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SUMMARY 
 

Concerns over wild pollinator declines have increased public motivation to purchase 

pollinator friendly plants and seed mixtures for gardens and amenity space. Ornamental 

annual seed mixtures are often described by the manufacturers as “pollinator friendly”, yet 

very few studies have scientifically tested these claims. The overall aim of this thesis was to 

assess the ability of ornamental annual seed mixtures to support wild pollinators and identify 

how mixtures could be improved. Pollen metabarcoding has been highlighted as an important 

methodological tool for assessing patterns of floral resource use and was used in combination 

with observational surveys and network analysis to explore patterns of floral resource use. 

 

In chapter one, four ornamental “pollinator friendly” annual seed mixtures were trialled for 

their ability to attract a diversity of wild pollinators. Findings revealed that only a small 

proportion of plant species in mixtures were visited by wild pollinators and none of the 

mixtures were very attractive to solitary bees. Chapter two explored the overall breadth and 

composition of floral resources used by wild pollinators across all seed mixtures and within 

the surrounding landscape. Patterns in floral resource use were investigated at the level of the 

overall network, species, and individual, using pollen metabarcoding and quantitative 

network analysis. Previous studies have found that floral constancy is a common trait 

displayed amongst individuals, though in the present study this was not found to be the case. 

In the third chapter, an evidence-based plants for pollinators recommendation list were 

systematically collated from peer-reviewed literature. Plant species that were identified,  

included species which are not currently used in annual ornamental mixtures and may have 

the potential to enhance them. Overall, the thesis highlighted the need and potential to 

enhance ornamental annual mixtures to support a greater diversity of wild pollinators and 

revealed important insights into the structure of plant-insect interactions within these 

mixtures. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 
Photo of one of the trial plots taken in July 2018 at the National Botanic Garden of Wales. 
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CHAPTER 1  

 

GENERAL INTRODUCTION



 
 

2 
 

1.1 Ecosystem services – giving insects the centre stage 
 

In the last century, global biodiversity has rapidly declined, primarily as a result of human 

activities (Ceballos et al., 2015). This has led to ecosystem degradation and consequent loss 

of ecosystem services (Millennium Ecosystem Assessment, 2005). Ecosystem services have 

been defined by the Millennium Ecosystem Assessment as “the benefits that people obtain 

from ecosystems”, such as food and carbon storage. This concept has also been used to 

determine conservation priorities where funding is limited (Millennium Ecosystem 

Assessment, 2005; Turner et al., 2007) and is particularly beneficial for animal groups which 

have little public appeal; such as insects (Snaddon, Turner, & Foster, 2008).  

 

Insects are important contributors to ecosystem services; including decomposition, 

pollination and pest control (Losey & Vaughan, 2006; Schowalter, 2016). Pollination is an 

ecosystem service of global importance, which directly affects ecology, human wellbeing and 

the economy (Dobson et al., 2020; IPBES, 2019; World Economic Forum, 2020). Most insect 

pollinators are wild and include bumblebees, solitary bees, hoverflies, butterflies, moths and 

some wasps (Ollerton, Winfree, & Tarrant, 2011). A small percentage are domestically reared 

for crop pollination services and the production of honey, propolis and beeswax; these 

include honeybees and a small number of solitary bee and bumblebee species (IPBES, 2019). 

 

1.2 Importance of Wild Insect Pollinators 

Until relatively recently, the importance of wild pollinators had been largely underestimated 

(Breeze et al., 2011). Wild pollinators play a central role in ecosystem service provision, with 

insects pollinating over 80% of the world’s flowering plants, including economically 

important crops (Biesmeijer et al., 2006; Gallai et al., 2009; Ollerton et al., 2011). Indeed, a 

recent study (Breeze et al., 2021) estimated that a thirty percent decline in Britain’s 
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pollinators would result in a ~£188 million per year loss in crop yields. The importance of 

hoverflies is also gaining increasing recognition for their role in both pollination and as 

predators of crop pests (Jauker & Wolters, 2008; Rader et al., 2020; Rodríguez-Gasol et al., 

2020). In addition, effective plant pollination requires a diversity of insect pollinator guilds 

(Martins et al. 2015 and Hoehn et al. 2008) and studies have highlighted greater stability and 

efficiency in pollination services with increased species diversity (Hoehn et al., 2008; Martins 

et al., 2015; Senapathi et al., 2021).   

 

In addition to their value in the provision of ecosystem services, pollen and nectar feeding 

insects also have an important cultural and societal value (Potts et al., 2016). Furthermore, 

whilst the provision of ecosystem services is an important argument for pollinator 

conservation, it is also important to consider that an ecosystem service focussed approach to 

insect conservation may limit resources available for those species which have a limited role 

in ecosystem service provision. Kleijn et al (2015) highlighted that 80% of crop pollination 

services are provided by 2% of bee species, with the majority of these being regionally 

common species. He argued that a traditional approach to focus on the most threatened 

species is also important to ensure these species are protected. 

 

1.3 Wild Pollinator Declines 

There is some evidence to suggest that insects including wild bees and hoverflies have shown 

local abundance and range declines (Hallmann et al., 2017; 2021; Potts et al., 2010; Powney 

et al., 2019). Indeed, a recent study found that Britain’s bee and hoverfly species have 

declined by one third since 1980 (Powney et al., 2019). However, the true extent of decline is 

difficult to quantify, as long-term standardised data is lacking for many wild pollinator 

species (Dornelas & Daskalova, 2020; Hortal et al., 2015; Nieto et al., 2014; Potts et al., 



 
 

4 
 

2015). The IUCN red data list for European wild bees found that 56.7% of bee species were 

data deficient (Nieto et al., 2014); highlighting the need for more research into wild pollinator 

ecology (Dicks et al., 2013; Gill et al., 2016). Butterflies and bumblebees are the most studied 

wild pollinators and in the last four decades, butterflies have declined by over 70% (Fox, et 

al., 2015) and two thirds of bumblebee species are considered rare or threatened in the UK 

(Williams & Osborne, 2009). Of particular concern are specialist insect pollinators such as 

oligolectic species; which visit a limited suite of plants (Biesmeijer et al., 2006; Goulson et 

al., 2005). 

 

1.4 Developing Seed Mixtures for Wild Pollinators in Human Altered 

Landscapes 

The decline of wild pollinators is attributed to multiple interacting factors which are 

principally associated with increased urbanisation and agricultural intensification – reviewed 

in Potts et al., (2010) & Vanbergen et al., (2013). These include: the loss and fragmentation 

of habitat (Baude et al., 2016; Carvell, Roy, et al., 2006; Steffan-Dewenter & Tscharntke, 

1997; Warzecha et al., 2016), climate change (Memmott et al. 2010), increased use of 

pesticides (Brittain et al., 2010; Pisa et al., 2015; van der Sluijs et al., 2013), disease (Fürst et 

al., 2014; Goulson et al., 2015) and competition for resources between wild and introduced 

insect pollinators (Goulson & Sparrow, 2009; Magrach et al., 2017). Concerns over wild and 

managed pollinator declines have led to the implementation of pollinator strategies at 

international (IPBES, 2019; Potts et al., 2015) national (DEFRA, 2018; Welsh Government, 

2013) and local scales (Carmarthenshire County Council, 2021; West Sussex County 

Council, 2018). For wild insect pollinators, loss of floral resources is considered one of the 

main causes of pollinator decline (Biesmeijer et al., 2006; Bommarco et al., 2010; Carvell, 

Roy, et al., 2006). Consequently, there has been a strong focus to increase floral resources; 
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which has included sowing “pollinator friendly” seed mixes and planting schemes in farms, 

gardens and amenity spaces to provide important additional resources (Baldock et al., 2015a; 

Blackmore & Goulson, 2014; Gammans, 2019; Haaland, Naisbit, & Bersier, 2011)).  

 

1.4.1 Agricultural Landscapes 

In Europe, pollinator conservation in rural areas has primarily been implemented through 

agri-environment schemes, such as the Glastir in Wales and the Countryside Stewardship 

scheme in England (DEFRA, 2020; Welsh Government, 2019). These non-targeted schemes 

aim to increase farmland biodiversity and include options to attract insect pollinators; such as 

the sowing of wildflower strips along field edges (DEFRA, 2020; Welsh Government, 2019). 

There have been numerous peer reviewed studies into the effectiveness of options such as 

these for pollinator conservation (Carvell, Westrich et al., 2006; Haaland et al., 2011; 

Warzecha et al., 2018; Wood, Holland, & Goulson, 2017) and the benefits of sowing 

wildflower strips is well established (Haaland et al., 2011). However, concerns have been 

raised over their primary focus on maintaining pollination services for agricultural crops, 

rather than to conserve threatened insect pollinators (Kleijn et al., 2015; Memmott, Waser, & 

Price, 2004; Scheper et al., 2013). Targeted conservation projects for pollinators of 

conservation importance have been implemented by non-governmental organisations such as 

the Bumblebee Conservation Trust at both local and landscape scales (Gammans, 2019). 

Whilst there have been few peer reviewed studies on the effectiveness of these projects, there 

is evidence to suggest that targeted conservation projects are more successful than non-

targeted schemes (Kleijn & Sutherland, 2003). 
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1.4.2 Gardens and Amenity Space 

As agricultural landscapes continue to intensify (Robinson & Sutherland, 2002), gardens and 

amenity spaces are becoming increasingly important ecological habitats for wild pollinators 

(Baldock et al., 2015b; Goddard, Dougill, & Benton, 2010; Hall et al., 2017). Greater public 

awareness about the declines of pollinators has led to increased motivation to purchase plants 

and seed mixtures which are attractive to pollinators (Wignall, Alton, & Ratnieks, 2019). In 

gardens and amenity space, there is a strong emphasis on the aesthetics of planting schemes 

(Hitchmough 2017). Designing seed mixtures which are both attractive to the public and 

valuable for a diversity of pollinating insects may require a trade-off between these 

requirements (Buchholz & Egerer, 2020; Hoyle et al., 2018; Özgüner & Kendle, 2006). 

Annual seed mixtures are popular in gardens and amenity areas for their aesthetic value, ease 

of establishment, short turn-around time from sowing to being in full flower and long 

flowering period late into the season (Dunnett, 2008; Nagase & Dunnett, 2013). The 

composition of plant species varies between mixtures with non-native species often added to 

the traditional native cornfield annual mixtures to extend their flowering period and enhance 

aesthetic value (Dunnett, 2008). 

Research has highlighted the value of annual flowering plants for wild pollinators, 

(Carvell, Westrich, et al., 2006; Garbuzov & Ratnieks, 2014b; Hogg, Bugg, & Daane, 2011; 

Kopta, Pokluda, & Psota, 2012; Nichols, Goulson, & Holland, 2019; Piko et al., 2021; 

Warzecha et al., 2018). For example, Phacelia tanacetifolia has been found to increase the 

oviposition rate and lifetime fecundity of female hoverfly Episyrphus balteatus (Laubertie, 

Wratten, & Hemptinne, 2012). However, there is also evidence to suggest that seed mixtures 

which just contain annuals may only attract generalist species (Erickson et al., 2020; 

Mallinger et al., 2019) and provide lower nutritional rewards compared to perennial mixtures 

(Hicks et al., 2016). The attractiveness of seed mixtures may also be influenced by the 
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inclusion of non-native species (Corbet et al., 2001; Lowenstein, Matteson, & Minor, 2019; 

Pardee & Philpott, 2014; Salisbury et al., 2015), though pollinator preferences for native over 

non-native species are debated (Hanley, Awbi, & Franco, 2014). For example, Salisbury et 

al., (2015) found a greater abundance of pollinators on native and near native plots compared 

to non-native plots. However, the study also found a greater abundance of pollinators on non-

native plots later in the year, highlighting their importance in providing floral resources when 

the availability of native species reduced later in year. Ornamental flowering plants vary in 

their attractiveness to flower-visiting insects (Garbuzov & Ratnieks, 2014b; Marquardt et al., 

2021; Rollings & Goulson, 2019), with some providing little or no value at all (Corbet et al., 

2001; Garbuzov, Samuelson, & Ratnieks, 2015). Therefore, the selection of more aesthetic 

varieties may alter the attractiveness of mixtures to a range of flower-visiting insects 

(Erickson et al., 2020; Garbuzov & Ratnieks 2015; Rollins & Goulson 2019). 

Studies assessing the value of annual flowering seed mixtures for wild pollinators 

have largely been carried out in agricultural landscapes, (Carreck & Williams, 2002; Carvell, 

Westrich, et al., 2006; Hogg et al., 2011; Mallinger et al., 2019; Nichols et al., 2019; Tschumi 

et al., 2016), though research on seed mixtures designed for use in gardens and amenity 

spaces is increasing (Blackmore & Goulson, 2014; Erickson et al., 2020; Godfrey, 2017; 

Hicks et al., 2016; Potter et al., 2019). To develop suitable seed mixes which are both 

beneficial for wild pollinators, cost effective and aesthetically pleasing, there is a need 

combine and prioritise multiple ecological and economic factors. For the present thesis, the 

focus is directed to the floral resource preferences of the target flower-visiting insects, though 

it is important to highlight that the selection of appropriate plant species for inclusion in a 

pollinator friendly seed mix must also consider the management and ecological traits of the 

plant species and the cultural and economic requirements of gardeners or local authorities 

(Dunnett, 2008; Hitchmough 2017).  
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Analytical tools are being developed to automate the decision-making process to aid 

the selection of plant species for seed mixtures (M’Gonigle et al., 2017; Williams & 

Lonsdorf, 2018). They have the potential to improve the utility of mixtures for their 

predefined targets, such as attracting pollinating insects. Tools such as these first require 

accurate and reliable information, to ensure that the outputs can produce optimal results. 

Whilst there are recommendation lists available to provide guidance on the best plants for 

pollinators, these are principally based upon anecdotal evidence, and are inconsistent in their 

availability of information across different insect groups (Garbuzov & Ratnieks, 2014a). 

Therefore, when the principal aim is to attract a diversity of flower-visiting insects, it is 

important that the right plants are selected and based on empirical evidence (Gill et al., 2016). 

Furthermore, there are hundreds of peer reviewed research papers which have included insect 

pollinator monitoring; there is a need to synthesise these data to make it more accessible for 

the public and policy makers (Dicks et al., 2013; Steele et al. 2019). 

 

1.5 Wild Pollinator Foraging strategies and resource requirements 

1.5.1 Specialisation and Generalisation 

Flowers and their visitors are intimately linked, each depending upon the other for survival 

and reproductive success (Biesmeijer et al., 2006; Goulson et al. 2015; Ollerton, Winfree, & 

Tarrant, 2011; van Rijn & Wackers, 2016). Early research into mutualistic relationships 

between plants and insects attempted to classify interactions using the floral syndrome 

hypothesis, in order to predict the pollinators of certain plants (Faegri & Van der Pijl, 1979). 

This was based upon coevolutionary theory (Darwin, 1859), that natural selection will drive 

specialisation of interactions. Increasing research with greater focus from the flower-visitor 

perspective (Johnson & Steiner, 2000; Pellmyr, 2002) revealed that interactions are largely 

generalist, with very few interactions which are specialised, either reciprocally or on one side 
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of the mutualism (Waser et al., 1996). Mutualistic interactions between plants and insects are 

complex and dynamic (Waser et al., 1996), influenced by tempo-spatial and environmental 

variation (Alarcón, Waser, & Ollerton, 2008; Geslin et al., 2013; Petanidou et al., 2008; 

Waser et al., 1996). Furthermore, the foraging behaviour of the individual can influence how 

patterns in floral resource preferences are perceived at the population and community level 

(Bolnick et al. 2002; Brosi, 2016). For example, a generalist species may be comprised of 

many specialised (florally constant) individuals (Lucas et al., 2018). 

 

1.5.2 Floral Constancy of Individuals 

Whilst only a small proportion of flower-visiting insect species are considered innate 

specialists (oligolectic), floral constancy, in which an individual displays temporary fidelity 

to a particular plant species is a relatively common trait. Floral constancy of this kind (as 

opposed to innate specialisation) has been observed in a range of flower-visiting insects, 

including hoverflies (Goulson & Wright, 1998; Lucas et al., 2018), honey bees (Grant, 1950), 

wild bees (Matsumoto, Abe, & Maejima, 2009; Raine & Chittka, 2005) and butterflies 

(Goulson & Cory, 1993; Goulson, Ollerton, & Sluman, 1997). There are a number of possible 

theories to explain why individuals would selectively avoid potentially rewarding resources, 

including the interference hypothesis (Darwin, 1876), trait variability hypothesis (Gegear & 

Laverty, 2005), search image hypothesis (Goulson, 2000), and adaptive foraging behaviour 

(Gruter & Ratnieks, 2011; Kunin & Iwasa, 1996; Real, 1981) reviewed in (Amaya-Marquez, 

2009; Chittka, Thomson, & Waser, 1999; Goulson, 1999) and there is still some uncertainty 

as to which mechanism, or indeed mechanisms are responsible for the floral constancy of 

individuals. 

The degree to which an individual is florally constant varies, intra and 

interspecifically (Klecka et al. 2018; Lucas et al., 2018; Stout, Allen, & Goulson, 1998; 
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Weiner et al., 2011; Araujo, Bolnick, & Layman 2011). It may be constrained by differences 

in innate ecological traits such as proboscis length and body size and can be influenced by 

external factors including the quality and availability of rewards in the surrounding landscape 

(Baldock et al., 2015; Geslin et al., 2013), the complexity of floral resources (Laverty, 1980), 

the density and diversity of floral resources (Fruend, Linsenmair, & Bluethgen, 2010; Kunin 

& Iwasa, 1996; Stout et al., 1998; Martínez-Bauer et al. 2021) and interactions with other 

flower-visiting insects (Fruend et al., 2010; Pornon et al., 2019; Svanbäck & Bolnick, 2007). 

Understanding how assemblages of flower-visiting insects utilise patches of sown resources, 

can provide insight into how resources within the mixture are partitioned. This mechanistic 

understanding can also help to improve future seed mixtures for the target insect groups 

(Kaiser-Bunbury & Blüthgen, 2015) 

 

1.5.3 Floral Resource Requirements 

The floral resource preferences of insect pollinators are influenced by their specific 

nutritional requirements, life history traits and the quality and availability of floral resources 

(Cnaani, Thomson, & Papaj, 2006; Gilbert, 1981; Hanley et al. 2008; Haslett, 1989; Somme 

et al., 2015). Pollen and nectar in floral resources provide important sources of protein, 

carbohydrates and sugar, vital for survival and reproductive success (Grass et al., 2016; 

Laubertie et al., 2012; Nicolson, 2011; Woodard & Jha, 2017). The quality of pollen and 

nectar varies both temporally and between different flowering plants; with some plants 

providing either pollen or nectar or both (Comba et al., 1999; Jakobsen & Kritjánsson, 1994). 

Therefore, wild pollinators use innate and learned behaviours to respond to visual and 

olfactory cues to select the most rewarding resources (Goulson, 1999; Howell & Alarcon, 

2007; Saleh & Chittka, 2007; Yokoi, Goulson, & Fujisaki, 2007;Willmer 2011). 
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Differences in floral resource preferences between wild pollinator groups (Gilbert, 

1980; Inoue & Yokoyama, 2006; Nichols et al., 2019; Woodcock et al., 2014) can mean it is 

difficult to develop one seed mixture that provides sufficient resource requirements for all 

pollinator guilds (Wäckers & Van Rijn, 2012). Indeed, the choice of plant species within the 

mix can affect the ratio of particular pollinator groups (Campbell et al., 2012; Campbell et al., 

2017; Harmon-Threatt & Hendrix, 2015). Commercially available seed mixtures which are 

used in both agricultural and urban areas are generally marketed as being beneficial to all 

insect pollinators “pollinator friendly”. However, research has revealed that mixtures can be 

more attractive to certain insect groups or species than others (Campbell et al., 2012; Carvell, 

Westrich et al., 2006; Nichols, Goulson, & Holland, 2019; Warzecha et al., 2018). Wood et 

al., (2017) investigated the effect of sowing wildflower seed mixes on the diversity and 

abundance of solitary bees. The study found that solitary bees did not frequently use the 

species within the seed mix, instead foraging on resources in the surrounding landscape. This 

indicates that it may be beneficial to develop pollinator seed mixes specifically for these 

pollinator guilds. Whilst bumblebee and butterfly mixtures are widely available, there are 

currently few commercially available mixes designed specifically for solitary bees, hoverflies 

or moths. 

 

1.6 Applying Pollen metabarcoding to investigate annual flowering 

seed mixtures 

Whilst observational surveys provide important information about current and historic 

patterns in floral resource use (Burkle, Marlin, & Knight, 2013), monitoring techniques are 

not standardised, leading to sampling biases, (O’Connor et al., 2019; Westphal et al., 2008). 

Inconspicuous flowers visited by small species may be missed, as well as interactions 

between plants and insects outside of the survey area (Pornon et al. 2017). Consequently, it 
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can be difficult and labour intensive to obtain a complete picture of the foraging patterns of 

an individual from observational data alone (Gibson et al., 2011). This could lead to 

misleading conclusions about the diet breadth of an individual and an overestimation of the 

extent to which an individual forager is specialised on a particular flower (Arstingstall et al., 

2020; Bosch, et al., 2009). 

