996). Nectar is an aqueous solution made up of 90 % sugars, and the other 10 % 

contains amino acids, electrolytes, alkaloids, inorganic ions, phenolics, organic acids, 

terpenoids, and lipids (Inouye 1980; Nicolson and Thornburg 2007; Singaravelan 2013). 

The three sugars most frequently found in nectar are glucose, fructose 

(monosaccharides, hexose sugars) and sucrose (disaccharide). The sugar composition 

of nectar is variable among and within plant species (Herrera et al. 2006; Percival 
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1965). Although amino acids are found in much lower concentrations than sugars, they 

are considered equally important to pollinators for energy requirements (Gijbels et al. 

2014). The 20 ‘protein building’ amino acids are variously found in the nectar of 

different plant species (Baker and Baker 1986). De Groot (1953), found that ten amino 

acids are essential for honey bees (Table 4.1).  

 

Abiotic and biotic factors are known to influence nectar traits at both the species and 

community levels (Baude et al. 2011). Characteristics of nectar, such as concentration, 

can influence not only the nutritional and energetic content of the nectar (Nicolson 

and Thornburg 2007), but also make nectar more or less attractive to specific 

pollinators by influencing nectar taste (Gardener and Gillman 2002) and scent (Raguso 

2004). In particular, the sugar and amino acid composition may elicit specific 

behavioural responses in pollinators (Cresswell 1999; Klinkhamer and de Jong 1990; 

Klinkhamer et al. 2001) and pollinator community structure (Baker and Baker 1983; 

Potts et al. 2003; Potts et al. 2004), therefore playing a key role in plant-pollinator 

systems (Heinrich and Raven 1972; Kingslover and Freeman 1986).  

 

Nectar composition varies with biotic factors, such as herbivory (Adler and Irwin 2005; 

Castellanos et al. 2002) as well as abiotic factors such as atmospheric conditions, 

temperature, water, CO2 concentration, soil nutrients, and light (Burkle and Irwin 

2009a; Gardener and Gillman 2001b; Osborne et al. 1997; Rusterholz and Erhardt 

1998). The availability of soil nutrients to plants is known to influence the production 

of flowers (Burkle and Irwin 2010; Muñoz et al. 2005), nectar (Burkle and Irwin 2009a; 

Campbell and Halama 1993; Gardener and Gillman 2001b), and pollen (Lau and 

Stephenson 1993), and can lead to changes in subsequent pollinator visitation (Burkle 

and Irwin 2010; Muñoz et al. 2005). Total sugar and amino acid composition 

concentration may be less important for stimulating or repelling insect nectar feeding 

than are the concentrations of particular amino acids (Petanidou and Potts 2006).  
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Table 4.1 The 20 ‘protein building’ amino acids each assigned a three letter code. The 

ten amino acids essential for honey bee (Apis mellifera) survival are highlighted (*) (De 

Groot 1953).  

 

Amino Acid 3-letter code 

Alanine Ala 

Arginine* Arg 

Asparagine Asn (analysed as Ser/Asn) 

Aspartic acid Asp 

Cysteine Cys 

Glutamine* Gln (analysed as His/Gln) 

Glutamic acid Glu 

Glycine Gly 

Histidine* His (analysed as His/Gln) 

Isoleucine Ile 

Leucine* Leu 

Lysine* Lys 

Methionine* Met 

Phenylalanine* Phe 

Proline* Pro 

Serine Ser 

Threonine* Thr 

Tryptophan Trp 

Valine* Val 
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The addition of N can affect plant biomass and reproduction directly plus indirectly via 

modifications in floral traits and species interactions (Burkle and Irwin 2010). 

Experimental studies have reported that soil nutrient levels can influence both nectar 

production (Burkle and Irwin 2009a) and nectar amino acid content (Gardener and 

Gillman 2001b). Burkle and Irwin (2010) have thereafter shown that the addition of N 

affects pollinator visitation to flowers by altering plant traits that are essential for 

pollinator attraction. Most research on nectar composition has focused on either the 

nectar traits or the visitation of a specific pollinator, (e.g. Lepidoptera in Alm et al. 

1990; Gijbels et al. 2014) or soil nutrients and floral traits (Bertazzini et al. 2010; Burkle 

and Irwin 2010; Cook et al. 2003; Gardener and Gillman 2001b; Lau and Stephenson 

1993). Yet, the effect of N addition on nectar traits and the subsequent visitation rates 

of honey bees have rarely been investigated.  

 

Here, I analysed concentration of nectar sugars and amino acid composition in 

inflorescences of two Australian native Myrtaceae, Callistemon phoeniceus (C. 

phoeniceus) and Calothamnus quadrifidus (C. quadrifidus). These species were planted 

as part of a large restoration experiment on post-agricultural land in southwestern 

Australia (Perring et al. 2012). The non-native European honey bee (Apis mellifera) is 

the main pollinator of these species at the study site (Johnson et al. in review). Nectar 

is important for honey bee growth, breeding, flying, and temperature regulation 

(Proctor et al. 1996). Our aim was to determine if floral traits change with N addition 

and whether this affects honey bee visitation to flowers.  

 

I predicted that nectar would change in sugar and amino acid composition and 

concentration with the addition of stimulated N deposition, given that communities 

and individual plants are often N-limited (Bowman et al. 1993; Muñoz et al. 2005). 

Specifically I asked whether the addition of N affects the: 1) relative concentration of 

the three key nectar sugars (fructose, glucose and sucrose), 2) composition of amino 

acids in the nectar of C. phoeniceus and C. quadrifidus, 3) concentration of the ten 

essential amino acids required for honey bee survival in the nectar of C. phoeniceus 

and C. quadrifidus, and, 4) the time a honey bee spends on a floral unit at the study 

site. 
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4.4 Methods 

STUDY SITE 

Our study site is an old-field undergoing restoration that forms part of a larger Multiple 

Ecosystem Services Experiment at the Ridgefield Future Farm (Perring et al. 2012), 

owned by The University of Western Australia. The site lies within a Mediterranean-

type climate region of south-western Australia (32°29’S 116°58’E). The Ridgefield 

experiment consists of replicated plots across 10 blocks that are grouped by soil type 

across the experimental site. Plots are planted with different combinations of eight 

woody native species (for full details see Perring et al. 2012). For this study, a subset of 

the experimental plots was used (T8, T9, and T10). Plant assemblage T8 included 

Eucalyptus loxophleba ssp. loxophleba (hereafter E. loxophleba), E. astringens, Acacia 

acuminata, C. phoeniceus and C. quadrifidus; T9 included E. loxophleba, E. astringens, 

Hakea lissocarpha, Banksia sessilis, C. phoeniceus and C. quadrifidus; T10 included E. 

loxophleba, E. astringens, Hakea lissocarpha, Banksia sessilis, A. acuminata, A. 

microbotrya, C. phoeniceus and C. quadrifidus. Only approximately 15 Acacia and 

Eucalypt plants flowered across the whole site during 2014 (Appendix 4.1).  