Pollen carried on the body of an insect can be identified to determine the plant species that 

have been visited, broadening the temporospatial window of observation and a more detailed 

insight into the foraging patterns of an individual (Beil, Horn, & Schwabe, 2008; Gill et al., 

2016; Pornon et al., 2017). When assessing the value of seed mixtures, understanding these 

patterns can provide greater insight into how resources within the seed mixture contribute to 

the overall diet of the insect (Carvell, Westrich et al., 2006; Wood, Holland, & Goulson, 

2016). Indeed, understanding how seed mixtures designed for urban and amenity landscapes 

contribute to wild pollinator diet has been highlighted as a key knowledge gap (Steele et al., 

2019). Traditional palynological methods, using light microscopy to identify pollen grains 

have provided important historic insights into the plants which are visited by insects (Jones, 

Brennan, et al., 2021). However, the identification of morphological characteristics of pollen 

requires specialised palynological training and is very time consuming (Rahl, 2008; Smart et 

al., 2017). 

DNA metabarcoding can be used to identify multi-species samples obtained from 

whole or part of an organism, such as pollen (Taberlet et al. 2012). Plant species are 

identified using plant DNA barcodes, a short section of conserved DNA, with low 

intraspecific variation and high interspecific variation for successful identification (Bell et al., 

2016). The barcode region is amplified from the sample DNA, sequenced and compared to a 

known reference library for identification (Jones, Twyford, et al., 2021). For successful and 

reliable identification of a plant species, a DNA barcode must have universality (be easy to 
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amplify and sequence), as well as having good sequence quality and discriminatory power 

(Hollingsworth, Graham, & Little, 2011). For plant species identification, there is currently 

no single marker which meets all these criterion (Hollingsworth et al., 2011) and 

consequently, species level discrimination for closely related species can be difficult 

(Clement & Donoghue, 2012). Therefore, multiple DNA barcodes are commonly used 

together to increase taxonomic coverage and resolution (Bell et al., 2017; Hollingsworth et 

al., 2011; Jones, Twyford, et al., 2021; Lucas et al., 2018; Richardson, Lin, Quijia, et al., 

2015). Successful identification also requires well-curated reference libraries with high 

taxonomic coverage to ensure that all sample sequences can be matched (Jones, Twyford, et 

al., 2021).  

The application of DNA metabarcoding in entomological research continues to 

rapidly expand, providing important advances in conservation, ecology and evolutionary 

research (Paula, 2021). Pollen metabarcoding has been used to investigate patterns in floral 

resource use in domesticated honey bees (Hawkins et al., 2015; Galimberti et al., 2014;Jones, 

2020; Richardson, Lin, Sponsler, et al., 2015) and more recently in wild pollinators including 

bumblebees (Piko et al., 2021; Potter et al., 2019; Timberlake, 2019), hoverflies (Lucas et al., 

2018a) and solitary bees (Elliott et al., 2021; Gous et al., 2019; 2021; McFrederick & Rehan, 

2019). DNA metabarcoding has been used successfully to examine the composition, relative 

abundance and breadth of floral resources used by flower-visiting insects (Bell et al., 2017; 

Deagle et al., 2019; Pornon et al., 2016; Richardson, Lin, Quijia, et al., 2015). Studies have 

been carried out across local and landscape scales and have examined temporospatial 

variation in patterns of floral resources use, their implications for ecosystem services and 

insect conservation (Vamosi et al., 2017). The use of pollen-metabarcoding to study plant-

insect interaction networks is relatively new, with exciting potential to enhance understanding 

in the ecology of these relationships (Evans & Kitson 2020). 
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Developments in pollen metabarcoding using high throughput techniques has enabled 

the rapid identification of hundreds of mixed pollen samples (Sickel et al., 2015), making it 

feasible to analyse larger sample sizes (Bell et al., 2016; Taberlet et al. 2012). Furthermore, 

pollen metabarcoding can provide a more accurate representation of individual patterns in 

resource use, across a much broader spatial scale compared to observational and light 

microscopic methods (Arstingstall et al., 2020; Pornon et al., 2017; Richardson, Lin, 

Sponsler, et al., 2015; Evans & Kitson 2020). 

 

1.7 Premise of the Thesis 

Understanding how wild pollinators respond to sown mixtures within gardens and 

amenity space has been highlighted as a key research priority (Gill et al., 2016; Sutherland et 

al.,2011). Despite this there are very few studies which have assessed the ability of sown 

ornamental annual mixtures to support wild pollinators in gardens and amenity space. In 

addition, mixtures labelled as “pollinator friendly”, are often based on guidance from plants 

for pollinators recommendations lists, which are principally based on anecdotal evidence 

(Garbuzov & Ratnieks, 2014b). To develop future seed mixtures which can attract a diversity 

of wild pollinators in gardens and amenity spaces, there is a need for further investigation 

into commercially available “pollinator friendly” ornamental mixtures and to develop 

evidence-based recommendations lists which are available to stakeholders, including seed 

merchants, gardeners and landscape planners. This was highlighted as an evidence gap in the 

2019 technical report of evidence statements to inform the National Pollinator Strategy 

(Steele et al., 2019). 

Blackmore & Goulson, (2014), were the first to investigate the value of sowing 

wildflowers in amenity space, comparing a native mixture of annuals and perennials with 

regularly mown plots. The study highlighted the importance of providing additional floral 
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resources in amenity space and built the foundations for further research. Ornamental annual 

mixtures have been explored further by comparing the value of their nutritional rewards to 

perennial mixtures (Hicks et al., 2016) and between different annual seed mixtures (Godfrey, 

2017).  

Since wild pollinators are highly mobile, the floral resources within a seed mixture are 

likely to form only part of their diet (Carvell, Westrich et al., 2006; Wood, Holland, & 

Goulson, 2016). Most recently, Potter et al., (2019) was the first study to use pollen 

metabarcoding to assess how ornamental annual mixtures contributed to the overall plant taxa 

used by wild pollinators (bumblebees) from within and surrounding the seed mixture. This 

study revealed additional resources which were used by bumblebees from outside as well as 

those in the seed mixture and highlighted the potential of pollen metabarcoding in assessing 

the value of seed mixtures. However, it only focussed on one insect group (bumblebees), had 

a small sample size and only one plant DNA barcode marker (rbcL) was used, potentially 

reducing taxonomic resolution (Hollingsworth et al., 2011).  

Using DNA metabarcoding, to explore how wild pollinator communities utilise sown 

patches of ornamental seed mixtures would provide further insight into the value of 

ornamental mixtures for wild pollinators and how they can influence the structure of plant-

insect interactions. To date, only a small number of studies have used pollen metabarcoding 

and network analysis to explore plant-insect interaction networks (Lucas et al. 2018b; Pornon 

et al., 2016), with no studies to date using both these methods to investigate ornamental 

annual seed mixtures. Furthermore, exploring these patterns at different scales of the 

taxonomic hierarchy could provide insight into patterns of individual resource use and how 

this influences patterns at the species and community level (Brosi, 2016). The present thesis 

focuses on three groups of wild pollinators: bumblebees, hoverflies and solitary bees. Whilst 

wild pollinators, including beetles, moths and butterflies and the managed honeybee are also 
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important pollinators, time and funding limitations meant that it was not feasible to collect, 

process and analyse data for all pollinator groups. 

 

1.8 Thesis Aim and Objectives 

The overall aim of this thesis was to assess the ability of “pollinator friendly” annual seed 

mixtures designed for gardens and amenity space to support wild pollinators.  

Objective 1 (chapter 2) 

To investigate the ability of ornamental annual seed mixes to attract a diversity of wild 

pollinators. This was carried out by investigating the following questions: 

1. Do seed mix treatments vary in their attractiveness to different wild pollinator groups? 

2. Which plant species are driving flower-visitors to use a particular seed mix? 

3. What additional insights can be gained about floral resource use from pollen DNA 

metabarcoding compared to observational techniques? 

Objective 2 (chapter 3) 

To investigate the composition and breadth of resources used by wild pollinators collected 

within seed mixtures, assessing resources used from both within and surrounding the seed 

mixture plots. This objective was framed around the following predictions: 

1. The composition of plant taxa visited will differ between bumblebees and hoverflies, with 

floral resource use changing over time 

2. As floral coverage of the patches of ornamental mixtures increase, insect visitors will use 

the resources inside the patch more than those outside. 

3. Flower-visitors to the ornamental annual seed mixtures will principally comprise of 

generalist species, with the overall networks also being generalised. 

4. We will see intraspecific variability in floral resource use, with most individuals 

displaying floral constancy (specialisation).  
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Objective 3 (chapter 4) 

 To develop a plant recommendation list based upon peer-reviewed evidence to guide the 

development of new annual flowering seed mixtures to attract wild pollinators. 
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2.1 Abstract 

 
Increased public awareness of the decline in pollinators has heightened motivation to 

purchase “pollinator friendly” seed mixtures for gardens and amenity space. Ornamental 

mixtures designed for these areas have a strong focus on aesthetic impact and whilst being 

labelled as “pollinator friendly”, few empirical studies have tested these claims. From June to 

October, four “pollinator friendly” annual mixtures were trialled by assessing the abundance, 

richness and diversity of bumblebees, hoverflies and solitary bees visiting each treatment. For 

each insect group, the plant species being visited from within a given treatment was 

examined using observational methods. Pollen metabarcoding was used to assess plant 

species used from across all seed mix treatments and in the surrounding landscape. In 

addition, further analysis was carried out to identify which plant species were driving visits to 

a particular treatment. Plant species composition differed significantly between treatments, 

which in turn attracted different insect groups. All pollinators were common widespread 

species and mixtures which were most attractive to hoverflies were found to be less attractive 

to bumblebees. However, the richness, abundance and diversity of solitary bees was low 

across all treatments. Whilst there was a significant positive correlation between plant and 

insect species diversity in a plot, this was only weak, and visits appeared to be driven by a 

small number of plant species within a mixture. These included Glebionis segetum for 

hoverflies, Centaurea cyanus for bumblebees and Anthemis/Tripleurospermum spp. for 

solitary bees. Observational findings were corroborated by results from pollen metabarcoding 

which also revealed plant species which were important from outside the seed mix trial area, 

including Rubus spp., Angelica/Heracleum spp. and Hedera helix. These findings suggest 

that careful consideration should be given when designing seed mixtures to ensure that plant 

species are selected to attract insects from a range of insect groups, in particular solitary bees. 
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2.2 Introduction 

Gardens and amenity spaces can provide important habitats for flower-visiting insects 

(Baldock, 2020; Hall et al., 2017), which have shown recent concerning population declines 

(Potts et al., 2015; Goulson 2015). With increased public awareness of insect declines, more 

people are choosing “pollinator friendly” seed mixtures for use in gardens and amenity 

spaces (Garbuzov & Ratnieks, 2014b; Wignall, Alton, & Ratnieks, 2019; Wilson, Forister, & 

Carril, 2017). Ornamental, annual flowering seed mixes are a popular choice because they 

provide instant colour and aesthetic impact in their first year (Plenk & Neuninger, 2016). The 

combination of native and non-native species which is often a feature of ornamental mixes 

(Dunnett, 2008) can provide important sources of pollen and nectar for flower-visiting insects 

throughout the season (Godfrey, 2017; Hicks et al., 2016; Tew et al., 2021). This is of 

particular importance in sites which can have low floristic diversity such as amenity 

grassland (Blackmore & Goulson, 2014; Bretzel et al., 2016).  

Whilst many ornamental annual mixtures are described by manufacturers as “pollinator 

friendly”, few studies have tested these claims (Godfrey 2017; Potter et al., 2019), with 

commercial mixtures often labelled based upon recommendation lists compiled from 

anecdotal evidence (Anderson et al., 2020; Garbuzov & Ratnieks, 2014a). Studies have 

highlighted key annual plant species which are attractive to flower-visiting insects (Nichols, 

Goulson, & Holland, 2019; Potter et al., 2019; Rollings & Goulson, 2019; Warzecha et al., 

2016; Wood, Holland, & Goulson, 2016) demonstrating the potential benefits of annual 

flowering seed mixes when the right combination of plants are selected. When urban 

pollinator mixes are designed, additional socio economic and cultural considerations are 

required, with a much stronger emphasis on aesthetics (Bretzel et al., 2016; Turo & Gardiner, 

2019). Plant selection requirements for aesthetic purposes may impact on the value of the 
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seed mix for flower-visiting insects (Garbuzov, Samuelson, & Ratnieks, 2015; Rollings & 

Goulson, 2019). Furthermore, gardens and amenity spaces often contain a greater density and 

diversity of flowering plants, compared to agricultural landscapes (Baldock et al., 2015), 

which may alter the flower-visiting insects foraging behaviour and influence flower choice 

(Dauber et al., 2010; Hegland & Boeke, 2006; Stout, Allen, & Goulson, 1998).  

Observational methods are commonly used to assess floral resource use, with 

standardised methods providing important insights into the preferences of flower-visiting 

insects (Carvell et al., 2017). Identification of pollen carried on the bodies of insects can also 

be used and provides a larger temporospatial window of observation compared to 

observational methods, revealing interactions with plants which were not observed 

(Arstingstall et al., 2020; de Manincor et al., 2020; Pornon et al., 2016; Potter et al., 2019). 

Studies which utilise both observational and pollen analysis techniques to investigate annual 

flowering seed mixes enable us to gain an understanding of how flower-visiting insects are 

utilising the seed mix itself (observational) and identify what additional floral resources are 

being used from the surrounding environment (pollen analysis) (Carvell, Westrich, et al., 

2006; Wood et al., 2017). 

Traditional methods of palynology using light microscopy to identify pollen are 

labour intensive and require specialised skill to identify individual pollen grains (Rahl, 2008), 

often reducing the number of samples that it is feasible to investigate (Bell et al., 2016). 

Developments in high throughput DNA metabarcoding using duel-indexing approach mean a 

large quantity of pollen samples can be rapidly sequenced and identified at higher taxonomic 

resolution compared to traditional methods (Keller et al., 2015; Richardson et al., 2015; 

Sickel et al., 2015). DNA metabarcoding is increasingly being used to investigate patterns in 

floral resources use at both local and landscape scales in urban, semi-natural, and agricultural 

environments, though to date, the majority of studies have focussed on a single group of 
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flower-visiting insects (de Vere et al., 2017; Hawkins et al., 2015; Jones, Brennan, et al., 

2021; Lucas et al., 2018; Potter et al., 2019; Timberlake, 2019). Incorporating DNA 

metabarcoding can provide insight into the plant species which are being used in addition to 

those within the seed mixture and provide insight into contribution that plants in the 

treatments make to the diet of the insect (Carvell, Westrich, et al., 2006). 

The aim of this research was to investigate the ability of ornamental annual seed 

mixes to attract a diversity of wild pollinators, focusing specifically on bumblebees, 

hoverflies, and solitary bees. This was answered by investigating the following questions: 

1. Do seed mix treatments vary in their attractiveness to different wild pollinator 

groups? 

2. Which plant species are driving flower-visitors to use a particular seed mix? 

3. What additional insights can be gained about the floral resource use of insects 

from pollen DNA metabarcoding compared to observational techniques? 

 

2.3 Materials and Methods 

2.3.1 Choosing seed mixtures 

In order to assess a broad range of plant species which are commonly used in annual seed 

mixtures to attract pollinators, four treatments were selected to ensure a good range of seed 

mix types were trialled. Seed mixes were selected by carrying out an internet-based search 

imitating a keen gardener looking for the best annual seed mixtures to attract wild pollinators 

to their garden. Each seed mix treatment fell into one of the following categories based on 

information available from the manufacturer: seed mixture designed to attract: a range of 

flower-visiting insects, a specific insect group, to include only native species and for aesthetic 
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impact. In addition, seed mixes needed to contain only forb species, with the species 

composition listed or available on contacting the supplier. 

When selecting the seed mixes specifically designed to support flower-visiting 

insects, an internet search was carried out using the following search terms: “pollinator”, 

“seed mix”, “wildflower”, “bee friendly”, “pollinator friendly”, “wildlife friendly”, “garden”, 

“plant”, “urban” and “flower”. From the mixes returned in the search, two were selected, one 

designed to support a range of flower-visiting insects and one designed to attract bumblebees. 

“Aesthetic” and “native” treatments were selected from suppliers which are well known to 

manufacture mixes on a commercial scale specifically for visual impact or using native 

species. All four treatments were purchased in the UK and permission was obtained from 

each manufacturer to use the seed mixes for research, though the names of the manufacturers 

have not been disclosed.  

 

2.3.2 Site selection and preparation 

At two sites at the National Botanic Garden of Wales, Carmarthenshire, UK a replicated 

block design was set up to trial the four seed mix treatments. At each site, twenty 16m² plots 

were manually weeded and separated by two-meter strips of either mown grass or mulch and 

prepared for sowing. Five replicates of each seed mix treatment were randomly assigned to 

each site and all 40 trial plots were rotavated, raked to a fine tilth, and then sown on the 23rd 

of April 2018. Sowing densities for each treatment were calculated based on the 

manufacturer’s guidelines. 

2.3.3 Monitoring seed mix treatments 

Plots were regularly monitored following the sowing date, with the percentage coverage of 

any plant species which was in flower recorded. Monthly insect surveys were carried out at 

each plot when at least one seed mix treatment had > 5% flower cover. During insect surveys 
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each plot was observed for a 15-minute period and during this time, any bumblebees, solitary 

bees or hoverflies observed within the plot were collected using a sterilised net and sampling 

pot and the flower that they were observed visiting was recorded. This time-period also 

accounted for time required to capture and label collected insects. 

Sampling pots were then stored at -20°C until laboratory processing for pollen 

metabarcoding took place. Pollen was washed from the bodies of the insects and the plant 

DNA was subsequently extracted, amplified, sequenced and plant taxa identified following 

the methods described in the subsequent chapter. The relative abundance of plant taxa in each 

pollen sample was estimated based on percentage of sequencing reads in each sample and 

used to infer flower visitor preferences, in line with Jones et al., (2021). Insects were 

identified to species level where possible using a light microscope after pollen was removed 

and independent verification was obtained for identifications when required. During field 

surveys, steps were taken to minimise pollen contamination for the subsequent pollen 

metabarcoding processing. Separate nets were used for insect surveys at each plot, with each 

clean net enclosed in an individual, sealed bag and used nets stored in a separate container, 

away from clean nets. Care was taken to prevent the net from touching the flower when the 

insect was captured and following each monthly survey, all nets were soaked in 10% bleach 

and left to dry before they were used for the next survey bout. 

 

2.4 Data Analysis 

2.4.1 Investigating the overall plant species composition of sown plots 

The composition of plant species in flower within a seed mixture is influenced by the 

successful establishment of sown species and those already within the seed bank 

(Hitchmough, 2017). Therefore, the composition of flowering plants in sown plots 

(accounting for purposefully sown and seed bank species) was assessed to determine if the 
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composition of flowering plants in a plot was predicted by seed mix treatment. This was 

visualised using non-metric multidimensional scaling (NMDS) plots and analysed using a 

single generalised linear model using the “manyglm” function in the package ‘mvabund’ 

(Wang et al., 2012). The “mvabund” package uses a model-based approach to analyse 

multivariate data. Using this package, a separate GLM was run for each plant species using a 

common set of predictor variables (month of survey and seed mix treatment), with the 

percentage cover of each plant species recorded in flower during a floral survey were used as 

the response variable. Models were fitted with a negative binomial distribution due to a 

strong mean-variance relationship in the data. The best fitting model was identified by 

assessing the AIC values of each model (Bozdogan, 1987) and visually inspecting residual 

plots against predicted values for heteroscedasticity and over dispersion. Monte Carlo re-

sampling-based hypothesis testing was used to assess if the composition of plant species in a 

plot could be predicted by seed mix treatment. 

 

2.4.2 Comparing plant species richness, abundance, and diversity in each treatment 

Secondly, the mean abundance, richness and diversity of plant species in each seed mix 

treatment was calculated and then compared to assess how these varied between treatments 

over the flowering season. Generalised linear models were fitted, with month and seed mix 

treatment as explanatory variables and the individual metrics (richness, abundance, and 

inverse Simpson’s diversity) as the response variable, with a separate model run for each 

metric. Richness and abundance models were fitted using the raw integer data, while each 

diversity value was transformed *10 and converted to an integer. Model residuals were 

checked for overdispersion and heteroscedasticity and fitted with a Poisson distribution, 

unless they were over dispersed, in which case a negative binomial distribution was fitted. A 

negative binomial was fitted for abundance and diversity models and Poisson for richness. A 
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likelihood ratio test was used to test if explanatory variables had a significant effect on the 

response variable. Tukey’s post hoc tests were used to identify significant differences 

between seed mix treatments across the months, using the emmeans R package (Russell, 

2021). In addition, each seed mix treatment was compared to the species list supplied by the 

manufacturer, to assess what proportion of the species listed had successfully flowered in the 

plot. 

 

2.4.3 Comparing insect species richness, abundance, and diversity in each treatment 

To investigate how flower visitors responded to each treatment throughout the season, 

the mean richness, abundance, and Simpson’s diversity of bumblebee, hoverfly and solitary 

bee species was measured for each seed mix treatment. These were analysed using 

generalised linear models and post hoc testing following the methods formerly described 

(2.4.2), with separate models generated for each insect group. For the insect models, a 

Poisson distribution was fitted for the abundance and richness models and a negative 

binomial distribution for diversity. Finally, a Spearman’s rank correlation was then used to 

examine if there was a significant correlation between plant and flower-visitor diversity for 

each insect group per plot. 

 

2.4.4 Assessing floral resource use within and surrounding seed mix treatments 

To investigate which plant species’ may be driving flower visitors to use a particular seed 

mix treatment, the proportion of plant species that were being used by flower visitors was 

calculated based upon observational surveys. Observed plant-insect interactions in each seed 

mix treatment were then visualised in alluvial plots and the most abundant insect species (n ≥ 

10) were further analysed using the R package econullnetr to examine species specific flower 

preferences of these insect species within a seed mix treatment. (Vaughan et al., 2018). This 



 
 

43 
 

package models resource choices at the individual level, which are then analysed to gain 

insights into species level preferences. Using the econullnetr package, null models of 

expected insect visitation were generated for each individual insect. These were based on the 

assumption that, in a given plot, the percentage coverage of a plant species in flower was 

proportional to the abundance of the insects visiting it. For each treatment, all survey months 

were combined into the null model by specifying forbidden links in which plant – insect 

interactions did not occur. Null models were then run independently for each seed mix 

treatment with 10 000 iterations. Observed interactions for abundant insect species (n ≥ 10) in 

the treatment were then tested against the null models at 95% confidence level, to determine 

if observed interactions occurred more or less than would be expected compared to the null 

models. Plant species which were used significantly more than expected by a given species 

were considered key drivers of visits to the treatment. 

Finally, the overall floral resources used by flower visitors from each group based on pollen 

metabarcoding were assessed. The percentage sequence reads were used as an estimate of 

visitation frequency to explore if observed preferences were also revealed in pollen 

metabarcoding and to identify any additional preferences which were not observed. Data 

obtained from pollen metabarcoding was explored in more detail in the subsequent chapter. 

 

2.5 Results 

2.5.1 Establishment of seed mix treatments 

A list of the plant species provided by the manufacture for each treatment is illustrated in 

Table 1. These consisted of primarily annual species, intended to provide colour in the first 

year. The majority of these species were recorded in flower in the first year in their respective 

treatments (“pollinator” = 97%. “bumblebee” = 85%, “aesthetic” = 92%). The only exception 

to this was the “native” treatment where only 53% of plant species listed by the manufacturer 



 
 

44 
 

were recorded in flower. The total percentage cover of plant species recorded in flower for 

each seed mix treatment (both from the seed bank and direct sown) are illustrated in Figure 1. 

    

 
Table 1: Original plant species listed by the manufacturer for in each treatment. These 

comprised of primarily annual species, intended to provide colour in the first year. Species 

marked with an asterisk were recorded in flower in their respective treatment. 

 

Commercial_Pollinator Commercial_Bumblebee Commercial_Native Commercial_Aesthetic

Adonis aestivalis Achillea millefolium* Adonis vernalis Ammi majus*

Borago officinalis* Anethum graveolens* Anagallis arvensis Atriplex hortensis*

Calendula officinalis in mixed colours* Boragio officianalis* Anthemis arvensis* Centaurea cyanus* 

Centaurea cyanus dwarf blue Arch* Calendula officinalis* Antirrhinum majus Coreopsis tinctoria*

Malcolmia maritima* Carthamus* Centaurium erythraea Delphimium ajacis - White

Glebionis segetum Arch* Cosmos bipinnatus* Glebionis segetum* Eschscholzia california – Orange/Yellow*

Consolida orientalis* Echinacea* Lathyrus pratensis Gypsophila elegans*

Convolvulus tricolor mixed* Gaillardia* Myosotis Linaria maroccana*

Coreopsis tinctoria dwarf mixed* Helianthus annus* Papaver dubium Linum grandiflorum var. rubrum*

Cosmos dwarf mixed or tall in several colours* Hyssop Papaver rhoeas* Papaver rhoeas*

Cynoglossum amabile* Lavatera* Ranunculus Phacelia tannacetifolia*

Dimorphotheca aurantiaca* Layia* Silene latifolia* Rudbeckia hirta*

Dimorphotheca pluvialis Limnanthes* Sinapis arvensis

Dracocephalum moldavica* Lupinus* Tripleurospermum perforatum*

Echium plantagineum mixed Arch* Mirabilis Vicia sativa 

Eschscholtzia californica mixed colours* Monarda* Viola arvensis

Clarkia amoena mixed* Papaver rhoeas* Viola tricolor

Clarkia amoena Ruddigore* Phacelia tanacetifolia*

Gypsophila elegans white* Rudbeckia*

Rhodanthe chlorocephala mixed* Vervian

Iberis amara white* Zinnia elegans*

Iberis umbellata mixed*

Linaria maroccana*

Linum grandiflorum rubrum*

Linum perenne blue

Lobularia maritima*

Nemophila insignis

Nemophila maculata*

Nigella damascena Persian Jewels mixed*

Papaver rhoeas Shirley single flowered*

Papaver rhoeas Wildform Arch*

Phacelia campanularia*

Vaccaria hispanica pink*

Vaccaria hispanica white*

Silene armeria Rubra*

Eudianthe coeli-rosa*
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Figure 1: Heat map to illustrate the percentage cover of plant species recorded in flower in 

each seed mix treatment from June to October. These include both direct sown species and 

those which established from the seed bank. 
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2.5.2 Assessing the plant species within seed mix treatments 

Overall plant species composition 

Overall plant species composition was significantly predicted by the seed mix treatment 

(LRT = 4972, P = 0.001) and month of survey (LRT = 3165, P = 0.001). This was also 

visualised using NMDS plots (Figure 2, D), which revealed distinct clustering of replicate 

plots from within a seed mix treatment. 

 

Plant species abundance, richness and diversity of each treatment 

The mean abundance, diversity and richness of plant species were significantly predicted by 

month of survey and seed mix treatment (Figure 2A-C, Table 3). Post hoc testing revealed 

that of the four seed mixtures trialled, the pollinator treatment had significantly higher 

richness, abundance and diversity of plant species compared to all other seed mix treatments 

(p <0.0001) (Figure 2A-C, Table 3). This was followed by the “bumblebee” treatment which 

had significantly higher richness and diversity compared to the “native” and “aesthetic” 

treatments, though did not differ significantly in species abundance (Figure 2A-C, Table 3). 

Finally, the “aesthetic” treatment was significantly higher in plant species richness 

(p=0.0466) and abundance (p=0.0048) compared to the “native” treatment, though there was 

no significant difference in plant species diversity (Figure 2A-C, Table 3). 
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Figure 2: Bar graphs (A-C) illustrating mean and standard deviation of plant species richness 

(A) abundance (percentage cover of plots) (B) and Simpson’s diversity (C) recorded in each 

seed mix treatment (commercial aesthetic, commercial bumblebee, commercial native, 

commercial pollinator) from June to October. Non-metric multidimensional scale model (D) 

showing ordination of floral composition (richness and abundance) of replicate plots, coloured 

by seed mix treatment, with shapes for each month. 
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2.5.3 Do seed mixtures vary in their attractiveness to different wild pollinator groups? 

 

Across all seed mix treatments, wild pollinators were widespread and locally common 

species (Table 2) (Falk, 2015; Morris & Ball, 2015), with only a weak positive correlation 

between plant and insect species diversity in each plot (rho 0.129, p = 0.0292). Seed mixtures 

varied in their attractiveness to different insect groups. The “pollinator” and “native” seed 

mixes appeared to be the most attractive to hoverflies (Figure 3), with richness and 

abundance significantly higher in these treatments compared to the “bumblebee” seed mix 

(Table 3). In addition, the diversity of hoverflies was significantly higher in the “pollinator” 

treatment compared to the “aesthetic” treatment (Table 3). None of the seed mixtures were 

particularly attractive to solitary bees, with no significant difference in the abundance 

diversity or richness of solitary bee species between seed mix treatments (Table 3) and a very 

low overall abundance (Figure 3). 

In contrast to hoverflies, bumblebee richness and diversity had little or no variation 

between seed mix treatments, with only the “bumblebee” treatment having significantly 

higher species richness when compared to the “native” treatment. (Figure 3, Table 3). 

Examining differences in bumblebee abundance between mixtures revealed that the “native” 

treatment was the least attractive to bumblebees, having significantly lower abundance 

compared to all other seed mix treatments (Table 3). In addition, the “bumblebee” treatment 

also attracted significantly higher abundance of bumblebees compared to the “pollinator” 

treatment (p = 0.0258), though did not differ significantly compared to the “aesthetic” 

treatment (Table 3). 
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Table 2: Wild pollinator species (solitary bees, bumblebees and hoverflies) recorded in each 

seed mix treatment: commercial aesthetic (Aes), commercial bumblebee (Bb), commercial 

native (Nat), commercial pollinator (Pol) from June to October 2018. 

  

Insect Species Aes Bb Pol Nat

Solitary bees

Andrena bicolor N Y Y N

Andrena haemorrhoa Y N N N

Anthidium manicatum Y N Y N

Colletes similis N N N Y

Lasioglossum albipes N N Y N

Lasioglossum calceatum N N N Y

Lasioglossum morio N Y N Y

Lasioglossum smeathmanellum Y Y Y Y

Lasioglossum sp. Y N N N

Lasioglossum zonulum N Y Y N

Megachile willughbiella Y N N N

Sphecodes monilicornis N N N Y

Bumblebees

Bombus hortorum Y Y Y N

Bombus lapidarius Y Y Y Y

Bombus pascuorum Y Y Y Y

Bombus terrestris/lucorum Y Y Y Y

Hoverflies

Cheilosia pagana N Y N N

Episyrphus balteatus Y Y Y Y

Eristalis arbustorum Y Y Y Y

Eristalis horticola Y N Y N

Eristalis nemorum Y Y Y Y

Eristalis pertinax N N Y N

Eristalis tenax Y Y Y Y

Eupeodes corollae Y Y Y Y

Eupeodes latifasciatus Y Y Y Y

Helophilus pendulus Y Y Y Y

Lejogaster metallina Y N N N

Melanostoma hirtella Y N N N

Melanogaster mellinum Y N Y Y

Meredon equestris Y N N N

Platycheirus albimanus Y Y Y Y

Platycheirus granditarsus N Y Y Y

Rhingia campestris Y Y Y Y

Scaeva pyrastri N N Y N

Sphaerphoria scripta Y N N Y

Sphaerphoria sp. Y N N Y

Syritta pipiens Y Y Y Y

Syrphus ribesii Y N Y Y

Xanthogramma pedissequum Y N N N
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Table 3: Showing p-values for the likelihood ratio tests (LRT) to examine the effect of 

response variables (survey month and treatment) on each predictor variable (abundance, 

richness and diversity) for plant, hoverfly, bumblebee, solitary bee species generalised linear 

models. This was followed by a Tukey post hoc test to analyse the pairwise comparisons 

between seed mix treatments: commercial aesthetic (Aes), commercial bumblebee (Bb), 

commercial native (Nat), commercial pollinator (Pol). 

 

 

 

 

Abundance Richness Diversity

Month of Survey (LRT = 50.445 , P < 0.0001) (LRT = 113.63 , P < 0.0001). (LRT = 436.71, P < 0.0001)

Treatment (LRT = 57.521, P < 0.0001) (LRT = 613.62 , P < 0.0001) (LRT = 151.65, P < 0.0001)

Aes vs Bb 0.6703 0.0005 0.0006

Aes vs Nat 0.0466 0.0048 0.2349

Aes vs Pol <.0001 <.0001 <.0001

Bb vs Nat 0.4553 <.0001 <.0001

Bb vs Pol <.0001 <.0001 <.0001

Nat vs Pol <.0001 <.0001 <.0001

Month of Survey (LRT = 51.119, p < 0.0001) (LRT = 33.916, p < 0.0001) (LRT = 37.138, p < 0.0001) 

Treatment (LRT = 31.139, p < 0.0001) (LRT = 13.185, p = 0.0043) (LRT = 21.283, p < 0.0001)

Aes vs Bb 0.8822 0.8525 0.4761

Aes vs Nat 0.0003 0.2272 0.2644

Aes vs Pol 0.0003 0.1077 0.0246

Bb vs Nat <.0001 0.0369 0.0063

Bb vs Pol 0.0058 0.0131 0.0001

Nat vs Pol 0.3999 0.9833 0.7463

Month of Survey (LRT = 105.225, p < 0.0001) (LRT = 64.753, p < 0.0001) (LRT = 34.560, p < 0.0001) 

Treatment (LRT = 32.238, p < 0.0001) (LRT = 10.874, p = 0.0124) (LRT = 8.514, p = 0.03651)

Aes vs Bb 0.0849 0.6734 1

Aes vs Nat 0.0071 0.1685 0.281

Aes vs Pol 0.9664 0.9885 0.1087

Bb vs Nat <.0001 0.0105 0.2654

Bb vs Pol 0.0258 0.8511 0.1008

Nat vs Pol 0.0271 0.0857 0.9651

Month of Survey (LRT = 28.6160, p < 0.0001) (LRT = 20.6058, p = 0.0004) (LRT = 3.4162, p = 0.4907) 

Treatment (LRT = 2.8593, p = 0.4138) (LRT = 1.1097, p = 0.7747) (LRT = 0.3110, p = 0.9579)

Aes vs Bb 0.9594 0.9511 0.9604

Aes vs Nat 0.995 0.994 0.9671

Aes vs Pol 0.7294 0.9656 0.9827

Bb vs Nat 0.994 0.9926 1

Bb vs Pol 0.439 0.7556 0.9993

Nat vs Pol 0.5868 0.8876 0.9997

Plant species

Hoverfly species

Bumblebee species

Solitary Bee species
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Figure 3: The mean and standard deviation of abundance (number of individuals) (A), richness 

(number of species) (B) and Simpsons Diversity (C) of bumblebee, hoverfly and solitary bee 

species recorded in four seed mix treatments (commercial aesthetic, commercial bumblebee, 

commercial native, commercial pollinator) from June to October 
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2.5.4 Which plant species are driving visits to a seed mix treatment? 

Overall Patterns 

 

The proportion of plant species used by flower visitors in seed mix treatments varied 

throughout the season (Figure 4), peaking in July for the “aesthetic” (54%), “pollinator” 

(50%) and “bumblebee” (35%) treatments and in August for the “native” treatment (50%). 

During September and October, usage did not exceed 32% in any seed mix treatment. The 

“bumblebee” treatment had the lowest proportion of plants species from within the seed 

mixture visited across the months, ranging from just 35% in July to 20% in June. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: The proportion of available (plant species in flower) that were used by flower 

visitors in each seed mix treatment (commercial aesthetic, commercial bumblebee, 

commercial native, commercial pollinator) from June to October
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Wild pollinator species level preferences within a treatment 

The plant species that were visited by wild pollinators for each seed mix treatment are 

illustrated in Figure 5. The tool econullnetr was used to determine if plant species were 

visited by an insect species significantly more than expected than was proportional to their 

percentage cover within the patch, inferring preference. This was carried out for insect 

species recorded with 10 or more individuals in each treatment and therefore solitary bees 

could not be analysed.  

 

Bumblebees 

Bumblebee species showed some interspecific variation in their floral preferences within 

treatments, with the long-tongued species B. hortorum and B. pascuorum attracted to Linaria 

maroccana in the “aesthetic” treatment, whilst shorter tongued species B. lapidarius and B. 

terrestris/lucorum showed stronger preferences for Centaurea cyanus and Phacelia 

tanacetifolia respectfully in the aesthetic treatment (Figure 6). The preferences of B. 

lapidarius and B. terrestris/lucorum were consistent across all seed mix treatments where 

their preferred flower species were present, with B. terrestris/lucorum only showing 

preferences for Papaver rhoeas and Centaurea cyanus in treatments where Phacelia 

tanacetifolia was not present. In contrast, B. pascuorum varied in floral preferences 

depending on the seed mixture, with a two-fold preference for Echium plantagineum evident 

in the “pollinator” treatment (Figure 7) and preferences for Borago officinalis and Cosmos 

bipinnatus in the “bumblebee” treatment (Figure 8). 

 

Hoverflies 

Hoverflies showed variation in floral preferences between different genus, with Eristalis 

tenax and E. arbustorum having strong preferences for Glebionis segetum in the “native” 
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treatment during September and October (Figure 9), whilst visits from Syritta pipiens and 

Eupeodes latifasciatus to G. segetum fell within the expected range of the null model, with 

Syritta pipens showing preferences for Eschscholzia californica in the “pollinator” treatment 

(Figure 7). Indeed, Eristalis arbustorum showed strong preferences for G. segetum in all 

treatments where it was present, including the “pollinator” treatment. In the other treatments, 

where G. segetum was not recorded, Achillea millefolium, Layia sp. (“bumblebee” treatment) 

(Figure 8) and Ammi majus (“aesthetic” treatment) (Figure 6) were favoured.  

In contrast, E. tenax appeared to show stronger preferences where G. segetum had the highest 

coverage, with visits within the expected range in the “pollinator” treatment (Figure 7) where 

coverage was lower (Figure 1). Similarly, in the “aesthetic” treatment during October when 

Coreopsis tinctoria dominated the plot (Figure 1), E.tenax visited in high abundance, (Figure 

6), though it was within the expected range of the null model. Interestingly, when 

Anthemis/Tripleurospermum sp. had the greatest coverage in the “native” plot during July 

(Figure 1), both Eristalis tenax and E. arbustorum both showed significant aversion to the 

species (Figure 9), whilst S. pipiens visited more frequently, this was within the range 

expected by the null model.  
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Figure 5: Alluvial plots to show plant-insect interactions observed within the four seed mix treatments trialled: “pollinator”, “bumblebee”, 

“aesthetic” and “native”. Insect species bars (left) are proportional to the number of individuals recorded in the treatment and plant species 

bars (right) are proportional to the number of individuals observed to be visiting the plant species. Colours in the alluvial represent the month 

that the survey was carried out. 
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Figure 6: Floral preferences of the most abundant (n ≥ 10) flower-visiting insects visiting the 

“aesthetic” seed mix treatment (Bombus hortorum, B. lapidarius, B. terrestris/lucorum, B. 

pascuorum, Eristalis tenax and E. arbustorum). Bars represent the 95% confidence limits from 

the null models and circles are coloured if visitation frequency was within the range expected 

by the null model (white) or were used significantly more (red) or less (blue) than expected. 

Plant species which are not represented by circle were not in flower when the insect species 

was visiting the treatment. 
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Figure 7: Floral preferences of the most abundant (n ≥ 10) flower-visiting insects visiting the 

“pollinator” seed mix treatment (Bombus lapidarius, B. terrestris/lucorum, B. pascuorum, 

Eristalis tenax and E. arbustorum and Syritta pipiens). Bars represent the 95% confidence 

limits from the null models and circles are coloured if visitation frequency was within the 

range expected by the null model (white) or were used significantly more (red) or less (blue) 

than expected. Plant species which are not represented by circle were not in flower when the 

insect species was visiting the treatment. 
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Figure 8: Floral preferences of the most abundant (n ≥ 10) flower-visiting insects visiting the 

“bumblebee” seed mix treatment (Bombus lapidarius, B. terrestris/lucorum, B. pascuorum, 

Eristalis tenax and E. arbustorum and Eupeodes latifasciatus). Bars represent the 95% 

confidence limits from the null models and circles are coloured if visitation frequency was 

within the range expected by the null model (white) or were used significantly more (red) or 

less (blue) than expected. Plant species which are not represented by circle were not in flower 

when the insect species was visiting the treatment.  
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Figure 9: Floral preferences of the most abundant (n ≥ 10) flower-visiting insects visiting the 

“native” seed mix treatment (Bombus lapidarius, B. terrestris/lucorum, Eristalis. arbustorum, 

E. tenax, Eupeodes latifasciatus and Syritta pipiens). Bars represent the 95% confidence limits 

from the null models and circles are coloured if visitation frequency was within the range 

expected by the null model (white) or were used significantly more (red) or less (blue) than 

expected. Plant species which are not represented by circle were not in flower when the insect 

species was visiting the treatment.  
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2.5.5 What additional insight can be gained about patterns of floral resource use with 

pollen metabarcoding? 

Examining the plant taxa which were identified in the pollen samples of >10% of individuals 

(Figure 10), highlighted clear distinctions in the plant taxa used by different insect groups. 

These included plant taxa recorded both in seed mixtures and from the surrounding area, with 

the majority found in samples at very low abundance (<1% reads). Plant taxa which were 

found in samples at higher abundance (>45% reads), indicating greater visitation, included 

Linaria sp., Carduss/Centaurea/Cirsium sp. for bumblebees and Glebionis segetum, 

Anthemideae sp. for hoverflies. These findings were in line with the species-specific 

preferences for bumblebees (Linaria maroccana, Centaurea cyanus) and hoverflies, 

(Glebionis segetum and Achillea millefolium) revealed in observational surveys described in 

the previous section (Figures 5-9). For solitary bees, plant taxa from inside the trial site, 

which were found in samples at high abundance included Anthemideae sp., Glebionis 

segetum and Papaver sp., (Figure 10) and these were also found to be visited by solitary bees 

in observational surveys (Figure 5).  

From outside of the trial area, Rubus sp. was found to be important for all insect 

groups and found in samples for all groups at >45% reads (Figure 10). For hoverflies, 

Angelica/Heracleum sp., Hedera helix and Ranunculus sp. were also important, recorded in 

with samples at >45% reads. Whilst for bumblebees, fewer plant taxa from outside the trial 

area were found with >45% reads, including: Impatiens glandulifera, Malva sp. and Trifolium 

repens. In addition to Rubus sp. the pollen found on the bodies of solitary bees with >45% 

reads which was outside of the trial area included Campanula sp. and Hypericum sp. (Figure 

10). 