 

Quarters (10 m × 10 m) within each plot consisted of N addition and herbicide 

treatments. Nitrogen treated quarters received 2.5 kg N ha-1 yr-1 applied four times a 

year to achieve an overall rate of 10 kg N ha-1 yr-1, and herbicide treated quarters were 

sprayed three times a year, with a mix of glyphosate (Glyphosate 470), butoxyethyl 

(Garlon 600TM), and metsulfuron-methyl (Metsulfuron 600 WG). Two common 

flowering non-natives plant species, Echium plantagineum (Patterson’s curse, 

Boraginaceae) and Arctotheca calendula (cape weed, Asteraceae), were present across 

the site, including some plots where herbicide was applied for parts of the flowering 

season. Although it was not entirely effective, herbicide was included as a treatment in 

this study as it improved variation in our models and was recognised as an important 

factor in our other pollination studies at Ridgefield (Johnson et al. In review, Johnson 

et al. In prep).  

 

In this study I utilised the two most abundant flowering plant species across the 

experimental site: C. phoeniceus and C. quadrifidus, both are Myrtaceae. Callistemon 

phoeniceus and C. quadrifidus are commonly known as one-sided bottlebrush and 
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scarlet bottlebrush, respectively. Our earlier research (Johnson et al, In review) found 

that European honey bee was the most important pollinator of C. quadrifidus and C. 

phoeniceus, thus, I focussed solely on honey bees for this study. There are no known 

managed honey bee apiaries in the vicinity of Ridgefield (Cliff 2015; Wainwright 2015). 

Western Australia is relatively free of honey bee diseases, and therefore feral honey 

bee hives are common (Manning et al. 2007). 

 

NECTAR MEASUREMENTS AND HONEY BEE VISITATION 

For both native plant species, I measured nectar traits and honey bee visitation in four 

of the blocks across our site. In each of the four blocks, there were at least ten 

flowering individuals of each focal species, five in quarters with N addition, and five in 

quarters without N added. I was primarily interested in the influence of N on floral 

traits, so herbicide was a secondary component on the design. Nectar sampling and 

honey bee observations were done during peak flowering of focal plant species, 

between 6th October and 7th November 2014. Overall, I collected nectar from 40 

individuals of each species, across four blocks, with 20 samples from quarters with N 

addition and 20 from quarters without N addition. For C. phoeniceus and C. quadrifidus 

respectively 24 and 23 nectar samples were from quarters with herbicide and 16 and 

17 from quarters without herbicide. Nectar sampling was done on the same trees as 

honey bee observations. 

 

 The day prior to nectar collection, the inflorescence of selected individuals was 

bagged with mesh to allow nectar to collect. The inflorescence was arbitrarily chosen 

from those on the plant with a majority of flowers in bud stage. The following morning, 

nectar was collected from one recently opened flower per inflorescence using 5 µl 

calibrated microcapillary tubes (Marienfeld-Superior, Lauda-Königshofen, Germany). 

Nectar volume was determined in the field by measuring fluid column in tubes. 

Particular care was taken to avoid tissue damage. A ~5 µl nectar sample from each 

flower was stored on ice for transportation to the laboratory where it was stored at -

80°C pending analysis. Nectar samples in capillary tubes were eluted into Eppendorf 

tubes by repeated washing with a 50 µl solution of α-aminobutyric acid (AABA) (56.6 

µM) in Milli-Q water.  
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Honey bee observations were completed between 0900 hrs and 1600 hrs; during 

periods when wind was less than 5 ms-1 and cloud cover less than 60 %. The observer 

(BJ in all cases) waited for a honey bee to arrive on an inflorescence, and then 

observed the bee for 15 minutes or until it left the plant. The observer recorded the 

time the individual spent on a floral unit, the number of floral units visited, whether 

the honey bee was disturbed by a meat ant (Iridomyrmex reburrus) or another honey 

bee, and whether the honey bee was foraging for pollen or nectar. If the bee left 

before 15 minutes had passed, the next honey bee to arrive at the plant was then 

followed, with this process continuing until the end of the 15 minutes. A honey bee 

was considered foraging when it touched a floral reproductive organ. Because C. 

phoeniceus and C. quadrifidus flowers are part of a raceme type inflorescence, floral 

units instead of individual flowers were observed. Overall, 40 plants of each species 

were observed and 143 and 152 honey bees on C. phoeniceus and C. quadrifidus, 

respectively.  

 

ANALYSIS OF NECTAR SUGARS AND AMINO ACIDS WITH HPLC 

Sugars  

Soluble sugars, namely fructose, glucose and sucrose, in nectar samples were analysed 

by HPLC (600E pump, 717plus auto injector, Waters, Milford, MA) with an Alltech 

Evaporative Light Scattering Detector (ELSD, Grace Materials Technologies, Deerfield, 

IL, USA) as adapted from Slimestad and Vågen (2006). The samples that had been 

washed from capillary tubes as detailed for the amino acid analysis were used for this 

process. 

 

Separation was achieved at 30±0.5ºC on a Prevail ES Carbohydrate column (250 x 4.6 

mm i.d. with 5 µm packing; Grace Materials Technologies) using an isocratic mobile 

phase consisting of 20% Milli-Q water and 80% acetonitrile at 1 ml min-1. Samples in 

the auto injector were held at 10ºC and the ELSD drift tube was held at 80ºC and high 

purity N flow rate of 2.5 litres per minute used for nebulisation. 

Logarithmic calibration curves for each sugar were generated from peak area versus 

the mass of standard sugar injected, and a standard analysed every 10 samples to 

check for any instrument/detector drift. Data acquisition and processing was with 

Empower™ 2 (Waters) software. Retention times of sugar standards were used to 
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identify sugars in nectar samples. Typical sample injections were 2-5 µl and runtime 

was 20 min per sample. The HPLC produced output showing concentration of each 

sugar or amino acid in each nectar sample. 

 

Amino Acids  

Amino acids were derivatised and analysed according to instructions of WATERS 

(Milford, MA, USA) AccQ.Tag ® chemical package (Waters Corporation 1993) for High 

Performance Liquid Chromatography (HPLC). HPLC analysis was conducted with a 

WATERS system consisting of a 600E dual head pump, 717 plus autosampler, a 470 

scanning fluorescence detector and a 996 photodiode array (PDA) detector. Separation 

of the derivatised amino acids was achieved by reverse-phase chromatography using a 

Nova-Pak C18 column (150 mm × 3.9 mm I.D.) with 4 µm particle size (WATERS), held 

at 35±0.5°C. All data were acquired and processed with Empower® chromatography 

software (WATERS) with fluorescence detector settings of 250 nm Excitation; 395 nm 

Emission, 0.5 filter, 100 gain and PDA set to 250 nm.  

The mobile phase for amino acid separation was used in gradient mode. Reservoir A 

consisted of the WATERS AccQ.Tag aqueous buffer, prepared from concentrate 

supplied with the kit. Reservoir B consisted of acetonitrile and reservoir C was Milli-Q 

water. All solvents were vacuum filtered to 0.22 µm prior to use and were continually 

degassed with helium. The gradient profile is shown in Appendix 4.2. 

 

To derivitise nectar samples, to a 20 µl aliquot of nectar, 70 µl of the borate buffer 

supplied with the kit was added and samples vortex mixed. Then 20 µl of AccQ.Fluor 

reagent was added and samples immediately vortex mixed then left to stand at room 

temperature for a minimum of one minute. Samples were then incubated at 55°C for 

10 min prior to HPLC analysis. 