 

  



 
 

61 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 10: Plant taxa identified on the body of >10% of individuals using pollen 

metabarcoding for bumblebees, hoverflies and solitary bees. Plant taxa that were not recorded 

inside the seed mix treatment are marked with an asterisk. The relative abundance of pollen 

in each sample was estimated based on the percentage of sequence reads for each plant taxa 

in an individual sample and categorised to identify flower visitor preferences. 
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2.6 Discussion 

 

The primary objective of this investigation was to assess the ability of ornamental, annual 

flowering seed mixtures to attract a wild bees and hoverflies. Previous research has found 

that increasing plant species diversity in seed mixtures correlates positively with insect 

species diversity (Ebeling et al. 2008; Fruend et al. 2013). Therefore, it would be predicted in 

the present study, that the seed mixture with the greatest plant species diversity (the pollinator 

treatment) would attract the greatest diversity of flower-visiting insects. Our findings 

corroborated with these studies, also revealing a positive correlation between plant and insect 

species diversity in plots. This indicates that plant species diversity of a treatment may have 

influenced the diversity of insect species recorded within the treatment. Consequently, in 

future studies, it may also be beneficial to compare different treatments with the same 

number of species.  

In the present study, there was only a weak positive correlation between plant and insect 

diversity in the plots. Furthermore, analysis comparing between treatments at the level of the 

insect group, showed no significant difference in insect species diversity between the most 

(“pollinator”) and least (“native”) plant species rich seed mixtures for any of the insect 

groups. Indeed, for hoverflies, the “native” treatment, which had the lowest plant species 

diversity was the most attractive, followed by the “pollinator” treatment, which had the 

greatest plant species diversity. The results from the investigation also suggest that wild 

pollinators were driven to seed mixtures by small number of key species, rather than overall 

diversity (Nichols et al., 2019; Warzecha et al. 2018). Indeed, (Warzecha et al., 2018) also 

finding that a small number of key plant species rather than overall diversity attracted wild 

pollinators to a seed mixture. The results indicate that gardeners and urban planners may be 

able to support flower visitors by selecting targeted seed mixtures containing a small number 



 
 

63 
 

of preferred plant species. Moreover, mixtures containing fewer species may be more cost 

effective than designing a more costly, diverse plant species mix. 

 

Both observational and molecular techniques were used to explore how flower 

visitors utilised the plant species in seed mixtures. These methods revealed clear differences 

in the patterns of floral resource use between bumblebees compared to hoverflies, a finding 

supported by previous research (Campbell et al., 2012; Rollings & Goulson, 2019; Wäckers 

& Van Rijn, 2012). Consequently, seed mixtures which were more attractive to bumblebees, 

were generally less attractive to hoverflies and visa-versa. There was no significant difference 

in the abundance, richness or diversity of solitary bee species between seed mix treatments. 

This may indicate that none of the seed mix treatments were particularly attractive to solitary 

bees. However, since solitary bees are generally found at lower abundance compared to 

social species, further studies of annual seed mixtures focusing specifically on solitary bees 

would be beneficial to gain further insights into how these mixtures are utilised by solitary 

bees. 

Perhaps unsurprisingly, the “bumblebee” mixture attracted the highest mean 

abundance of bumblebees. This may have been influenced by flower colour, since this 

mixture was dominated by blue and violet flowers and behavioural studies have shown that 

flowers within this colour spectrum are preferred by bumblebees, compared to other colours 

(Raıne, & Chıttka, 2005). Results from DNA metabarcoding highlighted plant taxa 

Carduus/Centaurea/Cirsium sp. was visited in high abundance by bumblebees, 

corresponding with observed preferences. The bumblebee species B. lapidarius visited 

Centaurea cyanus significantly more than expected in the aesthetic, native and bumblebee 

treatments. Other studies have also found Centaurea cyanus to be very attractive to 

bumblebees (Carvell et al., 2006; Godfrey, 2017). As it was not possible to discriminate 
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between these genera (Carduus/Centaurea/Cirsium sp) using metabarcoding, visits to these 

plant taxa may also have plant species from other genera in this group, such as thistles 

(Cirsium sp.) from outside the seed mix trial site, which are an important resource for male 

bumblebees (Vray et al., 2017). Whilst the “bumblebee” treatment had the highest mean 

abundance of bumblebees, it was less attractive to the longer tongued bumblebee species, and 

only attracted three B. hortorum individuals throughout the season, with B. pascuorum only 

recorded later in the season. This emphasises the need to consider species as well as group 

level flower preferences when designing a seed mixture targeted for a specific insect group. 

Furthermore, only a maximum of 35% of plant species in flower within this mixture were 

used by wild pollinators, the lowest across all seed mix treatments. This indicates that a 

substantial number of flowering plants in this mixture were not attractive to wild pollinators.  

 

Annual flowering seed mixtures are often selected for their ability to provide instant 

colour in their first year and to flower late into the season (Plenk & Neuninger, 2016). These 

qualities are beneficial for flower-visiting insects, with studies highlighting that late season 

forage is often a limiting factor in reproductive success (Balfour et al., 2018; Carvell et al. 

2004; Pywell et al., 2011; Timberlake, Vaughan, & Memmott, 2019). In the present study, all 

seed mixtures flowered into October, providing resources late into the season. The hoverfly 

species Eristalis tenax and Eristalis arbustorum were recorded at highest abundance on the 

“native” and “pollinator” treatments in September and October, visiting Glebionis segetum 

and Coreopsis tinctoria which dominated their respective treatments. Preferences for these 

plant species were also highlighted by (Godfrey, 2017) and may have been associated with 

innate colour preferences for yellow flowers (An et al., 2018). Interestingly, whilst there was 

a high frequency of visits to Glebionis segetum by in Eristalis sp., visits to 

Anthemis/Tripleurospermum sp. flowers, which were abundant in June and July were 
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significantly less than expected compared to the null model. This may also be associated with 

colour preferences, since Haslett, (1989), found that yellow flowers were preferred by 

hoverflies over white. Bumblebees were less abundant later in the season, which would be 

expected as the number of workers in a colony decrease and males and queens are produced 

(Alford, 1975). 

 

Observational and molecular methods were used to assess the floral resources used by 

pollinators and it is important to consider the strengths and limitations of both these methods. 

Observational methods are plant focussed, providing insight into which resources were used 

by insects from within the seed mix treatment. This method enables additional information to 

be gained about the type of interaction, (whether pollen and/or nectar was collected) and how 

external factors such as other insect visitors, the time of day and the weather influenced the 

interaction. Pollen metabarcoding is an insect focused approach, which can be used to 

identify the floral resources that were used both from within and surrounding the seed mix 

treatments. However, it is not possible to obtain observed interaction information such as 

those previously discussed (Lowe et al 2022). For example, whilst an insect may have visited 

a plant to collect nectar, pollen may have been transferred to the insect during its visit. In 

both methods, it is possible to miss interactions, either in observation due to the small-scale 

area under observation (Arstingstall et al 2021) or when using pollen metabarcoding, if the 

plant is rarely visited or is being used to collect nectar and has with limited or no pollen 

production (Lowe et al. 2022). 

 

Combining both observational and molecular methods to assess how flower visitors 

utilised the seed mixtures broadened the temporal and spatial scale of the investigation. 

Observational surveys were used to examine which plant species were used within the seed 
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mix treatments, whilst molecular methods meant that it was possible to assess what resources 

were used by visitors in the surrounding landscape. Indeed, findings from DNA 

metabarcoding in this study supported observational findings, with the predominant taxa 

identified in pollen metabarcoding found to be important in observational findings. Results 

from DNA metabarcoding also brought to light key plant species used from outside the seed 

mix treatment, highlighting that both native and horticultural perennials, shrubs and trees also 

form an important part of flower visitor’s diet. 

 

The spatial context of the local landscape is particularly influential for smaller solitary 

bee species with a shorter foraging range compared to other flower visitors (Gathmann & 

Tscharntke, 2002; Zurbuchen et al., 2010). Since these species require nesting and floral 

resources to be within close proximity, this may have influenced their abundance within the 

trial site. Therefore, when designing seed mixtures, selecting plant species which compliment 

resources available within the surrounding environment (Timberlake, Vaughan, & Memmott, 

2019) and considering the availability of nesting habitat where mixtures are sown is 

important.  

In addition to spatial affects, the abundance and diversity of floral resources both 

within the seed mixture and in the surrounding landscape has been found to affect the 

richness and abundance of flower visitors using the seed mixtures (Ebeling et al., 2008; 

Scheper et al., 2015). The floral resources surrounding the trial site within the Botanic 

Garden comprised of over 5000 different plant taxa, including both native and horticultural 

plants, providing flower visitors with a wide range to floral resources to choose from. Indeed, 

Scheper et al., (2015) found that seed mixtures had decreasing effectiveness at attracting 

solitary bees with increasing availability of floral resources in the surrounding environment, 

which may explain the low abundance of solitary bees in the present study. Furthermore, 
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important plant taxa identified from outside of the seed mix treatment, including plant taxa 

from the family Campanulaceae were found to be particularly important for the solitary bees 

in addition to Rubus, Hypericum and Angelica/Heracleum, demonstrating that floral resource 

use within the seed mixture only make up a small proportion of the patterns of floral resource 

use.  

 

Conclusions 

The use of both observational and molecular methods provided a detailed insight into floral 

resource use from within and surrounding seed mix treatments. It revealed that just a small 

number of key plant species were preferred by the most abundant visitors to the treatments. 

Additionally, the distinct variation in seed mixture preferences between insect groups may 

suggest that using separate targeted mixtures could be more attractive to these given groups, 

rather than mixtures with many different plant species. Importantly, since seed mixtures were 

less attractive to solitary bees and long tongued bumblebee species, commercial 

manufacturers should also aim to focus on developing mixtures which can support these 

groups.  
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METABARCODING  

TO INVESTIGATE THE COMPOSITION AND 

BREADTH OF FLORAL RESOURCES USED BY WILD 

POLLINATORS VISITING ORNAMENTAL ANNUAL 
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3.1 Abstract 

Large patches of ornamental annual seed mixtures can be sown in amenity space, creating 

attractive displays for the public and providing resources for wild pollinators. With the 

declines of wild bees and hoverflies a major cause for concern, understanding how wild 

pollinators respond to these engineered habitats is a priority. Pollen metabarcoding was used 

to examine the composition and breadth of floral resources used by bumblebees and 

hoverflies from within and surrounding large patches of annual flowering seed mixtures. 

Bumblebees and hoverflies showed distinct differences in the composition of taxa that were 

visited, and both visited a greater proportion of floral resources from outside the seed mixture 

prior to the seed mixture becoming established. Plant-insect interaction networks were 

created for each month and analysed using quantitative network metrics to explore the degree 

of specialisation of the overall network, species, and individual level. Overall plant-insect 

interactions were generalised throughout the flowering season, with insect species visiting the 

seed mixtures also principally found to be generalised. There was some inter and intraspecific 

variability in the degree of generalisation, which may have been associated with differences 

in ecological traits and in response to changes in the availability of floral resources. Contrary 

to the literature, only a small proportion of individuals were florally constant, which may 

infer that floral constancy is an adaptive trait, with individuals being generalised in response 

to localised changes in their environment. 

 

3.2 Introduction 

Wild bees and hoverflies play a vital role in ecosystem functioning and have important 

economic value for crop pollination and pest control services (Gallai et al., 2009; Ollerton, 

Winfree, & Tarrant, 2011). Their decline is a major cause for concern, attributed to multiple 

interacting factors including climate change, increased use of pesticides, disease and the loss 
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and fragmentation of habitat (Potts et al., (2010). Of these factors, the decline in floral 

resources due to habitat fragmentation is considered a principal cause of decline (Goulson et 

al., 2015; Potts et al., 2010; Vanbergen et al., 2013). When the right plants are selected, 

gardens and amenity spaces can provide important habitats for wild pollinators (Erickson, 

Patch, & Grozinger, 2021; Garbuzov & Ratnieks, 2014; Rollings & Goulson, 2019). In 

amenity space, ornamental, “pollinator friendly”, annual seed mixtures and are often selected 

to create large impactful displays and can also be used as a tool to increase biodiversity 

(Dunnett, 2008; Godfrey, 2017; Hicks et al., 2016). However, few studies have examined 

how assemblages of wild pollinators interact with the flowering plants within these 

ornamental annual mixtures as well as those in the surrounding landscape (Erickson et al., 

2020; Godfrey, 2017; Hicks et al., 2016). 

 Interactions between plants and insects can be described in terms of 

specialisation and generalisation to explore the breadth of resources used at the individual, 

population or community level (Devictor et al., 2010; Waser, 2006). Definitions of 

specialisation can be from an evolutionary or ecological perspective (Devictor et al., 2010) 

and for the present study, specialisation is defined as ecological specialisation, which refers 

to the realised breath of floral resources used by a flower-visiting insect, which can be 

influenced both by innate ecological traits and environmental factors such as competition and 

resource availability (Bolnick et al., 2003; Devictor et al., 2010). Understanding the extent of 

specialisation or generalisation of an insects’ interactions can provide insight into how 

resources are partitioned (Lucas et al., 2018a) and how different insect groups respond to 

environmental changes (Devictor & Robert, 2009), such as changes in the availability of 

floral resources. This can be explored from the viewpoint of both plant and insect (overall 

network) or from one side of the mutualism (Minckley & Roulson, 2006). Therefore, an 

insect may be a specialist (visiting just a small number of flowering plants) but the flowering 
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plant it is visiting may be generalist (receiving visits from many insect species). Research 

into plant-insect interactions has revealed that plant-insect interactions are largely generalised 

and dynamic (Waser et al.1996). 

The degree of specialisation can also be influenced by temporal and spatial variation 

(Alarcón, Waser, & Ollerton, 2008; Hachuy-Filho, Ballarin, & Amorim, 2020), with 

individuals often displaying short-term specialisation (floral constancy) (Chittka, Thomson, 

& Waser, 1999) and generalisation over their lifetime (Brosi, 2016). Furthermore, seasonal 

changes in the abundance and diversity of floral resources have been found to influence the 

extent of realised specialisation or generalisation. There is also evidence to suggest that, in 

line with theories of optimal foraging (Emlen, 1966; Pyke, Pulliam, & Charnov, 1977), 

insects become more specialised with increasing diversity and abundance of floral resources 

(Ebeling et al. 2008; Fruend, Linsenmair, & Bluethgen, 2010). Since patterns observed at the 

individual level can explain and influence floral resource patterns higher up the biological 

hierarchy, it is important to consider how these patterns interact (Bolnick et al., 2003; Tur et 

al., 2014). From the perspective of the insect, specialisation and generalisation may also 

occur simultaneously, at different levels of the biological hierarchy (Brosi, 2016). Indeed, 

generalised species are often found to comprise of specialised individuals, occupying a small 

subset of the population’s niche (Araujo, Bolnick, & Layman, 2011; Bolnick et al., 2003; 

Chittka et al., 1999). 

In contrast to natural communities of flowering plants, annual seed mixtures are 

largely dominated by short-lived forbs, with rapid phenological progression to create a 

continued and varying display of aesthetic interest late into the season (Hitchmough 2017; 

Nagase & Dunnett, 2013). This novel community of plant species, which is rapidly changing 

throughout the season may influence the structure of plant – insect interaction networks 

(Ebeling et al., 2008; Geslin et al,, 2013; Hachuy-Filho, Ballarin, & Amorim, 2020). Indeed, 
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as the richness, abundance and diversity of flowers within the seed mixtures increases, 

visitors may be expected to carry more pollen from within the mixtures compared to plants in 

the surrounding landscape (Ebeling et al., 2008; Lihoreau, Chittka, & Raine, 2010). 

Furthermore, studies have found that ornamental plantings principally attract common, 

widespread, generalist species which may be better able to respond to rapid changes in the 

composition and availability of floral resources (Baldock et al., 2015; Cecala & Rankin, 

2021; Devictor, Julliard, & Jiguet, 2008; Erickson et al., 2020). 

Hoverflies and bumblebees differ markedly to each other both in terms of behaviour 

and physiology (Goulson, 2003; Rotheray & Gilbert, 2011; Willmer, 2011) and may 

therefore also differ in how they respond to a newly sown resource. As central place foragers, 

whose primary role is the provisioning of pollen and nectar for offspring (Alford, 1975), 

bumblebee workers may fit more closely with theories of optimal foraging, which predicts 

increased specialisation when preferred resources are at high density (Goulson, 2003; Kunin 

& Iwasa, 1996; Pyke et al., 1977). In contrast, hoverflies are less restricted to forage within a 

set area and only feed on pollen during the adult stage of their life cycle. Furthermore, energy 

is needed for requirements in addition to foraging, such as mating, oviposition and guarding 

territories, which influence foraging behaviour (Almohamad, Verheggen, & Haubruge, 2009; 

Rotheray & Gilbert, 2011; Sadeghi & Gilbert, 2000). Indeed, male hoverfly species with 

territorial behaviours have been found to chase off other insects from within their home patch 

(Collett & Land, 1975; Fitzpatrick & Wellington 1983), which may also influence how other 

species utilise large resource patches (Reader et al., 2005). 

The use of quantitative network metrics (Blüthgen et al., 2008) and null models 

(Vázquez & Aizen, 2003) increase the robustness and comparability of plant-insect network 

analysis across temporal and spatial scales (Blüthgen et al., 2007). This enables metrics to be 

applied as a tool to assess the functional impact of conservation management actions (Fisogni 
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et al., 2021; Kaiser-Bunbury & Blüthgen, 2015). In addition, advances in pollen DNA 

metabarcoding, have enabled the rapid identification of pollen from hundreds of individuals, 

with increased taxonomic resolution (Bell et al., 2017; Keller et al., 2015) making it easier to 

create plant-insect networks based on pollen analysis (Vacher et al., 2016). Furthermore, 

plant-insects networks created from pollen metabarcoding have been found to provide a more 

reliable representation of patterns of floral resource use at the individual level (Arstingstall et 

al., 2020). 

Networks using pollen analysis increase the temporospatial scale from which 

interactions networks can be created, when compared to networks based on observational 

data (Bell et al., 2017; Gill et al., 2016; Pornon et al., 2017). This provides more information 

on the role of species and individuals within a network (de Manincor et al., 2020; Dorado et 

al., 2011; Gibson et al., 2011; Lucas et al., 2018b; Pornon et al., 2016). Furthermore, using 

pollen metabarcoding semi-quantitatively and can provide more informative inferences about 

floral resource preferences compared to presence – absence data (Deagle et al., 2019; Jones, 

Brennan, et al., 2021; Pornon et al., 2016). To the author’s knowledge, there are no studies to 

date which have used both pollen metabarcoding and quantitative network analysis to explore 

how wild pollinators use dense patches of ornamental annual flowering seed mixtures and the 

floral resources which surround them. In the present study, patterns of floral resource use 

were analysed during the seed mix flowering period at the level of the overall network, 

species and individual to investigate the following predictions: 

1. The composition of plant taxa visited will differ between bumblebees and 

hoverflies, with floral resource use changing over time 

2. As floral coverage of the patches of ornamental mixtures increases, insect visitors 

will use the resources inside the patch more than those outside. 



 
 

80 
 

3. Flower-visitors to the ornamental annual seed mixtures will principally be 

comprised of generalist species, with the overall networks also being generalised. 

4. There will be intraspecific variation in floral resource use, with most individuals 

displaying floral constancy 

 

3.3 Materials and Methods 

3.3.1 Field Work 

Four annual flowering seed mixtures, which were described by the manufacturers as 

“pollinator friendly” were chosen for the investigation and sown in a replicated block design 

following the methods described in the previous chapter. Blocks of twenty plots of annual 

flowering seed mixtures (five replicates of each treatment) were sown within each site, 

creating a dense patch of floral resources (Figure 11). The percentage coverage of plant 

species in flower for each plot were calculated each month and the total coverage across the 

two sites calculated. Insects were monitored following the methods described in the previous 

chapter (Section 2.3.2). 
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Figure 11: Photographs of the two sites (E and K) of florally dense patches of annual 

flowering seed mixtures sown at the National Botanic Garden of Wales. Illustrating sites 

before (left), taken 15th May 2018 and after (right) they were established, taken on 18th July 

2018. 

 

3.3.2 Molecular Work 

3.3.2.1 Pollen Washing 

To wash the pollen from the body of each insect, all insects collected were transferred from 

the collection pot into a sterile 1.5μl microcentrifuge tube, cleaning forceps with 70% ethanol 

between each insect. Next, a solution of 1% sodium dodecyl sulphate (SDS) and 2% poly-

vinyl pyrrolidinone (PVP) was pipetted into the original collection tube, taking care to wash 

down all sides of the tube to collect any pollen residue. The pollen solution was then 

transferred to the tube containing the insect and shaken using a Tissue Lyser at 8.5Hz for one 
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minute to dislodge pollen from the body of the insect. Samples were left to stand for five 

minutes, before being shaken for a further 20 seconds. Insects were then removed with 

forceps and frozen for later identification.  

3.3.2.2 DNA Extraction 

The pollen and SDS/PVP solution were centrifuged at 13000 rpm for five minutes before the 

supernatant was pipetted off. A lysis buffer of 400 μl of AP1 from the Qiagen DNAeasy 96 

Plant extraction kit and 80 μl of Proteinase K was made, and each pellet was resuspended in 

400 μl of the buffer solution. DNA was extracted from the pollen samples using a modified 

version of the Qiagen DNeasy 96 plant extraction kit, where samples were first incubated at 

65 °C for one hour. The manufacturer’s protocol was then followed, excluding the use of the 

QIA shredder and the second wash stage. 

 

3.3.2.3 PCR and library preparation 

To prepare samples for paired-end, high throughput sequencing on the Illumina MiSeq 

platform, two amplicon libraries were created using a two-step PCR protocol. The amplicon 

libraries were created for the DNA barcode regions rbcL and ITS2. The first stage of 

amplification used template specific primers for each DNA barcode region: rbcLaf, rbcL506 

(de Vere et al., 2012; Jones, Twyford, et al., 2021), ITS2F (Chen et al., 2010) and UniPlantR 

(Moorhouse-Gann et al., 2018), with universal tails designed to attach custom indices in the 

second stage of PCR. A 6N sequence was also added between the forward template specific 

primer and universal tail.  