 

The sample injection was 20 µl and run time was 50 minutes. Positive identification of 

amino acids was accomplished by comparing standard amino acid retention time with 

the unknowns for both fluorescence and PDA detection as well as using PDA peak 

spectral analyses for peak purity and spectrum matching with standard amino acids. 

Calculation of concentrations of individual nectar amino acids was based on internal 
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standardisation with AABA. Several unknown amino acids or proteins appearing in the 

chromatograms of nectar samples could not be identified. 

 

STATISTICAL ANALYSES 

Variation between nectar traits and time a honey bee spent on flowers were analysed 

using generalised linear mixed models (GLMM). I examined six response variables for 

both C. phoeniceus and C. quadrifidus: relative amount of glucose, fructose and 

sucrose, amino acid composition, and the number of seconds a honey bee spends 

visiting per flower. To reduce dimensions of the obtained nectar amino acid data set, I 

performed a principal component analysis (PCA) on the amino acid profile of all 

samples. The amino acid concentrations were log transformed prior to analysis. Scores 

of the samples on the first two PCA axes (PC1 and PC2) were then used as a measure 

of nectar amino acid composition in further analysis. I used GLMM, with Gaussian 

error distributions, to analyse these data. For all five of the nectar response variables I 

included addition of N and herbicide treatments, time of day, total concentration of 

each sugar quantity, air temperature, floral abundance of the quarter, and presence of 

meat ants as explanatory variables in all models initially. For honey bee visitation time I 

included the above explanatory variables as well as which resource was being collected 

(nectar or pollen). All six models included plot and block as random effects. Blocks 

across our site are grouped by soil type, and plots are planted with different 

combinations of native plants and contain two treatments (herbicide and N). Full 

models were simplified with stepwise elimination using Akaike’s information criterion 

(AIC) and the model with the smallest number of parameters within 2.0 values of AIC 

from the top model was selected. 

 

To analyse the effect of N on the concentration of each individual amino acid, I created 

two linear mixed models for each individual amino acid. Output from the HPLC 

combined histidine and glutamine and serine and asparagine so they were analysed 

together. The first model had addition of N and herbicide treatment as predictor 

variables, and plot and block were random factors. The second model included only 

herbicide treatment as a predictor variable, and plot and block as random factors. To 

test if N fertilisation had a significant effect on single amino acid concentration, the 

two models were compared using ANOVA in a likelihood ratio test (Bolker et al. 2011; 
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Pinheiro and Bates 2000). For each of the models run, GLMM outputs a coefficient of 

determination for marginal values (R2GLMM (m)) and a coefficient of determination 

for the conditional values model (R2GLMM(c)). The R2GLMM (m) indicates the amount 

of variation explained by the fixed factors only and R2GLMM(c) indicates the amount 

of variation explained by both fixed and random factors in our model (Nakagawa and 

Schielzeth 2013). All statistical analyses and figures were completed using RStudio 

0.98.1028 (RStudio Team. 2015), using the packages ggplot2 (Wickham 2009), Vegan 

(Oksanen et al. 2013), lme4 (Bates et al. 2014), car (Fox and Weisberg 2011) and 

MuMin (Barton 2009).  

 

4.5 Results 

In C. phoeniceus nectar, the concentration of glucose increased with the addition of N 

fertiliser (Table 4.2) with the parameters herbicide treatment and the planting 

treatments included in the best model. Results showed 24.8 % of the variation was 

explained by our model parameters. In C. quadrifidus nectar, the amount of glucose 

increased with the addition of N fertiliser (Table 4.2). 36.7 % of the variation was 

explained by our parameters.  

 

Callistemon phoeniceus nectar consisted primarily of fructose (81.94 g l-1 ±10.44 g l-1) 

with glucose present in slightly smaller quantities (68.15 g l-1 ± 8.07 g l-1). Fructose was 

not significantly affected by any of the variables and Sucrose was not found in the C. 

phoeniceus nectar samples. In contrast, the most abundant sugar in C. quadrifidus was 

sucrose (134.48 g l-1 ± 15.02 g l-1), with fructose and glucose present in lesser 

quantities (20.42 g l-1 ± 2.58 g l-1 and 7.94 g l-1 ± 1.52 g l-1, respectively). Fructose and 

sucrose were not affected by any of the variables (Table 4.2).  

 

NECTAR AMINO ACIDS  

Amino Acid Composition  

Of the 20 amino acids, only tryptophan was absent in the nectar samples. The amino 

acid profiles of both plant species were dominated by proline. For C. phoeniceus, the 

first two PCs of the PCA performed on the relative amino acid profile of all samples 

explained 49.7 % of the variation (Table 4.3 and Appendix 4.3). PC1 (26.1 %) was not 

significantly affected by any of the parameters in our model. PC2 (23.7 %) was 
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significantly affected by addition of N fertilisation, but only 10.0 % of the variation was 

explained by our model parameters. PC1 had a strong positive correlation with 

serine/asparagine; PC2 had a slight negative correlation with leucine and isoleucine. 

For C. quadrifidus, the first two PCs of the PCA performed on the relative amino acid 

profile of all samples explained 66.2 % (Table 4.3 and Appendix 4.3). PC1 (47.0 %) was 

not significantly affected by any of the parameters in our model. PC2 (19.3 %) was 

significantly affected by addition of N fertilisation and 19.0 % of the variation was 

explained by our model parameters. PC2 had a strong negative correlation to cysteine 

which was the most abundant amino acid. Since the addition of N fertiliser marginally 

changed PC2 in both plant species, our results indicate that N fertiliser can have a 

small influence the composition of amino acids.  



103 

Table 4.2 Results of the linear mixed model examining the effect of nitrogen, time, herbicide treatment, and planting treatment on the concentration 

of the two sugars present in Callistemon phoeniceus and Calothamnus quadrifidus nectar. β, Coefficient; SE, standard error; t, t-stat; R2
GLMM(m), 

coefficient of determination for the marginal values; R2
GLMM(c), coefficient of determination for the conditional values. *** p value < 0.001. 

 

Plant species Response Predictors β SE t p value R
2

GLMM(m) R
2

GLMM(c) 

C. phoeniceus 

Glucose 

Fixed effects 
    

0.2481 0.4283 

Intercept 2.21 3.42 0.65 0.52 
  

Nitrogen 9.39 2.83 3.32 0.00*** 
  

Herbicide treatment 5.76 3.92 1.4 0.14 
  

Fructose 

Fixed effects 
    

0.0742 0.2292 

Intercept 62.76 19.43 3.23 0 
  

Nitrogen 31.9 20.95 1.52 0.13 
  

Herbicide treatment 2.09 20.39 0.1 0.92 
  

Time of day -7.28 24.05 -0.33 0.76 
  

C. quadrifidus 

Glucose 

Fixed effects 
    

0.3674 0.455 

Intercept 1.57 2.39 0.66 0.51 
  

Nitrogen 9.59 2.88 3.33 0.00*** 
  

Time of day -0.2 2.89 -0.07 0.42 
  

Herbicide treatment 2.35 2.91 0.81 0.94 
  

Fructose 

Fixed effects 
    

0.0868 0.1644 

Intercept 16.64 6.2 3.17 0 
  

Nitrogen -3.6 6.24 -0.76 0.56 
  

Herbicide treatment 5.82 5.98 0.97 0.33 
  

Time of day 2.62 6.32 0.41 0.68 
  

Sucrose 

Fixed effects 
    

0.0866 0.2905 

Intercept 112.95 35.28 3.2 0.00** 
  

Nitrogen -5.99 34.95 -0.17 0.86 
  

Herbicide treatment -15.3 36.86 -0.42 0.68 
  

Time of day 47.36 34.72 1.36 0.17 
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Table 4.3 Results of the linear mixed model analysing the effect of nitrogen, time, herbicide treatment and planting treatment on PC1 and PC2. These 

were calculated in a PCA (Appendix 4.3) for the nectar amino acids found in Callistemon phoeniceus and Calothamnus quadrifidus. β, Coefficient; SE, 

standard error; t, t-stat; R2
GLMM(m), coefficient of determination for the marginal values; R2

GLMM(c), coefficient of determination for the conditional 

values. *** p value < 0.001. 

 

Response Predictors β SE t p value R
2

GLMM(m) R
2

GLMM(c) 

C. phoeniceus Fixed effects 
    

0.0974 0.1487 

PC1 

Intercept -0.0803 0.1843 -0.436 0.6631 
  

Nitrogen -0.0071 0.1804 -0.039 0.9688 
  

Planting assemblage T8 0.2355 0.2061 0.923 0.3558 
  

Planting assemblage T9 -0.0803 0.2062 -0.436 0.9350 
  

Planting assemblage T10 0.2387 0.3387 1.591 0.1117 
  

PC2 

Fixed effects 
    

0.1131 0.4360 

Intercept 0.2259 0.8405 0.269 0.7881 
  

Nitrogen 0.3551 0.1662 2.137 0.0326* 
  

Planting assemblage T8 -0.1087 0.3527 -0.308 0.7579   

Planting assemblage T9 -0.0167 0.2817 -0.059 0.9526   

Planting assemblage T10 -0.1052 0.3687 -0.285 0.7755   

Herbicide treatment -0.0005 0.0010 -0.456 0.6484 
  

C. quadrifidus Fixed effects 
    

0.1198 0.1441 

PC1 

Intercept -0.0123 0.3974 -0.031 0.9753 
  

Nitrogen -0.7351 0.4436 -1.657 0.0975 
  

Herbicide treatment 0.6392 0.4551 0.405 0.1602 
  

PC2 

Fixed effects 
    

0.1891 0.1988 

Intercept 0.2220 0.4237 0.524 0.6004 
  

Nitrogen -0.9358 0.4382 -2.136 0.0327* 
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Amino Acids Important To Honey Bees 

Out of the ten essential amino acid needed by honey bees, the concentrations of four 

changed with the addition of N fertiliser in both C. phoeniceus (Fig. 4.1 and Appendix 4) 

and C. quadrifidus (Fig. 4.2 and Appendix 4.5). In C. phoeniceus, the concentrations of 

valine (N+ 6.0µl ± 5.4 µl, N- 1.9 µl ± 1.2 µl) and histidine/glutamine (N+ 7.1 µl ± 7.9 µl, 

N- 2.8 µl ± 2.1 µl) increased while lysine (N+ 1.04 µl ± 0.8 µl, N- 2.5 µl ± 1.7 µl) 

decreased with the addition of N fertiliser. In C. quadrifidus, the concentrations of 

lysine (N+ 3.1 µl ± 2.6 µl, N- 1.1 µl ± 1.8 µl) and histidine/glutamine (N+ 44.0 µl ± 17.1 

µl, N- 18.2 µl ± 11.4 µl) increased while proline (N+ 1860.2 µl ± 1774.7 µl, N- 556.4 µl ± 

481.1 µl) and valine (N+ 12.1µl ± 11.6 µl, N- 49.3 µl ± 32.7 µl) decreased with the 

addition of N fertiliser. No other amino acid was affected by the addition of N.  

 

HONEY BEE VISITATION  

On C. phoeniceus, the seconds a honey bee spent per floral unit significantly increased 

with the addition of N fertiliser; honey bees spent on average 33.66 ± 32.99 seconds 

per floral unit with N addition and 17.07 ± 7.63 seconds per floral unit without N 

addition (Table 4.4). On C. quadrifidus honey bees spent on average 24.93 ± 17.26 

seconds per floral unit with N addition and 21.28 ± 20.72 seconds per floral unit 

without N addition (Table 4.4).
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Fig. 4.1 The amount of the essential amino acids for honey bees grouped with or without addition of nitrogen fertiliser in Callistemon 

phoeniceus flowers. Nectar collected in quarters with no N fertilisation is in grey, Nectar collected in quarters with N fertilisation is in black. 

* N addition treatments differ from model with no N.  
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Fig. 4.2 The amount of the ten most essential amino acids for honey bees grouped with or without addition of nitrogen fertiliser in 

Calothamnus quadrifidus flowers. Nectar collected in quarters with no N fertilisation is in grey, Nectar collected in quarters with N 

fertilisation is in black. * N addition treatments differ from model with no N.  
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 Table 4.4 Results of the linear mixed model performed to examine the effect of nitrogen, time and planting treatment on the number of seconds a 

honey bee spends on Callistemon phoeniceus and Calothamnus quadrifidus. β, Coefficient; SE, standard error; t, t-stat; R2
GLMM(m), coefficient of 

determination for the marginal values; R2
GLMM(c), coefficient of determination for the conditional values. *** p value < 0.001 *p value < 0.05, *** p 

value < 0.001. 

 

Response Predictors β SE t p value R
2

GLMM(m) R
2

GLMM(c) 

C. phoeniceus Fixed effects 
    

0.1315 0.2112 

Seconds per flower 

Intercept 3.7971 0.1926 19.715 0.0000*** 
  

Nitrogen 0.7655 0.1738 4.406 1.05E-05*** 
  

Time 0.0291 0.2113 0.138 0.8904 
  

Planting assemblage T9 0.1287 0.4206 0.306 0.7597 
  

Planting assemblage T10 0.0663 0.2485 0.267 0.7898 
  

C. quadrifidus Fixed effects 
    

0.0654 0.2890 

Seconds per flower 

Intercept 4.2264 0.4413 9.578 0.0000*** 
  

Nitrogen 0.3593 0.2455 2.463 0.0434* 
  

Time 0.1021 0.3139 0.325 0.745 
  

Herbicide treatment 0.0465 0.2857 0.163 0.8707 
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4.6 Discussion 

The aim of our study was to determine if N addition affected nectar traits and the 

visitation of honey bees.  In the face of regional increases in N deposition (Phoenix et 

al. 2006) we have shown that a small (but realistic) increase in N can have implications 

for nectar traits and honey bee visitation behaviour.   In the species C. phoeniceus and 

C. quadrifidus, we found that N addition increased the amount of glucose, marginally 

changed amino acid composition, and altered the concentration of four amino acids 

essential for honey bee survival. We also found the length of time honey bees spend 

on floral units increased. To the author’s knowledge, this is the first study to 

investigate the effect of N addition specifically on amino acids essential for honey bees 

and their subsequent visitation rates to floral units.   