Forward universal tail , 6N sequence and rbcLaf: 

ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNNATGTCACCACAAACAG

AGACTAAAGC. 
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Reverse universal tail and rbcL506: 

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTAGGGGACGACCATACTTGTTC

A 

Forward universal tail, 6N sequence and ITS2F: 

 

ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNNATGCGATACTTGGTGT

GAAT 

Reverse universal tail and UniPlantR: 

 

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCCGHYTGAYYTGRGGTCDC 

 

For each sample, the first PCR used a final volume of 20 μl: 2 μl template DNA, 10 μl of 2 x 

Phusion Hot Start 2 High-Fidelity Mastermix, 0.4 μl forward and reverse primers and 7.2 μl 

of PCR grade water. Thermal cycling conditions for rbcL were: 98°C for 30 seconds, 95°C 

for 2 minutes; 95°C for 30 seconds, 50°C for 30 seconds, 72°C for 40 seconds (35 cycles); 

72°C for 5 minutes and 30°C for 10 seconds. Thermal cycling conditions for ITS2 were: 

98°C for 30 seconds, 94°C for 10 minutes; 94°C for 30 seconds, 56°C for 30 seconds, 72°C 

for 45 seconds (40 cycles) and 72°C for 10 minutes. The initial PCR was carried out three 

times for each primer and then pooled. Prior to being pooled, each PCR replicate was 

checked by running a 1% gel, to verify success. Any samples which did not amplify 

successfully in two or more PCR replicates were not carried forward to the next stage. 

The pooled products from the first PCR were then purified following Illumina’s 16S 

Metagenomic Sequencing Library preparation protocol using Agencourt AMPure XP beads 

(Beckman Coulter). After the products were purified, the second PCR was carried out to 

anneal custom unique and identical i5 and i7 indices to each sample (Ultramer Integrated 

DNA Technologies) to allow for multiplexing of samples. 

The second PCR stage used a final volume of 25 μl (12.5 μl of 2 x Phusion Hot Start 

2 High Fidelity Mastermix, 1 μl of i7 Index Primer and i5 Index Primer, 6.5 μl of PCR grade 



 
 

84 
 

water and 5 μl of the purified first round PCR product. Thermal cycling conditions were: 

98°C for 3 minutes; 95°C for 30 seconds, 55°C for 30 seconds, 72°C for 30 seconds (10 

cycles); 72°C for 5 minutes and 4°C for 10 minutes. This index PCR product was then 

purified following the PCR Clean-up Two section of the Illumina protocol. The products of 

the clean-up were then run on a 1% gel to verify success before being quantified using a 

Qubit 4.0 fluorescence spectrophotometer (Thermo Fisher Scientific) and pooled at equal 

concentrations to produce the final library. Water controls were amplified and sequenced 

alongside pollen samples. 

 

3.3.2.4 Bioinformatic analysis 

Sequence data were processed using the data analysis pipeline (Ford & Jones, 2020) as used 

in Jones, Brennan et al. (2021). Low quality regions were removed from raw reads 

(Trimmomatic v 0.33), before they were paired and merged with reads shorter than 450 bp 

for rbcL and 300 bp for ITS2. Identical reads were dereplicated and clustered at 100% 

identity across all samples (vsearch v.2.3.2) with sequences discarded where they only 

occurred once across all samples. 

For identifying and comparing pollen samples, Barcode UK reference libraries (Jones, 

Twyford et al., 2021) were used to identify native species with an additional list comprising 

of non-native horticultural species downloaded from Genbank. This additional library was 

generated using: the list of native species of the UK from Stace (2010), 505 naturalised alien 

species (BSBI), horticultural species from the IRIS BG database at the National Botanic 

Garden of Wales and a list of the plant species sown in the seed mix treatments. Sequence 

data were compared against this references database using blastn. The top twenty BLAST hits 

were summarised, producing automated matches based on the top bitscore. 
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Automated designations were generated using the pipeline (Ford & Jones 2020) and manually 

checked for botanical veracity. This was carried out using the Iris Botanic Garden database of 

horticultural plants, the Botanic Garden’s floral survey database (Lowe A. Unpublished) and 

the Botanical Society of Britain and Ireland (BSBI) species distribution maps. The Botanic 

Garden’s floral survey database contains a record of plant species which were in flower at the 

National Botanic Garden of Wales from March to October 2018 and was used to ensure that 

species designations matched their known phenology within the Botanic Garden. For each 

sample, the results from each marker were then combined by summing the total number of 

sequences returned from rbcL and ITS2 for each plant taxa. The relative read abundance of 

each taxon in a sample was then calculated and used as a measure of the relative abundance 

of each plant taxon collected by an insect. These were based on the proportion of total 

sequence reads in a sample in order to account for variability in sequencing depth between 

the taxa in a sample (Deagle et al., 2019; Jones, Brennan et al., 2021). 

 

3.4 Data Analysis 

All data analysis was carried out using the statistical software R v 4.0.3 (R Core Team, 2018). 

3.4.1 Exploring the overall composition of plant taxa used 

To examine the composition of plant taxa used by bumblebees and hoverflies throughout the 

seed mix flowering period (prediction 1), non-metric multidimensional scaling (NMDS) was 

first used to visually examine which measured predictor variables (month, insect group, site 

and seed mix treatment) influenced plant taxa composition (response variable). Secondly, all 

predictor variables were included in a single generalised linear model using the ‘manyglm’ 

function in the R package ‘mvabund’, to determine which had the greatest effect on plant taxa 

composition (Wang et al., 2012). Using methods adapted from Jones, Brennan et al., (2021) 

an abundance table containing the number of sequence reads for each plant taxa identified in 
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a sample was the response variable, with site, insect group, month and seed mix treatment as 

the predictor variables. The model was fitted with a negative binomial distribution as there 

was a strong mean-variance relationship in the data. To control for differences in the number 

of sequence-reads between samples, the total number of sequence-reads per sample was used 

as an “offset” in the model. The best fitting model was identified by assessing the AIC values 

of each model (Bozdogan, 1987) and visually inspecting residual plots against predicted 

values for heteroscedasticity and over dispersion. The best fitting models were analysed using 

Likelihood-ratio tests to see if the effect of predictor variables on plant taxa composition (the 

response variable) were significant. 

 

3.4.2 Assessing the proportion of plant taxa used inside vs outside seed mixtures 

To assess what proportion of plant taxa that were sourced from within or surrounding the 

seed mixtures (prediction 2), all plant taxa were categorised based on whether they were 

recorded in flower inside the seed mix treatments. Designations were made using the floral 

cover survey data across all seed mix treatments. To explore whether month and insect group 

influenced the proportion visits (measured by the proportion of DNA sequence reads) to plant 

taxa sourced from inside or outside the seed mixtures, a negative binomial distribution was 

fitted. The number of sequencing reads classed as coming from inside the plots was the 

response variable, with month and insect group as the predictor variables. Number of total 

sequencing reads was used as an offset. A chi squared test was then carried out as a post-hoc 

test, to assess if there was a significant difference between the proportion of sequence reads 

collected from inside compared to outside the seed mixture for each month, separately for 

each insect group. 
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3.4.3 Investigating the degree of specialisation/generalisation 

To explore if the overall network and insect species within the network were generalised 

(prediction 3), three plant-insect networks (bumblebees, hoverflies and both groups together) 

were created for each month (15 networks in total) and analysed using the ‘bipartite’ R 

package (Dormann, Gruber, & Frund, 2008). Interactions were weighted using the relative 

read abundance of each plant taxon identified on the body of an individual. This was used as 

a measure of the relative abundance of plant taxa that had been visited by an individual.  

 

3.4.3.1 Overall network specialisation 

The overall degree of specialisation for all species within a network, which accounts for both 

sides of the mutualism (plants and insects), was calculated using the network level index H2’ 

(Blüthgen, Menzel, & Blüthgen, 2006). The values returned are on a scale ranging from 0 

(complete generalisation) to 1 (complete specialisation). This metric is derived from Shannon 

entropy and is robust against variation in sampling intensity, network size and symmetry and 

can be used to compare the extent of specialisation between networks (Blüthgen et al., 2006). 

The H2’ metric was used to compare the differences in specialisation between the networks 

created for each insect group across the months. A network with the value of greater than 0.5 

was recorded as being specialised. All sequenced individuals and plant taxa identified were 

included when calculating the metrics. In order to ensure that the observed index values did 

not occur as a result of stochastic mechanisms (Blüthgen et al., 2008), permutation testing 

was used to test for significant variation between observed and expected index values 

generated from null models (999 simulations) using the bipartite package (Dormann et al., 

2008). 
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3.4.3.2 Species level specialisation 

For each month, the quantitative metric d’ was used to calculate the degree of specialisation 

of each hoverfly and bumblebee species compared to other species within the “all groups 

together” network. Interactions were weighted as previously described and all sequenced 

individuals and plant taxa identified were included when calculating the metrics. The value 

for this metric ranges from 0 (complete generalisation) to 1 (complete specialisation), with 

value of 1 when the species does not share any resources with other species in the network, 

inferring strong species specialisation and resource partitioning. Species which had values of 

greater than 0.5 were considered specialised, with values lower than this as generalised. 

Inferences were only made about the extent of specialisation/generalisation for species with 

over 5 individuals collected. Whilst the d’ metric is robust against sampling intensity and 

network size (Blüthgen et al., 2006), those species with only a small number of individuals 

may be less representative of the population. 

 

3.4.4 Investigating the floral constancy of individuals 

To assess if individuals were florally constant (prediction 4), the number of individuals with 

taxa identified on their bodies at a relative read abundance of ≥ 90% was calculated. This 

threshold was used in line with Lucas et al., (2018b), and accounts for pollen which was 

present at low abundance and may have been collected in the air or pollen deposited on a 

plant by a previous visitor. In addition, the percentage of individuals from each species which 

were florally constant (≥ 90% reads) were calculated, to explore how individual floral 

constancy varied between species. To explore how individual resource use varied compared 

to the species level, the individual similarity metric (IS) was used from the package ‘RInSp’ 

(Zaccarelli, Bolnick, & Mancinelli, 2013). The IS metric is used to calculate the mean 

proportional similarity between individuals and the population (IS) for each month (Bolnick 
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et al., 2002). Values returned from this index range from 0 to 1, with higher values indicating 

an increasing similarity in resource use between individuals. 

 

3.5 Results 

Pollen samples from 616 individuals were successfully sequenced and analysed from the 

bodies of 220 worker (female) bumblebees and 396 hoverflies (181 males, 215 females). 

These were made up of 27 species, all of which were common and widespread, with the most 

abundant species being the bumblebee Bombus terrestris/lucorum (n = 97), followed by the 

hoverfly Eristalis tenax (n = 89). The most abundant hoverfly tribes were Eristalini (n = 193), 

followed by Syrphini (n = 64). In total, 264 plant taxa were identified across all pollen 

samples using both rbcL and ITS2 markers. 

 

3.5.1 Prediction 1 – Exploring the overall composition of plant taxa used 

Prediction 1: “The composition of plant taxa visited will differ between bumblebees and 

hoverflies, with floral resource use changing over time”. Results were in line with the 

prediction, and bumblebees and hoverflies showed significant differences in the plant taxa 

that they visited. Plant taxa composition was also significantly predicted by month. 

 

Exploring the composition of floral resources used by each insect group 

The composition of overall plant taxa identified was best predicted by insect group 

(bumblebees vs hoverflies) (LRT = 3551, P = 0.001) and month (LRT = 5871, P = 0.001), 

These were visualised using NMDS plots (Figure 12), which revealed clear differentiation in 

plant taxa used by bumblebees compared to hoverflies (Figure 12.A) and month also 

significantly predicting the plant taxa which was used (Figure 12.B). The models which 

included the predictor variables site (Figure 12.C) and seed mix treatment (Figure 12.D) were 
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poorly fitting and had higher AIC values compared to models without these variables as a 

predictor. 

 

 

 

 

Figure 12: NMDS plots visualising four measured predictor variables (insect group (A), 

month (B), site (C), treatment (D)) on the response variable (plant taxa composition).  
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3.5.2 Prediction 2 – Assessing plant taxa used inside vs outside seed mixtures 

Prediction 2: “As floral coverage of the patches of ornamental mixtures increases, insect 

visitors will use the resources inside the patch more than those outside”. In line with 

predictions, for both insect groups, the highest proportion of DNA sequence reads that were 

sourced from outside the seed mixtures was during June, with the highest sourced from those 

inside the seed mixtures during August (Figure 13), this appeared to correspond with 

increased coverage of floral resources within the seed mixtures. 

 

For both insect groups, the highest proportion of DNA sequence reads sourced from outside 

the seed mixtures was during June compared to all other months, with the highest sourced 

from inside the seed mixtures during August (Figure 13). Comparing those sourced from 

inside vs outside the seed mixture, hoverflies sourced 70% of sequence reads from taxa 

outside of the seed mixtures during June, significantly higher compared to those sourced from 

inside the seed mixture (30%) during this month (chi-squared = 548660.2, df = 1, p < 0.001). 

The majority of these reads were from Ranunculus spp., followed by Rubus spp. and 

Plantago spp. (Figure 13).  

 

For bumblebees, whilst the highest proportion of taxa were sourced from outside the mixture 

during June compared to other months, this was significantly lower (40% of DNA sequences) 

compared to those sourced from inside the seed mixtures (60%) (chi-squared = 87754.53, df 

= 1, p < 0.001). The highest proportion of reads from inside the mixture for bumblebees was 

during August (Figure 13), followed by July which were both periods when coverage in the 

mixtures were at their highest; predominately driven by visits to the taxon 

Carduus/Centaurea/Cirsium spp. Whilst it was not possible to discriminate between these 

taxa, a high proportion of sequence reads for Carduus/Centaurea/Cirsium spp. corresponded 
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with observed visits to Centaurea cyanus within the plots (also highlighted in section 2.5.4). 

However, it is also likely that some visits made to this taxon could have been from outside 

the seed mixtures to plant species such as Centaurea nigra and Cirsium arvense which have 

been recorded in flower in the wider Botanic Garden (Lowe A. Unpublished). 

 

 

  

 

Figure 13: The relative abundance (percentage sequence reads) of each plant taxon identified 

in ≥ 10% of pollen samples from bumblebee and hoverfly individuals from June to October, 

categorised by whether the plant taxa were recorded inside or outside the seed mixtures 
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3.5.3 Prediction 3: Investigating the degree of specialisation/generalisation 

Prediction 3: “Flower-visitors to the ornamental annual seed mixtures will principally be 

comprised of generalist species, with the overall networks also being generalised”. In line 

with predictions, the overall networks were generalised, both when insect groups were 

assessed as separate networks and when combined (Table 4). In addition, the majority of 

insect species collected within the seed mixtures were also generalists throughout the months 

(Table 5). 

 

3.5.3.1 Overall network specialisation 

Overall networks for each month, both those combining hoverflies and bumblebees together 

and the separated networks, were generalised (H’ ≤ 0.5) (Table 4). Comparing the degree of 

specialisation over the months revealed that networks became increasingly generalised 

throughout the season (Table 4). Comparing the bumblebee and hoverfly networks to each 

other revealed that the bumblebee network was slightly more specialised compared to the 

hoverfly network. All observed H2’ index values calculated for each network and month, 

differed significantly from expected values generated from null models (SI; p < 0.001, 999 

permutations) and were therefore not a result of stochastic mechanisms. 
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Table 4: The overall abundance, diversity and total floral cover of plant species recorded 

across all seed mix treatments for each survey month (June to October). Network level 

metrics (H2) calculated for each month from June to October, for bumblebees, hoverflies and 

both insect groups combined. The richness and Simpson’s Diversity for each insect group 

were also recorded. 

 

 

3.5.3.2 Species level specialisation 

The majority of species (n ≥ 5) collected within seed mixtures were found to be generalised, 

with some variation in the degree of generalisation between species and across the months 

(Table 5; Figure 14). For hoverflies, there were nine species (Table 5) which had more than 

five individuals collected in a month and the degree of specialisation (d’), ranged from 0.15 

to 0.35, indicating generalisation of all hoverfly species throughout the months. There was 

some evidence of temporal variation in the degree of specialisation within hoverflies, with 

species collected in July and August principally being more specialised compared to those 

collected in September and October (Table 5; Figure 14). There were also differences in the 

degree of specialisation between species, with some species including Sphaerophoria sp. (d’ 

= 0.34) and Platycheirus albimanus (d’ range = 0.33 – 0.35), being more specialised 

Group Metric 
Month 

June July August September October 

Plants 
inside seed 

mixtures 

Simpson's 
Diversity 

0.86 0.94 0.89 0.93 0.91 

Richness 39 52 57 68 49 

Total cover 3808 8050 4914 4553 3748 

Both 
networks 
combined 

H2 (all 
groups) 

0.45 0.38 0.36 0.30 0.29 

Bumblebee 
Network 

H2 0.50 0.43 0.28 0.39 0.29 

Richness 4 4 3 3 2 

Abundance 31 99 63 17 10 

Hoverfly 
Network 

H2 0.50 0.24 0.25 0.27 0.23 

Richness 17 13 16 18 5 

Abundance 30 91 87 114 74 
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compared to other species such as Eristalis tenax (d’ range = 0.16 - 0.27) and Helophilus 

pendulus (d’ range = 0.17 – 0.15). (Table 5; Figure 14). Overall, Helophilus pendulus was the 

most generalist species, whilst Platycheirus albimanus the most specialist. 

For bumblebees, four species were collected with ≥ 5 individuals, with specialisation 

(d’) ranging from 0.35 to 0.65 (Table 5) and was consistently higher than hoverfly species. Of 

these, B. terrestris/lucorum was the most generalised (d’ range = 0.35 - 0.37), and B. 

hortorum the most specialised (d’ 0.65), with the majority of pollen from Linaria maroccana, 

(Table 5; Figure 14). The d’ values of B. lapidarius ranged from 0.42 – 0.50, whilst B. 

pascuorum displayed the greatest variability across the months, ranging from 0.36 to 0.56 

(Table 5; Figure 14). In July, B. hortorum and B. lapidarius had the highest degree of 

specialisation, whilst B. pascuorum had the highest degree of specialisation in August (Table 

5; Figure 14). 
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Month Insect species Tribe 
Insect 
group n d' IS 

June Bombus terrestris/lucorum Bombini Bumblebee 24 0.37 0.39 

July Bombus lapidarius Bombini Bumblebee 30 0.50 0.63 

July Bombus hortorum Bombini Bumblebee 21 0.65 0.58 

July Eristalis nemorum Eristalini Hoverfly 6 0.20 0.55 

July Syritta pipiens Xylotini Hoverfly 19 0.34 0.51 

July Sphaerophoria sp. Syrphini Hoverfly 5 0.34 0.49 

July Eupeodes corollae Syrphini Hoverfly 6 0.22 0.49 

July Eristalis arbustorum Eristalini Hoverfly 28 0.29 0.47 

July Bombus pascuorum Bombini Bumblebee 8 0.36 0.41 

July Eristalis tenax Eristalini Hoverfly 10 0.25 0.41 

July Platycheirus albimanus Bacchini Hoverfly 6 0.35 0.39 

July Bombus terrestris/lucorum Bombini Bumblebee 40 0.35 0.35 

August Bombus lapidarius Bombini Bumblebee 23 0.42 0.62 

August Bombus terrestris/lucorum Bombini Bumblebee 31 0.37 0.50 

August Eristalis tenax Eristalini Hoverfly 19 0.27 0.45 

August Bombus pascuorum Bombini Bumblebee 9 0.56 0.42 

August Eristalis arbustorum Eristalini Hoverfly 17 0.28 0.42 

August Syritta pipiens Xylotini Hoverfly 19 0.32 0.35 

August Eupeodes corollae Syrphini Hoverfly 10 0.27 0.35 

August Eupeodes latifasciatus Syrphini Hoverfly 9 0.23 0.34 

September Eristalis arbustorum Eristalini Hoverfly 23 0.22 0.54 

September Bombus pascuorum Bombini Bumblebee 15 0.46 0.53 

September Eupeodes corollae Syrphini Hoverfly 6 0.22 0.49 

September Helophilus pendulus Eristalini Hoverfly 5 0.17 0.43 

September Platycheirus albimanus Bacchini Hoverfly 7 0.33 0.39 

September Eristalis tenax Eristalini Hoverfly 16 0.19 0.38 

September Syritta pipiens Xylotini Hoverfly 7 0.18 0.38 

September Eupeodes latifasciatus Syrphini Hoverfly 28 0.21 0.33 

October Eristalis arbustorum Eristalini Hoverfly 10 0.30 0.57 

October Bombus pascuorum Bombini Bumblebee 9 0.46 0.43 

October Helophilus pendulus Eristalini Hoverfly 16 0.15 0.41 

October Eristalis tenax Eristalini Hoverfly 43 0.16 0.39 

 

Table 5: Species level metric calculating the degree of specialisation/generalisation (d’) and 

individual similarity (IS), calculated to determine the similarity of individuals within a 

species. IS values range from 0 to 1, with higher values indicating an increasing similarity in 

resource use between individuals. The d’ metric values range from 0 (complete 

generalisation) to 1 (complete specialisation), with value of 1 when the species does not share 

any resources with other species in the network. These metrics were calculated for each 

network from June to October, using all species collected in the network but only those with 

greater than 5 individuals in a species are illustrated. 
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Figure 14: Bipartite graphs displaying the interactions between bumblebees (A) and hoverflies (B) with flowering plants from June to October. 