 

SOIL NITROGEN 

Nitrogen deposition is a negative impact of global environmental changes and is 

increasing from fossil fuel combustion and agricultural activities worldwide (Vitousek 

et al. 1987). Surplus N deposition can have serious consequences on ecosystems, 

including direct damage, changing species composition in ecosystems, and secondary 

stressors (Bobbink et al. 2010).  Previous studies have  N addition can alter plant traits 

such as floral, nectar and pollen traits, and therefore cause secondary stressors such as 

differing pollinator attraction with subsequent consequences for plant reproduction 

(Burkle and Irwin 2010, Baude et al. 2011). If floral traits respond to additional N, then 

the interaction between plant and insects may be negatively changed. 

 

In the southwest of Western Australia, the soils are commonly described as nutrient-

poor soils with low concentrations of N, phosphorus (P) and sulphur (Lambers 2014). 

The average level of soil N across our site is classified as being ‘very low’ (Carson and 

Phillips 2015) and averages 9.86 mg N kg -1 (Perring et al. 2012). At Ridgefield, N 

addition had a significant impact on total soil N (as nitrate or ammonium) in 2014, 

although this was not the case in 2013 (M. P. Perring, pers. comm, 2nd December 

2015). We therefore predicted that Ridgefield might be more affected by N 

accumulation than in other parts of the world.  
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Native plants in the southwest of Western Australia have adapted to growing in low 

soil N (Lambers et al. 2008), including the two focal native plants in our study. 

However, the concern is how native plants naturally adapted to low soil N will continue 

to succeed with global increase in N deposition. Furthermore, previous studies have 

found that N addition benefit non-native plants over native plants (Burke and Grime 

1996). There is a need to understand the consequences of these factors on ecosystem 

services, such as pollination. 

 

NECTAR SUGARS 

The addition of N increased the concentration of glucose, but not the concentration of 

fructose or sucrose in C. phoeniceus and C. quadrifidus. The addition of N increased the 

concentration of the nectar sugars, but only glucose increased significantly. The 

relative increase in fructose was actually much great, even if not statistically significant 

– due to variance. After a thorough search of literature, it would appear that this is the 

first experimental demonstration that links the addition of N to an increased 

concentration of a single nectar sugar. 

 

Having constancy in sugars across a species in a neighbourhood may be important in 

giving nectar a uniform and distinct taste, which can be recognised easily by local floral 

visitors (Hainsworth and Wolf 1976). In other studies, N addition has been reported to 

increase (Burkle and Irwin 2010),  have no effect (Burkle and Irwin 2010), or have 

varying effects - while interacting with other factors (Burkle and Irwin 2010, Hoover et 

al. 2012) on nectar total sugar concentrations. Baker and Baker (1983) discuss that the 

ratio of sugars and not just the concentration of sugars is also an important 

determinant of attractiveness to pollinators. Changes in the attractiveness of nectar to 

different species carry strong implications for plant fitness, which depend on pollinator 

diversity and abundance (Hoehn et al. 2008).  

 

The sugars fructose, glucose and sucrose were present in the nectar of C. quadrifidus 

with sucrose being the most abundant. In contrast, the nectar of C. phoeniceus had no 

sucrose, but high levels of glucose and fructose. Gupta and Kumar (1993) found that 

another Callistemon species, C. lanceolatus, also contained only hexose sugars in its 

nectar. Baker and Baker have lead research in the area and demonstrated nectar sugar 
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composition of species pollinated by hummingbirds, Lepidoptera and long-tongued 

bees is dominated by sucrose, whereas nectar of species pollinated by passerine birds, 

short-tongued bees and bats are dominated by glucose and fructose (Baker 1983, 

Baker and Baker 1990). Other studies have concluded that honey bees, which are 

known to be long tongued bees (O'Toole and Raw 2004), are indifferent to ratio of 

sugars (Southwick et al. 1981, Afik et al. 2006). Avian honeyeaters, native bee species 

and honey bees have all been observed foraging on and pollinating our focal species 

(Sampson et al. 2014, Johnson et al. in prep). 

 

Past research indicated that honey bees at Ridgefield may have a preference for 

sucrose dominated nectar; however we found that this was not the case as they also 

foraged on C. phoeniceus nectar, where sucrose is not present. An explanation for 

these observations could be that honey bees at our site had no choice but to forage on 

C. phoeniceus as it was the only floral resources available in December. Alternatively, 

our observations could supplement research that rejects the hypothesis that nectar 

sugar composition segregates honey bee foraging. 

 

ESSENTIAL AMINO ACIDS 

Our study shows that the addition of N fertiliser had a small, yet significant effect on 

the composition of amino acids in C. phoeniceus and C. quadrifidus nectar. Amino acid 

composition is known to change with altered environmental conditions (Gardener and 

Gillman 2001b, Hoover et al. 2012, Gijbels et al. 2014) (through a variety of 

mechanisms, including altered metabolite availability or altered growth of plant tissue 

(Gardener and Gillman 2001b). Changes in daily environmental variations, for example 

temperature and sunlight hours, are factors that can influence the metabolic process 

of nectar production and may lead to changes in overall concentration of the nectar 

components (Gardener and Gillman 2001b). Physiological processes such as water 

uptake can influence nectar concentration as it is being produced, and evaporation can 

influence the concentration after production (Gardener and Gillman 2001b). Previous 

studies have shown that soil nutrients (Gardener and Gillman 2001a) and CO2 

(Rusterholz and Erhardt 1998), can alter nectar composition by a variety of 

mechanisms, for example, altered metabolite availability and concentration, altered 
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growth of plant tissues. Although other studies differ from ours in the total fertiliser 

used, they show that our finding is not uncharacteristic.  

 

The composition of amino acids can influence the taste and scent of nectar and 

therefore the differences found across our treatments could have changed honey bee 

visitation behaviour through specific neurological or phago-stimulating pathways 

(Bertazzini et al. 2010). Few studies have investigated the influence of N addition on 

single amino acid concentration. However, a recent study by Gijbels et al. (2014) found 

that a natural increase in soil N boosted the concentration of the amino acids glycine 

and serine in orchid species nectar (Gymnadenia conopsea). Gardener and Gillman 

(2001a) found that the addition of a combined N, P and potassium fertiliser decreased 

the concentration of glutamine but increased the concentration of proline in 

corncockle nectar (Agrostemma githago). In comparison, we investigated amino acid 

changes in two woody myrtaceous species after the addition of N only fertiliser. The 

three studies show that N changes the concentration and direction of change in 

different amino acids. The cause of the difference in direction of influence that N 

addition had on valine and lysine amino acid concentration in our study is unknown. 

Further research into the mechanistic reasons for the observed difference and analysis 

of additional factors leading to variations in amino acid concentration would be 

beneficial. 

 

HONEY BEE VISITATION  

Our results show that the addition of N increased the amount of time a honey bee 

spent foraging on C. phoeniceus and C. quadrifidus floral units. Our findings are 

consistent with several other studies (Burkle and Irwin 2009b, 2010, Barber et al. 2011, 

Cardoza et al. 2011). Burkle and Irwin (2009b) found that the addition of 10 kg N ha-1 

yr-1 increased the mean time a pollinator spent per floral unit. Hoover et al. (2012), 

however found a non-significant, but still relevant preference of pollinators to visit N 

treated flowers, but a large significant increase in the quantity of nectar the pollinators 

consumed in the N treated flowers. Although, Hoover et al. (2012) found that bees 

feeding on nectar from N-treated plants had a higher mortality.  

 



113 

The causes of pollinator behavioural change continue to be investigated, with some 

suggestions that at least one olfactory cue may be altered by N addition. Honey bees 

show a clear preference for proline-enriched nectar (Bertazzini et al. (2010). Proline is 

the most prevalent amino acid in many angiosperms (Gardener and Gillman 2002, 

Kaczorowski et al. 2005, Terrab et al. 2007), including the two plant species in our 

study. As honey bees are capable of tasting proline (Hansen et al. 1998, Wacht et al. 

2000), it has been hypothesised to be an insect attractant, which can increase plant 

visitation and thereby plant fitness (Bertazzini et al. 2010). Proline is an important 

amino acid for honey bees, it enables fast production of ATP (adenosine triphosphate) 

and provides fuel for the initial and most energy expensive phase of flight (Micheu et 

al. 2000, Gade and Auerswald 2002). Proline is on the same biosynthetic pathway as 

the amino acid glutamine (from α-ketoglutarate and glutamate) and its increased 

abundance may be a by-product of the extra glutamine synthesis (Gardener and 

Gillman 2001b). Glutamine is well known as an important amino acid in N metabolism 

and is highly abundant in muscles, where it is used along with proline in providing 

energy for the flight process. In plants and animals, glutamine is used in 

gluconeogenesis (biosynthesis of new glucose) (Mouterde et al. 1992, Nurjhan et al. 

1995). Further research is required to see if the increase seen in nectar glucose was 

caused by the increase in glutamine; therefore creating more glucose through 

gluconeogenesis.  

 

We propose that the alterations in glucose concentration, amino acid composition, and 

the concentration of four essential amino acids in nectar, influence the change in 

honey bee behaviour. Changes in pollinator behaviour, including time spent on a single 

flower, or the number of flowers probed on an inflorescence, can have a strong impact 

on fruiting success (Gijbels et al. 2014). The botanical consequences of changes to any 

pollinator foraging are important for plant population genetics and outcrossing rates 

(Silva et al. 2013) in both natural plant communities (Beattie 1976) and crops 

(Cresswell 1997, Kron et al. 2001a, Kron et al. 2001b). 

 

CONCLUSIONS  

In Western Australia, the implications for continued N deposition influencing 

pollinators and plant reproduction are likely to be important. It is also known that 



114 

many non-native plants are more successful than native plants with increased soil N 

(Vitousek et al. 1987); therefore, it will be important to carry out further research on 

the impact of N addition on non-native pollinators. Research by Johnson et al. (in 

prep), has shown several species of native pollinators at Ridgefield. In this study, we 

focussed only on the non-native honey bee; however, the effect of N addition on the 

floral visitation behaviour of the native pollinators needs to be investigated further.  

 

The addition of N to the soil has been shown to scale up through ecosystems, limiting 

and affecting plant quality, consumer preference and performance, as well as 

community composition and species interactions (Burkle and Irwin 2010). Our results 

highlight novel pathways through which increased N deposition can affect plant-

pollinator mutualisms. The amount of N addition placed at Ridgefield was intended to 

simulate atmospheric deposition in 2050 (Perring et al. 2012). Therefore, our results 

may simulate future conditions for pollinators. Future research is required to 

investigate if there is a flow on effect to successful seed set and the resilience of plant 

community resilience; and to test the generality of these results on other plant and 

pollinator species and in other ecosystems. 
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4.8 Appendices 

APPENDIX 4.1 NATIVE AND NON-NATIVE FLOWERING PLANTS AT RIDGEFIELD 

Table 4.1.1 Native and non-native flowering plants at Ridgefield in 2013. The common and scientific names, the time of year each species flowered at 

Ridgefield during 2013, with indication if there were fewer than 30 individuals flowering across the site, and the plant’s origin (native or non-native). 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Species Common name Flowering season at Ridgefield Origin 

Eucalyptus loxophleba York gum July – December, <10 individuals flowering Native 

Eucalyptus astringens Brown mallet August – December <10 individuals flowering Native 

Acacia acuminata Jam tree July – September <15 individuals flowering Native 

Acacia microbotrya Manna wattle July - August <15 individuals flowering Native 

Hakea lissocarpha Honey bush July – September <30 individuals flowering Native 

Banksia sessilis Parrot bush July- October Native 

Calothamnus quadrifidus One-sided bottlebrush September- November Native 

Callistemon phoeniceus Scarlett bottlebrush Oct-November Native 

Echium plantagineum Paterson's curse August - November Non-native 

Arctotheca calendula Cape weed July - November Non-native 

Erodium spp. Corkscrew September - November Non-native 

Raphanus sativus Radish September – November <30 individuals flowering Non-native 
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APPENDIX 4.2 GRADIENT PROFILE USED IN THE HPLC MOBILE PHASE SYSTEM  

Table 4.2.1 The gradient profile used in the HPLC mobile phase system; % A, consisted 

of the WATERS AccQ.Tag aqueous buffer; % B, consisted of acetonitrile; % C, consisted 

of Milli-Q waters. 

 
Time (min) Flow rate (ml/min) % A % B % C Curve 

Initial 1 100 0 0 na 

0.5 1 99 1 0 11 

18 1 95 5 0 6 

19 1 91 9 0 6 

29.5 1 83 17 0 6 

36 1 0 60 40 11 

39 1 100 0 0 11 
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APPENDIX 4.3 PCA OF AMINO ACIDS

 

 

 Fig. 4.3.1. Score plots of the first two principal components, PC1 and PC2, from a 

principal component analysis of relative amino acid profile of 19 amino acids from 

nectar samples from a) Callistemon phoeniceus and b) Calothamnus quadrifidus 

flowers. 

b) 

a) 
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APPENDIX 4.4 RESPONSE OF NECTAR AMINO ACIDS TO NITROGEN ADDITION IN 

CALLISTEMON PHOENICEUS  

 

Table 4.4.1 Results of the two linear mixed models performed on each amino acid, to 

examine the effect of nitrogen on the concentration of the most essential amino acids 

for honey bees, in Callistemon phoeniceus nectar. For each amino acid, the model with 

and without N were then analysed with an ANOVA. The N+ model included N and 

herbicide treatment as predictors, with plot nested in block as a random factor. The N- 

model had herbicide treatment as a predictor and plot and block as random factors; 

Model, N-, model excluding N fertilisation; N+, model including N fertilisation; Nitrogen 

t, t-stat for N in the model; Herbicide t, t-stat for herbicide treatment in the model; 

R2
GLMM(m), coefficient of determination for the marginal values; R2

GLMM(c), coefficient of 

determination for the conditional values; χ2, Chi square value analysing the model with 

and without N addition; p value for ANOVA analysing model with and without N 

addition.* p value < 0.01, ** p value < 0.005, *** p value < 0.001.  
 