Each month is represented by a different colour and the width of the bars for plants indicates the proportion of sequence reads identified on each 

insect species and those for insects showing the number of individuals. 
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3.5.4 Prediction 4: Investigating floral constancy of individuals 

Prediction 4: “The majority of individuals will display florally constancy”. Contrary to 

predictions only a small proportion of individuals were found to be florally constant, with 

some variation in the degree of constancy between individuals of different species 

 

Overall, just 20% of bumblebee individuals were florally constant (≥ 90% sequence reads), 

whilst for hoverflies this was only 7% (Figure 15). Exploring how the floral constancy of 

individuals varied between species (Table 6), the bumblebee B. lapidarius had the highest 

percentage of florally constant individuals (36%), with B. pascuroum having the lowest, 

(2%). For hoverflies, examining those species with 5 or more individuals recorded, 

Platycheirus albimanus had the highest proportion of florally constant individuals (22%), 

with Helophilus penduldus, Eristalis nemorum and Eristalis arbustorum having the lowest, 

with no florally constant individuals (Table 6). Comparing hoverfly floral constancy between 

tribes, Syrphini individuals showed higher levels of floral constancy than individuals from 

the tribe Eristalini (Table 6). 

Individual patterns in floral resource use were illustrated for each insect group 

(Figures 16 & 17) and highlight how floral resource use varied between individuals and 

across the months. Using the IS metric, the intraspecific variability in floral resource use for 

both bumblebees and hoverflies was examined where five or more individuals were collected 

in a month (Table 6). The bumblebee species which showed greatest intraspecific similarity 

were: B. lapidarius during July and August (IS = 0.63 and 0.62 respectfully) and B. hortorum 

during July (IS = 0.58) (Table 6). For B. hortorum, which was specialised during July (d = 

0.65), the higher intraspecific similarity (IS = 0.6) indicates that the majority of individuals 

were also specialised during July. For hoverflies, the two species with the highest 

intraspecific similarity were: Eristalis arbustorum during October (IS = 0.57) and Eristalis 
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nemorum during July (IS = 0.55). Since these species were generalised at the species level 

(Table 6), high intraspecific similarity indicates that the majority of individuals were also 

generalised. 

 

 

  

 
 

 

 

Figure 15: Bar graph to show the proportion of individuals which were florally constant ( 

≥90% sequence reads) for each insect group. Individuals are categorised based upon the plant 

taxa with the highest percentage sequence reads that have been identified within the pollen on 

their bodies. 
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Pollinator binomial n 
Insect 
Group Tribe 

Percentage of 
florally 
constant 
individuals 
(>90% 
sequence 
reads) 

Percentage of 
individuals not 
showing floral 
constancy (less 
than 90% sequence 
reads) 

Bombus lapidarius 55 Bumblebee Bombini 36.36 63.64 

Bombus terrestris/lucorum 97 Bumblebee Bombini 19.59 80.41 

Bombus hortorum 24 Bumblebee Bombini 16.67 83.33 

Bombus pascuorum 44 Bumblebee Bombini 2.27 97.73 

Xanthogramma 
pedissequum 1 Hoverfly Syrphini 100.00 0.00 

Melanostoma mellinum 7 Hoverfly Bacchini 57.14 42.86 

Platycheirus albimanus 18 Hoverfly Bacchini 22.22 77.78 

Eupeodes corollae 24 Hoverfly Syrphini 20.83 79.17 

Eupeodes latifasciatus 42 Hoverfly Syrphini 16.67 83.33 

Episyrphus balteatus 8 Hoverfly Syrphini 12.50 87.50 

Sphaerophoria sp. 9 Hoverfly Syrphini 11.11 88.89 

Syritta pipiens 46 Hoverfly Xylotini 6.52 93.48 

Eristalis tenax 89 Hoverfly Eristalini 2.25 97.75 

Eristalis arbustorum 82 Hoverfly Eristalini 0.00 100.00 

Helophilus pendulus 24 Hoverfly Eristalini 0.00 100.00 

Eristalis nemorum 13 Hoverfly Eristalini 0.00 100.00 

Eristalis horticola 8 Hoverfly Eristalini 0.00 100.00 

Syrphus ribesii 6 Hoverfly Syrphini 0.00 100.00 

Rhingia campestris 5 Hoverfly Chrysogastrini 0.00 100.00 

Platycheirus granditarsus 4 Hoverfly Bacchini 0.00 100.00 

Sphaerophoria scripta 3 Hoverfly Syrphini 0.00 100.00 

Eristalis pertinax 2 Hoverfly Eristalini 0.00 100.00 

Cheilosia pagana 1 Hoverfly Cheilosini 0.00 100.00 

Lejogaster metallina 1 Hoverfly Chrysogastrini 0.00 100.00 

Melanogaster hirtella 1 Hoverfly Chrysogastrini 0.00 100.00 

Merodon equestris 1 Hoverfly Eristalini 0.00 100.00 

Scaeva pyrastri 1 Hoverfly Syrphini 0.00 100.00 

 

Table 6: The proportion of individuals for each species that were florally constant (>90% 

sequence reads) and the proportion that were not (<90% sequence reads). 
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Figure 16: Spoke graphs of floral resources used by individual bumblebees for each month 

(June to October). Each bar represents the proportion of sequence reads for an individual 

bumblebee. Plant taxa which were identified on the individual in over 45% sequence reads 

are illustrated in colour, with taxa less than 45% sequence reads in grey. 
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Figure 17: Spoke graphs of floral resources used by individual hoverflies for each month 

(June to October). Each bar represents the proportion of sequence reads for an individual 

bumblebee. Plant taxa which were identified on the individual in over 45% sequence reads 

are illustrated in colour, with taxa less than 45% sequence reads in grey. 
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3.6 Discussion 

 
Pollen DNA metabarcoding broadens the resolution of the investigation, providing greater 

insight into the breadth and composition of resources used by wild pollinators from both 

within and surrounding the seed mixtures and how patterns in resource use changed over 

time. The study also highlights the importance of investigating patterns in resource use from 

the individual, species, and whole assemblage level, revealing generalisation across multiple 

hierarchical levels. 

 
Bumblebees and hoverflies differ in their response to sown ornamental seed mixtures 

In line with predictions, there was distinct partitioning in overall floral resource use between 

hoverflies and bumblebees, with changes in plant taxa composition also significantly 

predicted by month. The breadth of resources that are available to flower-visiting insects can 

be influenced by environmental factors and constrained by innate ecological traits (Poisot et 

al. 2011). Innate differences in morphology and behaviour may explain the strong 

partitioning of floral resources between these groups (Campbell et al. 2012; Wäckers & Van 

Rijn, 2012; Willmer, 2011), such as innate differences in colour preference (An et al., 2018; 

Raine & Chittka, 2007b). It is also possible that resource partitioning may have been 

heightened by environmental effects (Cervantes-Loreto et al., 2021), such as increased 

competition within the research plots. Indeed, there is evidence to suggest that bumblebees 

will use olfactory cues to actively avoid flowers that have been previously visited by both 

other bees (Goulson, Hawson, & Stout, 1998; Stout & Goulson, 2001) and also hoverflies 

(Reader et al., 2005). Furthermore, studies which have compared patterns in floral resource 

use between hoverflies and bumblebees in multi-species seed mixtures have also found 

evidence of distinct floral resource partitioning (Campbell et al., 2012; Wäckers & Van Rijn, 

2012; Warzecha, et al., 2018).
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Sowing of dense ornamental annual seed mixtures may influence how flower-visitors 

use resources in the surrounding landscape 

The plant taxa most abundantly visited from outside the seed mix trial area were principally 

native species, including Rubus spp., for bumblebees, with hoverflies also using a high 

proportion of Ranunculus spp., and Plantago spp. There is some evidence from both 

observational and pollen metabarcoding studies to suggest that flower visiting insects have 

greater preference for native over non-native species (de Vere et al., 2017; Rollings & 

Goulson, 2019; Salisbury et al., 2015), which may explain why these species were more 

frequently visited in the surrounding landscape despite a diverse range of native and 

horticultural species known to be in flower (Lowe A, Unpublished). Furthermore, plant 

species abundantly visited from within the seed mixtures included Centaurea cyanus 

(Centaurea/Carduus/Cirsium spp.) for bumblebees and Glebionis segetum for hoverflies, 

both of which are native species and have been found to contain high amounts of pollen and 

nectar rewards relative to other annual flowering plants in ornamental mixtures (Godfrey, 

2017; Hicks et al., 2016). It is possible that some of the Centuarea/Carduus/Cirsium spp. 

visits were also from outside the seed mixture, with Centaurea nigra and Cirsium sp. in 

flower in the local surrounding landscape (Lowe A, Unpublished). 

Dense patches of floral resources have been found to attract flower-visiting insects in 

large numbers (Blaauw & Isaacs, 2014; Dauber et al., 2010; Makino, Ohashi, & Sakai, 2007) 

and there is evidence to suggest that interactions within a dense resource patch may influence 

plant-insect interactions in the wider landscape (Holzschuh et al., 2016; Riedinger et al., 

2014). Indeed, dense patches of annual flowering plants may act as facilitators or competitors 

to pollination services, depending upon the coverage and plant species present (Azpiazu et 

al., 2020; Holzschuh et al., 2016; Stanley & Stout, 2014). The present study revealed that 

throughout the months, as the coverage within the seed mixture increased, a smaller 
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proportion of floral resources were used from outside the seed mixtures compared to inside. 

These changes floral resource selection may have occurred in response to the establishment 

of the seed mixture. This could suggest that flower-visitors were attracted to the patch in 

response to density dependent effects (Dauber et al., 2010), with more insects visiting and 

using a greater proportion of resources from inside the seed mixtures as flower coverage 

increased. Further investigation would be required to determine how the seed mixtures sown 

within an amenity space influenced pollination of flowering plants in the local landscape 

surrounding it. 

 

Generalisation of networks at the overall network and species level 

Plant-insect interactions across both semi-natural and human altered landscapes have been 

found to have a principally generalised structure (Ballantyne, Baldock, & Willmer, 2015; 

Lucas, et al., 2018b). Furthermore, there is also evidence to suggest that plant-insect 

interactions in gardens and amenity spaces are often more generalised compared to semi-

natural landscapes (Baldock et al., 2015; Geslin et al., 2013; Gotlieb, Hollender, & Mandelik, 

2011; Lowenstein et al., 2019; Theodorou et al., 2017). The findings of this investigation 

support these studies, with the overall network becoming increasingly generalised throughout 

the months. 

In the present study, insect species were also principally generalised, which may 

suggest that ornamental mixtures may be unable to support more specialist species, findings 

which are supported by other studies assessing urban ornamental plantings (Cecala & Wilson 

Rankin, 2021; Erickson et al., 2020; Godfrey, 2017; Lowenstein et al., 2019). This highlights 

the need to have an understanding of the ecological requirements of all species in the group 

which the seed mix is being designed for (Campbell et al., 2017; Wäckers & Van Rijn, 2012), 

particularly those with more specific requirements. 
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It is also important to consider that resources in the surrounding environment, at both 

local and landscape scale can influence the composition of flower visitors to the seed mixture 

(Carvell et al., 2011; Majewska & Altizer, 2020; Scheper et al., 2015). Majewska & Altizer, 

(2020) metanalysis found that in many studies of gardens and amenity spaces, flower visitors 

were primarily generalist species, which may indicate that in the present study, specialists 

were not locally present to utilise the seed mixtures on establishment. Although, Erickson et 

al., (2020) found that whilst specialist flower visitors were present in the local landscape, 

they were not recorded visiting the single species blocks of annual flowering plants. Further 

investigation to explore the diversity of wild pollinators in the local landscape of the present 

study would provide greater insight. 

From an ecological perspective, the differences in the degree of generalisation found 

between species and across the months in the present study support the well-established 

theory that ecological specialisation and generalisation are dynamic and flexible traits 

(Alarcón, Waser, & Ollerton, 2008; Geslin et al., 2013; Petanidou et al., 2008; Waser et al., 

1996). Lucas, et al., (2018b) also found that whilst hoverfly species were principally 

generalist, they showed variation in the degree to which they were generalised, with larger 

species found to be more generalised, a finding also revealed in the present study. Ecological 

traits relating to proboscis length, body size, foraging range and nest density may explain 

some of the interspecific variation in the degree of generalisation found in the present study 

(Gilbert, 1980, 1981; Klecka et al., 2018; Knight et al., 2005; Ranta & Lundberg, 1980; 

Westphal, Steffan-Dewenter, & Tscharntke, 2006). 

For bumblebees, proboscis length appeared to influence the degree of specialisation, 

with the longest tongue species B. hortorum (Goulson et al.,2005) being most specialised and 

the shortest tongued bumblebee species B. terrestis/lucorum being the most generalised. 

Interestingly, B. terrestris/lucorum was also by far the most abundant visitor when surveys 
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began in June, remaining the most abundant species until August. With a large colony size 

and longer foraging distance compared to other bumblebee species (Greenleaf et al. 2007), it 

is well known for its ability to rapidly adapt to a changing environment, sometimes at the 

detriment of other wild pollinator species (Geslin & Morales, 2015; Lihoreau et al., 2010; 

Torretta, Medan, & Abrahamovich, 2006). In addition, the present study revealed that across 

the months, bumblebee species had a narrower diet breadth (more specialised) relative to 

hoverflies (Amy et al., 2018; Branquart & Hemptinne, 2000; Lami et al., 2021; Lucas et al., 

2018b; Weiner et al., 2011). This may be explained by the differences in foraging behaviour 

between these two groups, with bumblebees being central place foragers (Alford, 1975), and 

also being more receptive to localised changes in their landscapes compared to hoverflies 

(Aguirre-Gutiérrez et al., 2015; Jauker et al., 2013; Lazaro & Totland, 2010; Torne-Noguera 

et al., 2014). 

Ecological traits other than proboscis length may have also influenced the degree of 

generalisation in different species. The long-tongued bumblebee species B. pascuorum, 

(Goulson et al., 2005), was generalised in July when the abundance of bumblebees within the 

mixture was the highest. This species has a small foraging range compared to B. 

terrestris/lucorum and B. lapidarius, as well as a smaller colony size which grows slowly and 

extends into late autumn (BWARS, 2020; Greenleaf et al., 2007). Therefore, B, pascuroum 

may have been forced to become generalised (realised generalist) when competing with the 

larger colonies of B. terrestis/lucorum and B. lapidarius during July, becoming more 

specialised (realised specialist) when there was less competition for resources (Pornon et al., 

2019). 

There were temporal patterns in the degree of specialisation for hoverfly species, with 

higher specialisation found in species collected earlier in the season during in July and 

August, being more generalised during September and October. Later in the season, there was 
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a high abundance of E. tenax individuals, which may have been associated with autumn 

broods of this species which are often found to feed in large congregations (Wellington & 

Fitzpatrick, 1981). The increased density of this species and consequent depletion in resource 

availability may explain why species later in the season, including Eristalis tenax were 

principally found to be more generalised (Lucas, et al., 2018b), corresponding with theories 

of optimal foraging (Emlen, 1966; Pyke et al., 1977). 

 

The majority of bumblebee and hoverfly individuals were not found to be florally 

constant 

From the perspective of the insect, avoiding potentially rewarding flowers appears an 

inefficient foraging strategy (Goulson, 1999; Pyke et al., 1977). However, both observational 

and pollen metabarcoding studies have found that floral constancy is a commonly displayed 

trait amongst wild pollinator individuals, including hoverflies and bumblebees (Bolnick et al., 

2003; Goulson, 1999; Goulson & Wright, 1998; Inouye et al,.2015; Klečka et al., 2021; 

Lucas et al., 2018a; Raine & Chittka, 2007a; Somme et al., 2015). Using pollen 

metabarcoding, 220 bumblebee and 396 hoverfly individuals were analysed, and it was 

revealed that only 20% of bumblebees and just 7% of hoverflies were florally constant, which 

is contrary to these findings. 

Estimating the degree to which individuals are specialised using observational 

methods or traditional light microscopy methods for pollen analysis is very labour intensive 

(Goulson & Wright, 1998; Rahl, 2008). Observational methods demand the continued 

observation of mobile insects, which may limit the number of flowers an individual can be 

observed foraging on. For traditional palynological methods using light microscopy, each 

pollen grain within an individual’s pollen load must be painstakingly identified and 

furthermore, only a subsample of the pollen is analysed, with low abundance samples left 
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undetected (Von Der Ohe et al., 2004). These methods reduce the feasibility of assessing 

large sample sizes and in addition, can only provide a snapshot of an individual’s foraging 

patterns which may influence reported estimates of individual specialisation (Araujo et al., 

2011; Arstingstall et al., 2020). One of the benefits of using DNA metabarcoding to assess 

floral constancy, is that it allows for a wider spatial resolution and furthermore, high-

throughput sequencing methods mean that much larger sample sizes can be analysed (Bell et 

al., 2016; Sickel et al., 2015). Whilst pollen metabarcoding broadens the resolution of the 

investigation, it is important to highlight that both floral constancy (Lucas et al., 2018; Lowe 

et al. Unpublished) and individual generalisation (Pornon et al., 2019) have been revealed 

using pollen metabarcoding, demonstrating the ability of this method to identify different 

patterns in the degree of individual specialisation. The present study was the first to explore 

individual specialisation of wild pollinators visiting ornamental annual flowering seed 

mixtures using this method. 

Flower-visiting insects are flexible in their foraging behaviour (Goulson, 1999), with 

bumblebees found to have “major” and “minor” flowering plants (Heinrich, 1979), switching 

to the less rewarding minor plant when the major resource becomes scarce or less rewarding 

(Heinrich, 1976). According to Waser et al., (1996) generalisation of insects, is predicted, 

when plant species have similar floral rewards, travel is costly and innate morphological and 

behavioural constraints are minor. Variation in the degree of floral constancy has been 

attributed to morphological complexity (Laverty, 1980) and nutritional quality (Real, 1981) 

of floral resources, with increased switching between resources when less time is required to 

learn how to handle flowers or when their rewards are low. Within the annual flowering seed 

mixtures, wild pollinators only visited a small proportion of plant species that were in flower 

(Chapter 2) and those which were visited have been found to be more rewarding comparable 

to other annual flowering plants in the seed mixture (Godfrey, 2017; Hicks et al., 2016). 
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Since large patches of floral resources have been found to attract flower-visiting insects in 

larger numbers (Holzschuh et al., 2016), it is possible that floral resources may have more 

frequently been depleted, reducing their reward value (Gawleta, Zimmermann, & Eltz, 2005; 

Goulson et al., 1998), and leading to increased switching between resources (Pornon et al., 

2019; Svanbäck & Bolnick, 2007). Plant species in annual flowering seed mixtures 

principally consist of arrays of simple open flowers with a short corolla. Therefore, it may 

have been more efficient for individuals to be generalised, as they required limited learning to 

switch between flowers. This suggests that individuals are adapting their foraging strategy in 

response to the local floral resources (Gruter & Ratnieks 2011).  

It is also important to consider the wider floral resources that were used from outside 

the seed mix treatment which also formed part of the pollinators diet. Indeed, the resources 

available in the surrounding environment may have altered how resources were used within 

the seed mixtures (Hatfield & LeBuhn, 2007). In corroboration with the present findings, a 

recent study examining the pollen loads of bumblebee individuals using light microscopy also 

found low floral constancy (Martinez-Bauer et al. 2021). Indeed, they suggested that 

bumblebees were actively choosing not to be florally constant in sites where floristic 

diversity was higher, which also supports the adaptive foraging hypothesis (Gruter & 

Ratnieks 2011).  

In addition to external factors, ecological differences may have influenced the degree 

to which individuals were florally constant. In the present study, there was variability in the 

degree of florally constant individuals between species, a finding which has also been 

highlighted in previous studies (Raine & Chittka, 2005; Stout et al., 1998). The results of this 

investigation showed that only 2% of B. pascuorum individuals were florally constant, the 

lowest proportion compared to all other bumblebee species. Since this is the smallest 

bumblebee species collected and with the shortest foraging range (Greenleaf et al., 2007; 
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Westphal et al., 2006) it may be that it was outcompeted by other species, which led to 

realised generalisation and may also explain patterns in the specialisation at the species level 

as previously discussed. Indeed, in a comparison of floral constancy between three 

bumblebee species (B. lapidarius, B. terrestris/lucorum and B. pascuorum) (Raine & Chittka, 

2005) also found B. pascuorum to be the least florally constant bumblebee species, but see 

Stout et al., (1998). 

Differences in life history traits may influence the extent of floral constancy of an 

individual. Interestingly, a greater proportion of individuals from the tribe Syrphini were 

florally constant compared to those of Eristalini. This may be explained by the differences in 

the larval development of these two tribes, with Syrphini larvae being aphidophagous, whilst 

Eristalini larvae are aquatic (Speight, 2014). Indeed, predatory hoverfly adults, such as the 

Syrphini tribe are attracted by semiochemicals to locate the most optimal sites for oviposition 

(Almohamad et al., 2007; 2009) and may also utilise these resources to obtain pollen and 

nectar. Furthermore, of those species with the lowest proportion of florally constant 

individuals were also larger species, which may indicate that body size may have also 

influenced the degree individual specialisation. 