Response Model N t value H t value R
2

GLMM(m) R
2

GLMM(c) χ
2
 p value 

ARG 
N- - -0.090 0.0002 0.1565 - - 

N+ -1.078 -0.172 0.0299 0.1497 1.1269 0.2884 

HIS/GLN 
N- - 0.139 0.0006 0.0055 - - 

N+ 1.988 0.285 0.1017 0.1978 3.7507 0.0502* 

LEU 
N- - -0.096 0.0001 0.7528 - - 

N+ -1.658 -0.138 0.0243 0.7449 2.6388 0.1043 

LYS 
N- - -0.541 0.0083 0.0092 - - 

N+ -3.995 -0.927 0.3189 0.6203 13.2120 0.0003*** 

MET 
N- - 0.816 0.0187 0.0615 - - 

N+ -1.043 0.754 0.0483 0.0825 1.0718 0.3305 

PHE 
N- - 0.3080 0.0004 0.9018 - - 

N+ 0.254 0.3020 0.0007 0.9003 0.0635 0.8010 

PRO 
N- - -1.775 0.0826 0.1323 - - 

N+ 1.929 -1.726 0.1706 0.2117 3.5420 0.0503* 

THR 
N- - 0.780 0.0120 0.5056 - - 

N+ -0.750 0.6470 0.0210 0.4285 0.4795 0.4887 

VAL 
N- - 0.514 0.0075 0.0088 - - 

N+ 3.174 0.801 0.2292 0.3192 8.8816 0.0029** 
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APPENDIX 4.5 RESPONSE OF NECTAR AMINO ACIDS TO NITROGEN ADDITION IN 

CALOTHAMNUS QUADRIFIDUS  

 

Table 4.5.1 Results of the two linear mixed models performed on each amino acid, to 

examine the effect of nitrogen on the concentration of the most essential amino acids 

for honey bees, in Calothamnus quadrifidus nectar. For each amino acid, the model 

with and without N were then analysed with an ANOVA. The N+ model included N and 

herbicide treatment as predictors, with plot nested in block as a random factor. The N- 

model had herbicide treatment as a predictor and plot and block as random factors. 

Model, N-, model excluding N fertilisation; N+, model including N fertilisation; Nitrogen 

t, t-stat for N in the model; Herbicide t, t-stat for herbicide treatment in the model; 

R2
GLMM (m), coefficient of determination for the marginal values; R2

GLMM(c), coefficient of 

determination for the conditional values; χ2, Chi square value analysing the model with 

and without N addition; p value for ANOVA analysing model with and without N 

addition. * p value < 0.01, ** p value < 0.005, *** p value < 0.001.  

 

Response Model Nitrogen t Herbicide t R
2

GLMM(m) R
2

GLMM(c) χ
2
 p value 

ARG 
N- 

 
0.914 0.0250 0.1383 

  
N+ 1.006 0.713 0.0530 0.1440 0.9811 0.3219 

HIS/GLN 
N- 

 
1.433 0.0641 0.0641 

  
N+ 2.183 1.865 0.1921 0.2575 4.4342 0.0352* 

LEU 
N- 

 
1.260 0.0503 0.0503 

  
N+ 0.434 1.317 0.0562 0.0623 0.1878 0.6648 

LYS 
N- 

 
1.566 0.0756 0.0756 

  
N+ 2.525 1.299 0.2372 0.2856 5.7969 0.0161* 

MET 
N- 

 
0.494 0.0081 0.0081 

  
N+ -1.957 0.855 0.1197 0.1390 3.4934 0.0616 

PHE 
N- 

 
0.279 0.0025 0.0401 

  
N+ -1.120 0.487 0.0412 0.1097 1.1958 0.2742 

PRO 
N- 

 
1.171 0.0437 0.0437 

  
N+ -2.849 1.894 0.2483 0.2886 6.5808 0.0103* 

THR 
N- 

 
-0.568 0.0106 0.0106 

  
N+ 0.079 -0.574 0.0108 0.0518 0.0062 0.9373 

VAL 
N- 

 
0.832 0.0225 0.0225 

  
N+ -2.749 1.350 0.2191 0.6750 6.7615 0.0093** 
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APPENDIX 4.6 PHOTOS FROM RIDGEFIELD AND FLORAL VISITORS  

  

 

  

 

 

 

 

 

 

 

 

 Fig. 4.6.1 a) Hymenoptera on H. 

lissocarpha, b) Field volunteer 

collecting nectar, c) Honey bee  

a) b) 

c) 
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5. General Discussion 

My thesis has examined plant-pollinator interactions in a revegetated agroecosystem 

in southwestern Australia, as influenced by nitrogen (N) addition and the presence of 

non-native species. The studies detailed in the preceding chapters were directed 

towards understanding the assembly of pollinator interactions at a revegetation site. 

This concluding chapter discusses the main outcomes of my thesis and potential future 

research directions arising from this work.  

 

5.1 Summary of Findings 

Results from the three data chapters (2-4) show that N addition can influence nectar 

traits and honey bee visitation rates to flowers. Across the planting assemblages at 

Ridgefield, the presence of non-native plants decreased pollinator abundance and 

pollinator morphospecies richness. Yet, neither N addition nor presence of non-native 

plants influenced the effectiveness of potential pollinators at the site.   

 

The field of dreams hypothesis assumes that pollinators follow plant community 

restoration – “if you build it, they will come” (Palmer et al. 1997). This is the notion 

that when you re-establish an ecosystem through replanting trees, the natural 

pollination function will re-establish itself as insects, birds and other pollinating 

organisms naturally re-colonize leading to ‘normal’ community structure, plant-

pollinator interactions and biological function (Frick et al. 2014). Results from our 

study support the field of dreams hypothesis. Previous research has suggested that the 

successful re-establishment of pollination services will be influenced by the impacts of 

anthropogenic habitat fragmentation, spatial isolation from relatively undisturbed 

plant communities, and/or habitat heterogeneity (Winfree et al. 2011). Such impacts 

affect the abundance and density of plants and their pollinators, as well as pollinator 

behaviour and foraging routes (Cranmer et al. 2011; Kearns and Inouye 1997; Winfree 

et al. 2011). For example, pollen limitation may occur if the distance between restored 

and natural populations becomes greater than the foraging range of pollinators, and 

plants in small populations may be bypassed by pollinator exhibiting density-

dependent behaviour (Frick et al. 2014). I found, that even with two impact of 
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environmental change - the presence of non-native plants and N addition - our site 

supported successful plant-pollinator interactions. Although our field site was recently 

revegetated agroecosystem, after planting 11,660 native trees with the potential to 

flower (Perring et al. 2012) the native plants were not pollen limited.  

 

Chapter two gave an overview of the floral visitors at Ridgefield. As relatively little was 

known about the pollinating insects in the wheatbelt of southwestern Australia, it was 

important to establish the species present as a precursor to more detailed research. I 

found there were 249 morphospecies of floral visiting insects to the six flowering plant 

species present (four native and two non-native), and of those 142 were potential 

pollinating insects. As this region is in a biodiversity hotspot, the number of floral 

visitor species was not surprising. However, their presence in a restoration site in a 

degraded agroecosystem was unexpected.  

 

Apis mellifera (European honey bee) was the most abundant pollinator at Ridgefield. 

The honey bee is known to be a generalist pollinator that visits flowers with different 

pollination syndromes (Aizen and Feinsiger 1994; Roubik 1980) and displays high 

conspecific foraging (Chittka et al. 1999). At Ridgefield, I found the honey bee 

successfully pollinated native plants, even in the presence of non-native plant flowers. 