 

Concluding Remarks 

Using pollen metabarcoding and quantitative network metrics, the composition and 

breadth of floral resources use by wild pollinators visiting annual flowering seed mixtures 

was explored. The findings revealed that these ornamental patches principally attracted 

generalist species which may indicate that these mixtures may be unable to support more 

specialist species. Furthermore, whilst species were generalist, there was evidence of 

variability in the degree to which both species and individuals were generalised, supporting 

the theory that specialisation and generalisation are dynamic traits. At the level of the 
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individual, using a large sample size of individuals, it was found that the majority of 

individuals were not florally constant. These findings suggest that floral constancy is an 

adaptive trait, with individuals becoming less florally constant in response to the resources 

that are available in the local landscape. Further studies using pollen metabarcoding to 

explore how wild pollinators respond to different seed mixtures and in different landscapes 

would provide important further insight into individual patterns of foraging behaviour. 
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4.1 Abstract 

Annual flowering seed mixes have the potential to provide important resources for flower 

visiting insects in gardens and amenity spaces. With the declining insect populations an 

increasing concern, it is important to develop seed mixes which are attractive to a range of 

insect species, with selection grounded on a strong evidence base. Focusing on three insect 

groups (bumblebees, hoverflies, and solitary bees) and their interactions with annual 

flowering plants, an evidence-based plant recommendations list for use in annual seed mixes 

was compiled. Drawing upon research available in peer-reviewed literature, a three-stage 

systematic screening approach of over 10 000 potentially relevant articles was carried out. 

From these articles, 507 contained relevant plant-insect interactions, consisting of studies 

carried out in 52 different countries and published over 74 years. Analysis revealed 57 plant 

species, including those already used in seed mixes such as Echium vulgare (for 

bumblebees), Calendula officinalis (for hoverflies) and Daucus carota (for solitary bees) 

were important. Plant species less commonly used in ornamental seed mixes such as 

Chaerophyllum temulum and Sinapis arvensis were also highlighted as potential additions 

following further horticultural trials. In addition, there was a significant difference between 

the floral resources used by each insect group. These findings can be used to provide 

guidance to gardeners and landscape designers in the selection of plant species for use in seed 

mixes and provides a valuable open access dataset which can be used for further research into 

plant-insect interactions.  

 

4.2 Introduction 

The value of gardens and amenity spaces for enhancing biodiversity conservation and 

ecosystem function is gaining increasing recognition (Baldock et al., 2015a;Hall et al., 2017; 

Xie et al., 2020). With discussions of economic recovery post the Covid-19 pandemic, 
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focussed on a greener, more environmentally sustainable future, projects to enhance 

biodiversity are a key priority (Goldsmith, 2020). These projects must consider a range of 

factors during the planning stages, such as public perceptions, local biodiversity targets, 

economic constraints, and the space limitations on a suitable site (Aronson et al., 2017). 

Designing flower rich areas in amenity spaces has the potential to deliver important 

biodiversity and wellbeing outcomes and can be created and managed in small areas 

(Hofmann & Renner 2020; White et al., 2019). Annual flowering seed mixes are often used 

to create these areas, either in combination with perennial species or on their own, since they 

flower in their first year, providing instantaneous aesthetic impact (Plenk & Neuninger, 

2016). When suitable plant species are selected, annual flowering seed mixes can provide 

important sources of pollen and nectar for flower-visiting insects, including bumblebees, 

solitary bees and hoverflies (Garbuzov & Ratnieks 2014b; Rollings & Goulson 2019). 

Since flowering seed mixes can be expensive, it is vital to ensure that the chosen mix 

includes species which will fulfil the desired project outcome, particularly when the main aim 

is to increase biodiversity. For those projects aiming to enhance flower-visiting insect 

diversity, there is a need to identify a range of key plant species which will attract a diversity 

of species, whilst taking aesthetics and cost into consideration. Although there are many lists 

available to advise on the best plants for pollen and nectar feeding insects, research has 

indicated that the majority of these are based upon anecdotal evidence and tend to focus on 

better known insect groups such as bumblebees and butterflies, with little or no reference to 

lesser-known groups such as hoverflies and solitary bees (Garbuzov & Ratnieks, 2014a). 

Given the dramatic decline of pollen and nectar feeding insects (Hallmann et al., 2017; Potts 

et al., 2010), it is important that amenity space landscape projects use empirical evidence to 

obtain information on the resources and habitats required for all stages of the insects’ life 

cycle, including floral resources (Dicks et al., 2013). 
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There is a wide range of data available from peer-reviewed scientific journals in the 

form of plant-insect interaction data which when collated, could be used to provide detailed, 

evidence-based guidance on key plant species which may be suitable for garden and amenity 

space projects. Previous review papers investigating interactions between plants and flower-

visiting insects have largely focussed on the insect’s role in providing pollination services in 

agricultural landscapes (Rader et al., 2020; Saunders 2018). To the authors’ knowledge there 

are no systematic reviews which focus specifically on interactions between UK native flower-

visiting insects and annual plant species. Indeed, the need to develop an evidence-based list 

of plant recommendations to advise public stakeholders was highlighted in an evidence 

review carried out to inform the National Pollinator Strategy (Steele et al., 2019). 

The objective of this systematic review was to provide guidance on the most suitable 

plants to include in annual flowering seed mixes to attract a diverse range of bumblebees, 

solitary bees and hoverflies. To achieve this, plant-insect interaction data was collated from 

peer-reviewed journals, using a standardised and repeatable approach adapted from the 

Collaboration for Environmental Evidence systematic mapping guidelines (James et al., 

2016). In addition, interactions were analysed to determine if there was a significant 

difference in the floral resources used by each insect group. The results of this review can 

provide guidance on which plant species are suitable for use in annual flowering seed mixes 

in gardens and amenity spaces to enhance insect abundance and diversity. 

 

4.3 Materials and Methods 

 

4.3.1 Scoping review and article screening 

An initial scoping review was carried out using the Web of Science database to identify the 

number of potential articles available and to refine the search strategy. An effective search 

strategy aimed to obtain all relevant articles in which any UK native species of hoverflies, 

bumblebees and solitary bee species, excluding the managed honeybee Apis mellifera, 
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interacted with annual flowering plants. This consisted of an optimal target of 274 species of 

bees and 281 species of hoverflies native to the UK (Stubbs & Falk, 2002; Falk & Lewington, 

2015). 

A search string was developed using key words that were broad enough to find all 

potentially relevant articles and narrow enough to omit irrelevant articles. The final search 

string contained the following key words to incorporate all seven UK native bee and hoverfly 

families, (Andrenidae, Halictidae, Colletidae, Megachilidae, Melittidae, Apidae and 

Syrphidae), the three pollinator groups (bumblebee*, hoverfl*, “solitary bee*”, bumblebee*), 

plant related terms (plant*, flora*, flower*) and terms to connect them (interaction*, visit*, 

preference*, network*, resource*). The asterisk in the search terms is used to broaden the 

search by finding words which start with the same letters, such as hoverfl* would return 

hoverfly and hoverflies in the database. Whilst the aim of the review was to extract annual 

flowering plant species interactions, the term “annual” was not included in the search string, 

as scoping studies revealed that this considerably limited the articles which were returned in 

the database and risked missing relevant studies.  

A full systematic search was carried out in July 2018 and updated in May 2020 by 

entering the key terms using the Web of Science all collections database using the appropriate 

Boolean operators. All articles that were returned from the database on the date of the search 

were screened using a three-stage process (Figure 18) using the exclusion and inclusion 

criteria outlined subsequently. At each stage, if there was not enough information to exclude 

a study it was retained until the next stage. To avoid between-reviewer differences in 

determining an article’s relevance, a kappa analysis (Viera & Garret 2005) was carried out on 

10% of the articles screened during the 2018 search by an independent reviewer at the start of 

the abstract filtering process. A list of articles that were screened during the review process 

are available in the supplementary information.  
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Figure 18 - Flow diagram of the three-stage systematic review screening process used to 

identify relevant articles. 

 
 

4.3.2 Article inclusion and exclusion criteria 

 

Primary articles from peer-reviewed journals, written in the English language were accepted 

if they contained recorded interactions between any of the three focal insect groups with 

annual or biennial flowering plants, since biennials are commonly incorporated into annual 

flowering seed mixtures (Dunnett, 2008). The insect species included all UK native 

bumblebees (24 species), hoverflies (281 species) and solitary bees (250 species) recorded in 

Stubbs and Falk, (2002) or Falk & Lewington, (2015), excluding the managed honeybee Apis 

mellifera. Many of these insect species are also recorded in the Western Palearctic zone 

(Kuhlmann et al., 2012) outside of the UK and all relevant articles which recorded these 

species were accepted. Recorded interactions were extracted from the article if it was clear 

that the insect visited the flower, such as an observation or from pollen analysis. Information 

was not obtained about the resources collected by the insect (pollen, nectar), as the 
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preliminary review highlighted that these data were not consistently available across all 

articles. 

 

4.3.3 Data extraction 

During stages two and three of the review, all plants species were cross-checked for 

synonyms using the Plants of the World Online database (POWO, 2019). Comprehensive 

information on all possible insect species synonyms was more difficult to obtain and where 

there was any uncertainty, the species was accepted in the dataset. All synonym names that 

were recorded in articles were included in the database, as well as the accepted name. Plant 

species that included subspecies or variety data were recorded to species level in the analysed 

dataset, since not all articles provided information on the subspecies or variety of the plant in 

their study. All annual and biennial plant species and any plant species with a plant habit that 

could not reliably be determined were included in the final dataset. Articles which recorded 

Bombus lucorum complex and Bombus terrestris separately were recorded as Bombus 

terrestris/lucorum to avoid over representation, as many articles did not separate these 

species. Therefore, the total possible number of bumblebee species which could be obtained 

from articles was 22. 

Plant-insect interactions were extracted from each article once and individual 

abundance data was not recorded. These interactions were compiled into a spreadsheet along 

with the following information: first author, article title, year, pollinator sampling method, 

study country, plant growth habit (annual/biennial), native status (native/non-native), whether 

the plant is listed as a UK invasive or injurious weed (Wildlife & Countryside Act 1981, 

Weeds Act, 1959) and synonyms that were used in the article. Plants that were recorded as 

archaeophytes were all recorded as native and neophytes were recorded as non-native. 
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Additional information on plant native status that were not available in the article were 

obtained from relevant sources (Stace, 2019, POWO, 2019). 

 

4.4 Data Analysis 

4.4.1 Creating the plant recommendation list 

After extracting interaction data, Excel and the statistical software R v 4.0.3 (R Core Team, 

2018). were used to examine the dataset, looking at the number of articles extracted for each 

year, study countries, the methods used to record plant-pollinator interactions in each article 

and the representation from each insect group, broken down into insect families. Since the 

aim was to investigate which plant species were the most important for three insect groups 

(bumblebees, hoverflies and solitary bees), the next step was to exclude interactions that were 

not recorded to species level for plants. The number of articles which recorded each plant 

species were then calculated and any plant species that were only recorded in only one article 

were excluded. For plant species recorded in more than one article, counts were made of the 

total and mean number of interactions (between the plant species and each insect group 

separately). Secondly, the total and mean number of insect species recorded on each plant 

species were calculated for each insect group independently. Plant species recorded with 

greater than the mean number of interactions and/or greater than the mean number of insect 

species recorded in one or more insect group were included in the final “potential plant 

species” list. 

 

4.4.2 Does plant use differ between insect groups? 

A Chi-squared contingency test was used to investigate if there was any significant difference 

between plants used by each insect group, based on the number of interactions. A second Chi 

squared test was then used to assess which of the plant species were driving these patterns, to 
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analyse which plant species had a significantly higher proportion of the total interactions. 

Bonferroni corrections were used to allow for multiple testing ( Abdi, 2007) and plant species 

with expected values less than five for any insect group were removed from the analysis. 

 

4.5 Results 

Using the search terms, 8695 articles were returned from the Web of Science database in July 

2018 and an additional 1490 in May 2020 when the review was updated. These consisted of 

articles from over 76 years, starting in 1946. The number of articles that were screened for 

each published year rapidly increased in 1970 with a generally increasing trend until 2019. The 

number of articles screened for 2020 was lower since only five months of this year were 

screened. There was moderate inter-reviewer agreement between articles (kappa = 0.47), and 

therefore no amendments were made to the article screening process. Following the article 

screening (Figure 18), 507 of the processed articles contained relevant interaction data that was 

included in the final dataset. These articles included research carried out between 1946 - 2020, 

across 52 different countries. 

The articles in the final dataset included research using observational and/or pollen analysis 

methods to obtain records of plant-insect interactions. Observational methods were used in 

83% of articles, with a small number using pollen analysis (13%) or a combination of both 

(4%). Of the articles that used pollen analysis, 91% used light microscopy and 9% used DNA 

barcoding for plant identification. From these articles, 4040 relevant plant-insect interactions 

were extracted, of which 2892 were unique (Table 6). These data include all seven of the insect 

families which represent UK native solitary bees, bumblebees and hoverflies and 52 plant 

families. The majority of plant interactions were recorded to species level (73%), with 16% of 

interactions recorded to genus and 10% to family. 
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4.5.1 Insect representation 

Of all the insect groups, bumblebees had the greatest representation in the dataset, both in 

terms of the number of interactions and species representation (Table 7). Over 80% of UK 

native species from this group were represented in the dataset, all of which were recorded in 

more than one article (Table 7), with 41% recorded in more than 10 articles. Following 

bumblebees, hoverflies had the next highest number of published interactions (1046), which 

covered the greatest number of plant families (37). However, unlike bumblebees, only 30% 

of UK native species were represented in the dataset, with 49% of these species recorded in 

more than one article (Table 7). Interactions which recorded solitary bees were largely from 

the family Andrenidae (535 interactions), though only 10% of these were recorded in more 

than one article. For this insect group, the family Colletidae had the greatest representation of 

UK native species recorded in the dataset (81%) and the family Apidae had the lowest (16%). 

The family Melittidae had interactions with the fewest plant families (10) and Megachilidae 

had the highest for solitary bees (28). 

 

 

Insect 

group
Insect family

Number of 

articles with 

recorded 

interactions

Number of insect 

species in dataset 

(percentage of species 

>1 article)

Percentage of 

UK native 

species 

represented for 

each family

Number of 

interacting plant 

families

Total plant-insect 

interactions 

(percentage of 

interactions >1 

article)

Andrenidae 65 41 (63%) 59% 25 535 (10%)

Apidae 56 7 (71%) 16% 18 85 (51%)

Colletidae 28 17 (71%) 81% 14 84 (10%)

Halictidae 105 32 (53%) 52% 27 339 (12%)

Megachilidae 80 16 (69%) 38% 28 271 (16%)

Melittidae 9 3 (67%) 50% 10 56 (2%)

bumblebee Apidae 296 22 (100%) 88% 39 1624 (48%)

hoverfly Syrphidae 179 84 (49%) 30% 37 1046 (21%)

solitary bee

Table 7: Summary of all the insect associated data extracted during the systematic review. 

For each insect family, we calculated the number of total and replicated plant-insect 

interactions. For each insect species, we calculated the number of plant species which were 

extracted, and the percentage of these plant species recorded in more than one article. 

Managed honeybees were not included in this study so are not present within the Apidae 

results. 
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4.5.2 Selecting plant species to include in the recommendation list  

The plant-insect interactions that were recorded to species level for plants (excluding plant 

species found in only one article), consisted of 60% of the total interactions, extracted from 

399 articles. These data were made up of 140 plant species from 27 different families and 197 

insect species from seven different families. 

 

For each plant species, counts were made of the total and mean number of interactions and 

the total and mean number of species for each insect group. The mean number of insect 

interactions to a plant species for each insect group were: 7 (σ = 9.5) for hoverflies, 7 (σ = 

8.2) for solitary bees and 10 (σ = 14.6) for bumblebees. The mean number of insect species 

using a plant species were for bumblebees 4 (σ = 4.0), hoverflies 4 (σ = 5.9) and solitary bees 

5 (σ = 6.2). From the 140 plant species analysed, 57 had greater than the mean number of 

recorded interactions and/or greater than the mean number of insect species for at least one 

insect group. These plants were considered to have the most potential use in seed mixes 

(Figure 19) and were made up of 68% native and 32% non-native plants. 
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Figure 19: Plant species with the greatest potential for inclusion in annual seed mixes based on those species that have greater than the mean 

number of interactions and/or greater than the mean number of species for at least one insect group. The mean number of interactions for 

bumblebees (10, σ = 14.6), hoverflies (7, σ = 9.5) and solitary bees (7, σ = 8.2). The mean number of species for bumblebees (4, σ = 4.0), 

hoverflies (4, σ = 5.9) and solitary bees (5, σ = 6.2).
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For bumblebees, the plant species’ with both the highest number of interactions and the 

highest number of unique species were: Cirsium vulgare (75 interactions, 18 species), 

Echium vulgare (70 interactions, 14 species) and Phacelia tanacetifolia (58 interactions, 11 

species). In addition, the plant species which were in the five highest for either the number of 

interactions or species were: Rhinanthus minor (48 interactions, 9 species), Cirsium arvense 

(46 interactions, 11 species), Cirsium palustre (36 interactions, 15 species) and Impatiens 

glandulifera (40 interactions, 12 species). 

For hoverflies, the plant species’ with both the highest number of interactions and the 

highest number of unique species were: Fagopyrum esculentum (56 interactions, 25 species), 

Sinapis arvensis (31 interactions, 22 species) and Calendula officinalis (30 interactions, 18 

species). In addition, the plant species which were in the five highest for either the number of 

interactions or species were: Daucus carota (34 interactions, 13 species), Coriandrum 

sativum (30 interactions, 9 species), Capsella bursa-pastoris (16 interactions, 15 species) and 

Heracleum sphondylium (20 interactions, 14 species). 

For solitary bees, the plant species’ with both the highest number of interactions and 

the highest number of unique species were: Sinapis arvensis (59 interactions, 32 species), 

Daucus carota (26 interactions, 16 species), Camelina sativa (25 interactions, 20 species). In 

addition, the plant species which were in the five highest for either the number of interactions 

or species were: Brassica napus (30 interactions, 13 species), Helianthus annuus (28 

interactions, 13 species), Heracleum sphondylium (22 interactions, 22 species) and Sinapis 

alba (18 interactions, 14 species). 

 

4.5.3 Does plant use differ between insect groups? 

 

The plant species with the most potential for seed mixes (Figure 19) and met the assumptions 

of the chi-squared test (33 species), showed an overall significant difference between the 
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number of interactions for each insect group (X² = 813.920, p<0.0001, df = 64). When each 

plant species was analysed separately, using Bonferroni correction, the number of 

interactions differed significantly between insect groups for 15 species (Figure 20).  

 

 
 

Figure 20: Thirty-three plant species analysed using a chi-squared contingency test showed a 

significant association between plant species and number of interactions between groups 

overall (X² = 813.920, p<0.0001, df = 64). Individual analysis using Bonferroni correction 

revealed 15 of these species had a significant association (p<0.0001) which are marked with 

***. 
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4.6 Discussion 
 

Choosing plant species for seed mixes 

For a seed mix to establish successfully, the selection of plant species requires the 

consideration of a complex range of factors, including germination success, phenology and 

nutrient requirements (Dunnett, 2008; Hitchmough, 2017). In urban areas, additional 

socioeconomic, environmental, and cultural factors must be carefully considered (Bretzel et 

al., 2016). Furthermore, seed mixes that are being designed to attract flower visiting insects, 

must incorporate reliable information on floral resource preferences of the target insect group 

to create the optimal seed mix (Dicks et al., 2013). Recent studies investigating the use of 

decision analytics to aid plant species selection in seed mixes have the potential to rapidly 

improve seed mix design for insect conservation (Williams & Lonsdorf, 2018, M’Gonigle et 

al., 2016). For these techniques to be effective, they require evidence-based plant-pollinator 

interaction datasets, such as the one developed from this review, to reliably inform plant 

species selection. The information from this review can be used to update existing plant 

recommendation lists and provide guidance for gardeners, local councils, landscape planners, 

farmers and community groups in the selection of suitable species for seed mixes and 

planting plans.  

The 57 plant species compiled from this review, have the potential to attract a range 

of flower visiting insects. Several of these species including Centaurea cyanus, Phacelia 

tanacetifolia, Daucus carota, Echium vulgare and Fagopyrum esculentum are already used in 

annual flowering seed mixes (Careck & Williams 2002; Warzecha et al., 2018). Since these 

plant species have already largely been trialled and used in seed mixes (Garbuzov & Ratnieks 

2014b; Hicks et al., 2016) they could easily be incorporated to provide beneficial resources 

for insects and are also aesthetically pleasing for the public. 
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In addition, the review highlighted species which are not generally associated with seed 

mixes but could be potentially beneficial (Nichols et al., 2019; Warzecha et al., 2018). These 

included: Sinapis arvensis, Chaerophyllum temulum, Crepis capillaris, Sisymbrium officinale 

and Angelica sylvestris. These plant species had the most interactions with solitary bees and 

hoverflies and their inclusion into seed mixes would provide important resources for these 

groups, which have been overlooked in seed mix design (Wood et al., 2017). Given that these 

plant species are not commonly used in seed mixes, it would be important to carry out trials 

to determine their horticultural suitability. 

 

Potentially valuable annual “weeds”? 

Of those plants which are not usually associated with seed mixes, there were a small number 

of species which, whilst possibly less suitable for use in seed mixes, could be carefully 

managed in the wider landscape where they occur to provide beneficial resources for flower 

visiting insects. For hoverflies and solitary bees Heracleum sphondylium (hog weed) was 

found to be important, visited by 22 species of solitary bees and 14 species of hoverflies.  

In addition to these plants, there were also species which may be attractive to flower-

visiting insects, but which should not be grown, as they are invasive or injurious weeds. The 

review found Impatiens glandulifera to be an important resource for bumblebees, visited by 

12 species. Since Impatiens glandulifera is an invasive species (Wildlife & Countryside Act, 

1981), it is unsuitable for seed mixes, though it may fill a resource gap (Bartomeus et al., 

2016;Williams et al., 2011). In addition, injurious weeds including thistles Cirsium vulgare 

and Cirsium arvense and ragwort Jacobaea vulgaris (syn, Senecio jacobaea) (Weeds Act 

1959) were found to be important. Vray et al., (2017) found that some male bumblebees feed 

almost exclusively on thistles and as such they are a key part of ensuring a successful life 

cycle for bumblebees. Whilst these species are unsuitable for inclusion in a seed mix and 

must be carefully managed in agricultural landscapes to prevent them from spreading (Weeds 
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Act 1959), the review indicates their importance for flower-visiting insects in the wider 

landscape. 

 

Does plant use differ between insect groups? 

Based upon the plant species analysed in the review, it was revealed that floral resources used 

by bumblebees differed significantly to those used by solitary bees and hoverflies. This 

variation in resource use is important to consider in plant species selection for seed mixes to 

ensure suitable floral resources are provided for all insect groups (Campbell et al., 2012, 

Lunau & Maier 1995). These differences may be associated with variation in morphology and 

behaviour between these groups, which in turn may influence the selection of flowering 

plants (Harder, 1985; Woodcock et al., 2014). Campbell et al., (2012) found that the 

abundance and diversity of bumblebees visiting a flower patch was positively correlated with 

the proportion of long corolla flowers. Similarly, this review highlighted plant species 

including Echium vulgare and Rhinanthus minor, which are both long-tongued flowers as 

being important for bumblebees (Garbuzov & Ratnieks 2014b; Warzecha et al., 2018). In 

comparison, the majority of interactions from the review for hoverflies and solitary bees were 

with flowers with a shorter corolla, including Heracleum sphondylium, Sinapis arvensis and 

Daucus carota. 

In the present analysis, the focus was on highlighting potential annual plants for each 

insect group, rather than for particular target insect species or tribe. Since floral resource 

preferences also vary between different species within an insect group (Carvell et al., 2006; 

Klecka et al., 2018), more targeted seed mixtures could be created for a particular genus, 

species or tribe, such as a mixture to attract aphidophagous hoverflies (Syrphini) (Tschumi et 

al., 2016) to reduce aphids in a garden or amenity space. Further analysis of the present 

dataset could be carried out to examine species level patterns in more detail. 
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Limitations of the systematic search approach 

 

Factors affecting plant-insect interactions 

 

Insect-plant relationships are complex, with multiple interacting factors affecting flower 

choice, including the quality and availability of floral resources (Fruend et al., 2010; Hicks et 

al., 2016). Indeed, the methods used to investigate plant-insect interactions can also influence 

the diversity and abundance of the insects recorded (Wackers & Van Rijn 2012). The plant 

list generated from this review is intended to highlight those species of potential importance 

to different groups of flower-visiting insects and it is acknowledged that this is likely to vary 

depending upon the surrounding resources. For example, there were studies in the review 

which carried out insect surveys on plant species that were sown in monoculture strips, such 

as Helianthus annuus and Camelina sativa (Amy et al., 2018; Riedinger et al., 2014). Since 

there is research to suggest that this can affect the diversity and abundance of insect visitors 

(Holzschuh et al., 2013) it would be important to trial these species in the context of a multi-

species seed mix.  

 

Plant and Insect Representation 

 

 

This review focussed specifically on data obtained from peer-reviewed, published journals in 

order to ensure that findings were based on empirical evidence. Consequently, the interaction 

data obtained is limited to what is available in these articles. Since the study of flower-

visiting insects in amenity green spaces is relatively new (Hernandez, Frankie, & Thorp, 

2009) a large proportion of the articles available were carried out in agricultural and wild 

landscapes. This may explain the dominance of native plant species in the final plant list 

(68% native compared to 32% non-native). Whilst this could suggest a preference for native 

over non-native species, (Salisbury et al., 2015) it could also reflect the higher proportion of 

agricultural, compared to urban studies in the review. Although there is a large proportion of 
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agricultural studies in the review, lessons can be taken from trials in agricultural landscapes 

to guide management of amenity green space to increase insect abundance and diversity 

(Baldock et al., 2015b). Furthermore, the review collated studies across 52 different countries 

and from published articles spanning over 70 years, which provided a much wider breadth of 

interaction data. It should also be noted that important information about plant insect 

interactions can also be obtained from sources outside of peer reviewed journals, such as data 

available from biodiversity monitoring schemes (Gazdic & Groom, 2019). 

As would be expected, there was a higher proportion of interaction data from common 

and well-studied plant and insect species. The species level data for insects was more limited 

for hoverflies and solitary bees, with 60 species and 93 species respectfully in the analysed 

dataset and the majority of those species only recorded in one article. Similar to the insects, 

the plants extracted in the review were limited to those available in the literature. 

Consequently, agricultural crops and arable weeds were generally represented in more 

articles. There is certainly a need for further research to gain more detailed species level 

information, particularly for less common insect species and a greater number of studies 

examining annual flowering plants used in gardens and amenity space (chapter 2). 

In addition, there is evidence to suggest that plant cultivars and varieties differ in their 

attractiveness to flower visiting insects (Corbet et al., 2001; Garbuzov & Ratnieks 2015; 

Erickson et al., 2020; Rollins & Goulson 2019). During the data extraction process, plant 

species and varieties were recorded where data was available. However, since this was not 

consistently reported, it was not possible to incorporate this level of information into the 

analysis.  

 

Plant species Recommendations 

 

The species list compiled in this review identified 57 plant species with may provide 

important resources for flower visiting insects (Figure 21). Of these plant species, there were 
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thirteen which were found to be important for all three insect groups. The inclusion of these 

species in seed mixes, which includes Helianthus annuus, Phacelia tanacetifolia, Sinapis 

arvensis and Centaurea cyanus may be beneficial to attract a diversity of species across all 

three insect groups. Species recommendations for bumblebees based upon the review found 

that species including Echium vulgare, Rhinanthus minor and Borago officinalis were 

important resources to include in seed mixes. For hoverflies, recommendations from the 

review include Fagopyrum esculentum, Daucus carota, Sinapis arvensis and Calendula 

officinalis. For solitary bees, key plant species were found to be Sinapis arvensis, Brassica 

napus, Daucus carota and Crepis capillaris. 

The species collated from this review include both plants which are already associated 

with seed mixes and some additional species which are potentially suitable to enhance annual 

seed mixes (Figure 21). Whilst many of the plant recommendations lists that are available to 

the public are based upon anecdotal evidence (Garbuzov & Ratnieks 2014a), the 

recommendations developed from this review (Figure 4), are based upon the collation of 

evidence from peer-reviewed articles spanning over 70 years. The findings support the use of 

several annual plant species that are already used in seed mixes, including Phacelia 

tanacetifolia, Calendula officinalis, Helianthus annuus, Centaurea cyanus and Echium 

vulgare. It also brings to light plant species which have the potential to provide additional 

resources in seed mixes, including Chaerophyllum temulum and Crepis capillaris, which are 

of particular benefit for hoverflies and solitary bees. In addition, there were a number of plant 

species which may be appropriately managed in the wider landscape to attract flower visiting 

insects, though are unsuitable for seed mixes, including: Cirsium vulgare, Heracleum 

sphondylium and Jacobaea vulgaris. 
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Figure 21: List of annual and biennial species identified from systematic screening of peer-

reviewed literature as being attractive to wild pollinators. Species are categorised based on 

their potential for inclusion into a commercial seed mixture. 
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Concluding Remarks 

Using the dataset compiled from this review, information can be obtained to enhance seed 

mixes for specific insect groups and as an open-access resource to study plant-insect 

interactions. The list in this review is by no means definitive but it can be used to empirically 

inform existing plant recommendation lists and as a guide for public stakeholders including 

seed merchants, gardeners and community groups on the selection of annual plant species for 

use in seed mixes and planting plans in gardens, and amenity spaces to attract wild 

pollinators. 
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5.1 Overall Aim 

The overall aim of this thesis was to assess the ability of “pollinator friendly” annual 

flowering mixtures to support wild pollinators in gardens and amenity spaces. Understanding 

how wild pollinators use designed seed mixtures in gardens and amenity space has been 

highlighted as a research priority (Steele et al., 2019; Sutherland, Goulson, Potts, & Dicks, 

2011) and pollen metabarcoding is an important methodological tool for investigating how 

pollinators and plants interact (Bell et al., 2017; Gill et al., 2016; Steele et al., 2019). This 

thesis is the first to apply pollen metabarcoding to investigate how three different wild 

pollinator groups use floral resources within and surrounding annual seed mixtures designed 

for gardens and amenity space and to create plant-insect interaction networks to examine the 

breadth and composition of resources used by bumblebees and hoverflies at the level of the 

overall network, species and individual. The present thesis also contributes to the 

development of a plants for pollinators recommendation lists based upon empirical evidence, 

which was highlighted as an evidence gap in the 2019 technical report of evidence statements 

to inform the National Pollinator Strategy (Steele et al., 2019). 

 

5.2 Methodological Approach 

The methodological approach to assess different annual seed mixtures, was first to consider 

the abundance, richness and diversity of wild pollinators visiting seed mix treatments and use 

observational methods to identify the plant species driving visits to the seed mix treatments. 

Since wild pollinators are highly mobile, pollen metabarcoding was used to identify plant 

taxa visited from the surrounding landscape and explore the overall patterns in floral resource 

use. Incorporating analysis of functional traits, including diet breadth (specialisation) 

provided an additional mechanistic understanding of how assemblages of species responded 
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to the designed habitat (Mayfield et al., 2010). Seed mix treatments were also assessed as one 

dense floral resource, exploring the breadth and composition of resources used by 

assemblages of wild pollinators from within and surrounding the seed mixtures at multiple 

levels of the taxonomic hierarchy. Finally, a systematic search of peer-reviewed literature 

was carried out to collate an evidence-based list of annual flowering plants which could be 

included in annual seed mixtures to increase their attractiveness to wild pollinators.  

In this synthesis, the key findings of each chapter are briefly summarised, followed by a 

discussion of the potential implications on the future development of annual seed mixtures 

for wild pollinators, considering study limitations and avenues for further research. 

 

5.3 Summary of key findings for each chapter 

 

Chapter 2: Trialling ornamental annual flowering seed mixtures for their ability to attract a 

diversity of wild pollinators 

In the second chapter, the main aim was to assess if “pollinator friendly” ornamental annual 

seed mixtures attracted a diversity of wild pollinators, since few studies have tested the 

empirical validity of these claims. This was framed around three questions used to meet this 

aim:  

1. Do seed mix treatments vary in their attractiveness to different wild pollinator 

groups? 

2. Which plant species are driving flower-visitors to use a particular seed mix? 

3. What additional insights can be gained about the floral resource use of insects 

from pollen DNA metabarcoding compared to observational techniques? 

From June to October, four “pollinator friendly” annual mixtures were trialled by assessing 

the abundance, richness and diversity of bumblebees, hoverflies and solitary bees visiting 

each treatment. All treatments trialled were described by the manufacturer as “pollinator 
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friendly” and included mixtures targeted for different purposes including: ”aesthetic”, “native 

only”, “bumblebee” and “pollinator”. Observational surveys and pollen metabarcoding were 

used to assess the plant species used by wild pollinators from within and surrounding the seed 

mixtures. Analysis was also carried out to assess which plant species drove the visits to a 

particular treatment. The results revealed that only a small proportion of the plant species in 

flower within treatments were visited by wild pollinators. Furthermore, it was found that 

none of the seed mix treatments were very attractive to solitary bees. Plant species which 

were driving visits to seed mix treatments included: Glebionis segetum for hoverflies, 

Centaurea cyanus for bumblebees and Anthemis/Tripleurospermum spp. for solitary bees. 

Observational findings were corroborated by results from pollen metabarcoding which also 

revealed plant species which were important from outside the seed mix trial area, including 

Rubus spp., Angelica/Heracleum spp. and Hedera helix. The findings suggest that many of 

the flowering plants in ornamental mixtures are not attractive to wild pollinators and 

highlights the need for careful consideration when designing ornamental seed mixtures to 

meet the requirements of all different insect groups, in particular solitary bees. 

 

Chapter 3: Using network analysis and pollen metabarcoding to investigate the composition 

and breadth of floral resources used by wild pollinators visiting ornamental annual seed 

mixtures 

The aim of chapter three was to examine the composition and breadth of floral resources used 

by wild pollinators visiting the large blocks of ornamental annual seed mixtures. 

Understanding how designed mixtures are used by assemblages of wild pollinators can 

provide insight into how resources are partitioned and how pollinators respond to changes in 

their local landscape. Using pollen metabarcoding and quantitative network metrics the 
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composition and breadth of resources used at the overall network, species and individual 

level were examined from June to October. The following predictions were investigated: 

1. The composition of plant taxa visited will differ between bumblebees and 

hoverflies, with floral resource use changing over time 

2. As floral coverage of the patches of ornamental mixtures increases, insect visitors 

will use the resources inside the patch more than those outside. 

3. Flower-visitors to the ornamental annual seed mixtures will principally be 

comprised of generalist species, with the overall networks also being generalised. 

4. There will be intraspecific variation in floral resource use, with most individuals 

displaying floral constancy 

 The findings revealed that the overall composition of floral resources used differed 

significantly between bumblebees and hoverflies, with both groups visiting a greater 

proportion of floral resources from outside the seed mixture prior to the seed mixture 

becoming established. In line with predictions, both the overall networks and species within 

the networks were principally found to be generalised and there was evidence of interspecific 

variation in the degree of generalisation. Findings at the individual level were contrary to 

predictions, with only a small proportion of individuals being florally constant. This may 

suggest that floral constancy is an adaptive trait, with individuals becoming more generalised 

in response to localised changes in their environment. These findings support the theory 

plant-insect interactions are principally generalised and dynamic and suggests that the floral 

constancy of individuals is adaptive and may be context dependent. 

 

Chapter 4 : Selecting suitable plants for use in annual seed mixtures to attract wild 

pollinators 
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In chapter four, the aim of the investigation was to use peer-reviewed literature to 

systematically collate a plant recommendation list of annual flowering plants with the 

potential to improve the attractiveness of annual seed mixtures for wild pollinators. Focusing 

on UK native species of bumblebees, hoverflies, and solitary bees, a three-stage systematic 

screening approach of over 10 000 potentially relevant articles was carried out. From these 

articles, 399 included plant-insect interactions which were recorded to species level. These 

comprised of 140 plant species, which were further analysed to identify the plants with the 

greatest potential to enhance seed mixtures. Analysis revealed 57 plant species, including 

those already used in seed mixes such as Echium vulgare (for bumblebees), Calendula 

officinalis (for hoverflies) and Daucus carota (for solitary bees) were important. Plant species 

less commonly used in ornamental seed mixes such as Chaerophyllum temulum and Sinapis 

arvensis were also highlighted as potential additions following further trials. There was a 

significant difference between the floral resources used by bumblebees compared to 

hoverflies and solitary bees. One of the key limitations of the study was the low number of 

articles for solitary bees and hoverflies compared to bumblebees. The plant recommendations 

can provide a starting point for creating evidence-based plant recommendation lists and 

highlight the need for more research into solitary bee and hoverflies to improve the accuracy 

and reliability of empirical based lists for this group. These lists could be fed into decision 

analytical tools to aid the selection of plant species for use in seed mixtures to attract wild 

pollinators. 

 

5.4 Can annual ornamental annual seed mixtures support wild pollinators? 

 

The main aim of the investigation was to assess if ornamental annual seed mixtures were able 

to support wild pollinators. In chapter two, it was highlighted that the ornamental seed 
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mixtures that were trialled did not appear to be very attractive to solitary bees, with all 

treatments having a low abundance, richness, and diversity of species from this group.   

 

The need to improve seed mixtures to increase their attractiveness to solitary bees has also 

been highlighted in studies which assessed seed mixtures used in agricultural landscapes 

(Warzecha et al., 2018; Wood et al., 2017). Annual flowering plants identified from the 

systematic review (chapter 4) have the potential to increase the attractiveness of seed 

mixtures for solitary bees and could be applied to both amenity and agricultural landscapes, 

following further trials to assess horticultural and agronomic suitability. It is also important to 

note that a limitation of the systematic review was that solitary bee interactions only made up 

a small proportion of the total interactions across all groups. Consequently, the paucity of 

research available for this group (Nieto et al., 2014), makes it more difficult to provide 

accurate recommendations for plants to include in seed mixtures and planting schemes. 

Further research investigating the ecology and resource requirements of solitary bees is 

important to increase our understanding of how seed mixtures can be developed to provide 

beneficial resources for solitary bees.  

 

In addition, pollen metabarcoding highlighted important additional plant species used from 

outside the seed mix trials (chapters 2 and 3), highlighting the importance of considering the 

floral resources available in the surrounding landscape and how the mixture may contribute. 

In chapter 3, comparisons of resources used from inside vs outside the seed mixtures 

suggested that a smaller proportion of resources from outside the seed mixtures were used by 

wild pollinators once the seed mixture was established. From this we may infer those sown 

mixtures may influence how wild pollinators use resources in the wider landscape which 

could influence pollination services. Further investigation across multiple sites, in different 
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landscapes would increase the reliability of the study and could be used to assess how 

ornamental mixtures may influence pollination in the wider landscape. 

 

The composition of plant species in the mixtures may also have influenced their 

attractiveness to pollinators. For example, the most attractive plant species may have 

facilitated visits to other plant species in the mixture which would not be visited as frequently 

if they were planted on their own (Masters & Emery 2015). Further research examining the 

interactions between plant species within the seed mixtures and how this influenced insect 

visitation would provide further insight. 

 

 The distinct differences in the composition of plant taxa used by bumblebees and 

hoverflies (chapter 3) and variation in seed mix treatment preferences between these groups 

(chapter 2 & chapter 4) reinforces the importance of considering the floral resource 

requirements of different insect groups when designing seed mixtures to attract wild 

pollinators (Wäckers & Van Rijn, 2012). Designing seed mixtures for gardens and amenity 

space, which are targeted for particular insect groups could also have wider functional 

benefits, such as for pest control, pollination and soil health (Carvell et al., 2011; Scheper et 

al., 2021; Wäckers & Van Rijn, 2012) and is an avenue for further research. This could 

potentially transfer the focus from simply selecting plant species in garden and amenity space 

seed mixtures for aesthetic value, into selecting mixtures which provide wider biodiversity 

benefits. 

 Annual flowering ornamental seed mixtures can provide important resources at the end 

of the season, as they continued to flower late into October (chapters 2-3). However, across 

the months, only a small number of plant species flowering in seed mix treatments were 

observed to be visited by wild pollinators and of these, even fewer were visited significantly 



 
 

160 
 

more than expected based on their abundance within a treatment (chapter 2). This suggests 

that many of the plant species included in ornamental “pollinator friendly” annual mixtures 

were not attractive to wild pollinators. Furthermore, the insect visitor assemblages across the 

months were generalised at the level of the overall network and species level (chapter 3), 

which may indicate that mixtures were unable to support more specialist species. In the 

present thesis, the diversity of wild pollinators in the landscape surrounding the seed mixtures 

was not assessed, so it was not possible to determine if more specialist species were present 

in the local environment to utilise the seed mixtures. This further demonstrates the need to 

consider additional plant species for use in ornamental annual seed mixtures (chapter 4), to 

increase their ability to support wild pollinators. 

 

An ecological perspective – floral constancy 

Using pollen metabarcoding provided the opportunity to examine individual patterns of floral 

resource use at a higher resolution, with a large sample size and over a wider spatial scale 

than observational surveys permit (chapter 3). The findings revealed that only a small 

proportion of individuals were florally constant, which is contrary to the literature. Increased 

switching between plant taxa may have been an adaptive foraging strategy (Gruter & 

Ratnieks 2011), with individuals responding to external factors such as intraspecific or 

interspecific competition and the morphology of floral resources within the seed mixture. 

Further investigation is required to identify which, if any of these mechanisms may have been 

driving these patterns. However, pollen metabarcoding widened the scale at which individual 

patterns could be assessed and these explanations do not explain the contribution of the 

resources available in the wider landscape which also contributed to the individual’s diet 

made to this behaviour. Further studies of using pollen metabarcoding to examine individual 
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specialisation in human altered landscapes would provide further insight into the mechanisms 

which may explain this behaviour. 

 

5.5 Concluding Remarks 

 

Bringing together the key findings from across each chapter reveals the complexity of 

developing seed mixtures which will support wild pollinators across a range of different 

insect groups, and account for inter and intraspecific differences in floral resource use. The 

addition of ornamental annual seed mixtures may alter how wild pollinators use resources 

within the surrounding landscape and may influence the breadth of resources that are used by 

individuals. Using pollen metabarcoding to explore how wild pollinators use these designed 

habitats provides a more detailed insight into patterns of floral resource use. Further 

investigations combining observational and pollen metabarcoding techniques to compare 

ornamental annual seed mixtures in multiple locations outside of the foraging range of each 

other would widen the scale of the investigation. 

 Key recommendations from the thesis would be for seed merchants and landscape 

planners to place a greater focus on developing seed mixtures which are attractive to solitary 

bees. This will also require further research into the floral resource requirements of different 

solitary bee genera to increase the accuracy of empirical based recommendation lists. 

Furthermore, compiling a review to examine a wider array of interactions, to include 

perennials, grasses, shrubs and trees would be beneficial to generate a broader evidence base. 

A repository of openly accessible data could be developed to guide seed merchants, 

landscape planners and conservation practitioners, being continually updated as research 

develops. This could be fed into decision analytical software (M’Gonigle et al., 2017; 

Williams & Lonsdorf, 2018) and be incorporated with plant ecological trait data, as well as 

economic and aesthetic considerations required for developing seed mixtures (Dunnett, 2008; 

Hitchmough, 2017). 
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