However, it was hard to conclude how the native insect community was influenced by 

the treatments since the honey bee had such high pollinator importance values (PIV). 

Not only were the Apis mellifera PIVs high, but their overall abundance was high 

compared to other morphospecies, and I would have run into similar problems 

measuring changes in absolute numbers.  Apis mellifera is found throughout the world, 

and it is abundance is well documented. Despite the A. mellifera abundance and highly 

successful pollination skills, it could be considered an environmental pest. At 

Ridgefield, the native pollinators could be unsuccessfully competing with A. mellifera, 

the dominant species in this case. I predict that given A. mellifera is recognised as a 

dominant pollinator around the globe (Abrol 2011), our results on pollinator 

effectiveness would be transferable to other ecosystems.  

 

In Chapter two, the pollinator exclusion experiment illustrated that insect pollinators 

are important for successful seed set of the three native plants I studied at Ridgefield: 
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Hakea lissocarpha, Callistemon phoeniceus and Calothamnus quadrifidus. Although, it 

was also clear these three species are capable of self-pollination, having pollinators 

visiting flowers significantly increased the proportion of fertile seeds. Due to the 

effectiveness of the pollinators at our site, the native plants were not pollen limited. 

This result supports previous reviews that have suggested that increased pollinator 

abundance and/or having generalist pollinators in a plant community can decrease the 

occurrence of pollen limitation on reproductive success (Wolowski et al. 2014). The 

addition of nitrogen and herbicide had no effect on the proportion of viable seeds 

produced by the three native plants. 

 

After identifying the potential pollinators at Ridgefield, I was able to identify how the 

structure of plant-pollinator networks changed with the presence of non-native plants 

and simulated N deposition in Chapter three. The results showed that plant 

assemblages with higher native plant richness received more pollinator visits and 

attracted greater morphospecies richness. Nonetheless, non-native plants were well 

integrated into the native pollinator networks. This integration implies possible 

competitive and facilitative interactions between native and non-native plants, 

mediated through insect visits to the flowers (Memmott and Waser 2002). However, 

with ecological restoration goals in mind, I concluded that mixed assemblages of native 

and non-native flowering species can allow the establishment of effective plant-

pollinator networks. Therefore, it might not be necessary to remove non-native 

species for restoration of plant-pollinator networks in early successional York gum 

woodlands.  

 

The majority of the pollinators at Ridgefield can be described as generalists. Having 

generalist pollinators in a plant community promotes the structure and stability of the 

mutualistic networks (Cusser and Goodell 2013). The generalist pollinators play a more 

important role in the cohesiveness of communities than would be assumed from their 

relative abundance (Cusser and Goodell 2013). Generalists pollinators in a community 

likely helps maintain resilience in the face of species loss and fragmentation of plant-

pollinator networks (Gonzalez et al. 2009). At Ridgefield, the generalist pollinators 

played an important part in kick-starting community development of the newly 



130 

revegetated agroecosystem both directly, by pollinating planted native species, and 

indirectly via their interactions with other species in the system. 

 

Chapters two and three gave insight into interactions between the most important 

pollinator, Apis mellifera, and the two most prolific flowering plants, Calothamnus 

quadrifidus and Callistemon phoeniceus, at Ridgefield. In Chapter four, I examined 

whether increased N fertilisation affected nectar traits in the two plant species and the 

visitation of A. mellifera. My results demonstrate that N fertilisation increased the 

amount of glucose, marginally changed amino acid composition and the concentration 

of four amino acids essential for honey bee survival, and increased the time honey 

bees spend on flowers. 

 

Nitrogen deposition is increasing around the world, and is predicted to intensify 

(Phoenix et al. 2006). Nitrogen deposition is known to be a threat to plant diversity, 

and can change species composition (Bobbink et al. 2010). Throughout the 

experiment, the suggested critical load of 10 kg N ha-1 yr-1 was utilized. This level is 

proposed to be a point that beyond ecosystem functions would be adversely affected 

(Ochoa-Hueso et al. 2011). Results from Chapter four show that N fertilisation can alter 

nectar traits linked to plant attractiveness to pollinators and in fact increased the time 

a honey bee spent on C. quadrifidus and C. phoeniceus flowers.  

In conclusion, in the face of regional increases in N deposition (Phoenix et al. 2006) I 

have shown that a small (but realistic) increase in N can have implications for an 

important ecosystem function. Given the Mediterranean-type climate, and nutrient 

poor soils in southwestern Australia, it is difficult to determine how generally 

applicable this finding might be.  

 

5.2 Limitations 

It could be argued that a limitation of the experimental design was the lack of site level 

replication, which not only prevented me from statistically comparing treatments 

across sites, but also limited my ability to extrapolate the findings from this study to 

other locations (Cottenie and Meester 2003). However, the experimental design 

deliberately included numerous sampling units across time in the flowering season. 

The necessary trade-off, for logistical reasons, was to reduce the number of sampling 
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units in space. Reducing the number of sampling units was also necessary as there was 

widespread mortality of some of the planted native species across Ridgefield.  

 

5.3 Implications for Further Research 

Given the limitations in terms of time and resources, there were several variables I was 

unable to measure, but in light of my findings, it seems important that future research 

investigates these factors more thoroughly and tests the generality of these results on 

other plant species and in other systems. My results show that, at a young 

revegetation site, the addition of N fertiliser and the presence of non-native flowering 

plants can impact on plant-pollinator interactions. In order to fully understand the 

nature of the impact, further research is needed to determine the development of the 

mutualistic network structure as the restoration experiment matures. However, I 

would recommend that observing relatively low numbers of plant species at a 

restoration site is a beneficial way to look at plant-pollinator networks experimentally 

as the structures are simpler (Carlquist 1974); therefore, it can be less complicated to 

calculate network indices and separate the effects of abiotic and biotic variations on 

the network structure.  

 

I did not measure other changes in floral traits, such as scent, size of the reproductive 

structures, or the quality and/or quantity of the pollen, which could be important 

mediating variables in linking floral attractiveness and pollinators. Ongoing research 

will contribute to ecological knowledge and the ability to restore species and function 

to degraded ecosystems. As well as providing resources for the pollinating insects 

(and/or other floral visitors), the mutualistic interaction is also about successful pollen 

collection and receipt. This means future research is required to investigate the flow-

on effect of N deposition and presence of non-native plants to seed set and plant 

community resilience. This thesis indicated the importance of honey bees to the 

success of the planted native species at Ridgefield. However, to fully grasp if non-

native plants or N deposition influence pollinator efficiency, a longer term study would 

be required to fully understand the relationship between European honey bees, the 

native bee populations and how they are affected by the presence of non-native 

plants. Additionally, further research is required to understand, first, how the absence 
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of such an important pollinator would influence plant-pollinator interactions and 

secondly the consequences of the honey bee’s absence for plant reproductive output. 

 

5.4 Conclusion 

Overall, this PhD has provided useful insights into the development of plant-pollinator 

interactions during restoration and also on how N deposition and the presence of non-

native plants can affect these plant-pollinator mutualisms. This research contributes to 

our understanding of how plant-pollinator interactions can be influenced by changing 

environmental conditions. Further research could build on the work presented in this 

thesis, particularly by strengthening the understanding of how other important 

impacts of global environmental change influence the community assembly of 

pollinators in modified systems.  
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